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ABSTRACT 

The concept of water footprint analysis has been devised by Professor Arjen Y. Hoekstra to 

assist with decision making for efficient, equitable and sustainable water use and its 

management. The water footprint can be calculated for different countries, businesses, crops 

and other products. To calculate the water footprints related to crop production the crop 

evapotranspiration and yield has to be known. The required variables can be calculated by 

using different models and different data sources over different temporal and spatial scales. 

Theoretically, each combination of model and dataset of a specific crop on a specific place 

should give the same results. This study has been done to identify if the use of different models 

and/or datasets will have effect on the estimation of the water footprint of crops. 

The study area is the Sirsa district in the Indian state Haryana. This district is characterized as a 

dry area, caused by extremely high temperatures and little rainfall. Two crop rotations were 

studied namely a wheat – rice and a wheat – cotton field, where wheat is cultivated in the 

winter season and rice and cotton in the summer season. The study uses two different models, 

namely the CROPWAT model as being a simpler and commonly used model for water footprint 

studies and the SWAP model as being a complex agrohydrological model. The CROPWAT 

model used two different datasets, namely a dataset from global available sources and a 

locally available dataset. The SWAP model used local datasets, which have been collected on 

different times and places in the study area. With these models and datasets six different 

combinations have been assessed. All these combinations are calculated in this study, only the 

evapotranspiration values of the SWAP model combinations are taken from previous studies. 

With the estimated crop evapotranspiration and yields calculated by the CROPWAT and 

SWAP models from different local and global data sources the water footprints of wheat, rice 

and cotton were calculated and compared to each other. The average water footprint in the 

Sirsa district for wheat is 0,84 m3/kg, for rice 2,56 m3/kg and for cotton 21,64 m3/kg. The 

average water footprints of rice and cotton are high, caused by the high values calculated by 

the combination of CROPWAT model and global available data in comparison with the other 

values for wheat and rice. The coefficient of variation in the water footprints are largest with 

rice, namely about 46%. This means the water footprint of rice is the most sensitive to calculate, 

due to the preparation of the paddy fields. The evapotranspiration of wheat calculated by the 

different combinations are quite the same (ranging from 342 mm to 392 mm) except for the 

combination of CROPWAT model with global available data (237 mm). With this combination 

the evapotranspiration calculated for the different crops is much different than the average, 

for instance for wheat 237 mm by a mean value of 342 mm, for rice 1031 mm by a mean 

value of 864 mm and for cotton 1092 mm by a mean value of 745 mm. The coefficients of 

variation of the crop yields are quite large, namely 22% for wheat, 42% for cotton and 61% 

for rice. This is due to the manner of calculating the crop yields, which are different for almost 

all datasets, which all covers different time periods and different areas. This means therefore 

that the results show a discrepancy between practice and theory. 

This study shows that several combinations of model and dataset are possible to estimate 

water footprints of crops, but the results are not the same. This is because of different data 

sources, different time periods considered, different methods used in models and different 

definitions of parameters. This means that it is very important that every parameter have to be 

defined very well in calculating the water footprint of crops. In drawing conclusions researchers 

should be very careful. The differences between the different combinations of model and 

dataset are too large to draw firm conclusions.   
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1. INTRODUCTION 

1.1 Background 

Natural resources are becoming scarce on this planet because of its sometimes 

disproportionate use. For that reason we need to reduce the use of these resources or use them 

more efficiently, equitably and sustainably. This research project is about the natural resource 

water. In 1993 Peter H. Gleick concluded that less than 1 percent of the fresh water on the 

earth could be used, which is about 200.000 km3 of which the biggest part is difficult to reach 

(Gleick, 1993).  Beside this Gabi Spitz (2012) argues that fresh water is unequally distributed 

over the world and over the several populations. Therefore exact identification of the water 

use of people has become a big topic in the field of fresh water sustainability. 

During daily life of people a lot of water is being used. Part of the water is being used 

directly, as for showering, toileting, cooking, drinking, etc. But by far the biggest part of the 

water consumption is getting used indirectly, in the producing of food, clothes and other 

products. Jefferies et al. (2012) argue that 86% of the water used is spent on producing food. 

Hoekstra and Mekonnen (2011) even argue that at least 92% of the water use is spent in 

agricultural production. This has become known through the application of the water footprint 

concept, through which the direct and the indirect use of water can be identified. 

The concept of water footprint analysis has been devised by Professor Arjen Y. Hoekstra in the 

year 2002. He states that the water footprint is based on the recognition that human impacts 

on fresh water systems can ultimately be linked to human consumption, and that issues like 

water shortages and pollution can be better understood and addressed by considering 

production and supply chains as a whole (Hoekstra et al., 2011). Water footprint is measured 

in terms of water volumes consumed (evaporated) and/or polluted per unit of time. This can be 

done first by analyzing the water consumption of a whole country, the National Water 

Footprint, second by analyzing the water consumption of a business, the Corporate Water 

Footprint or third by analyzing the water consumption in the producing of food or other 

products, the Product Water Footprint, and so on (Hoekstra et al., 2011). With this latter water 

footprint we will proceed in this research. 

The water footprint of certain products can be divided into three components, namely the blue, 

green and grey water footprint (Hoekstra et al., 2011). The blue water footprint refers to the 

consumption of surface and groundwater during the production processes. The green water 

footprint refers to the consumption of rainwater stored in the soil profile. The grey water 

footprint refers to a hypothetical volume of water need to dilute the pollutants load for 

maintaining the water quality according to agreed water quality standards. For the blue and 

green water footprint the consumption of water can be defined as a loss of water, which occurs 

when water evaporates, returns to another catchment area or the sea or is incorporated into a 

product. 

In calculating the green and blue components of water footprints of the process of growing 

crops, the accumulation of daily evapotranspiration over the complete growing period must be 

known. This can be measured, which takes a lot of time and money, or it can be estimated by 

means of a model using easily measurable and available input parameters and climatic data 

(Hoekstra, Chapagain, Aldaya, & Mekonnen, 2011, p. 42). Several models or methods can be 

used for estimating the evapotranspiration and the crop growth. First, the EPIC model (Erosion-
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Productivity Impact Calculator (Williams & Singh, 1995)) can be used. This model is primarily a 

soil hydrology model and is developed to track the impacts of erosion and soil productivity on 

crops (Gueneau, 2012). Secondly, the CROPWAT model (FAO, CROPWAT, 2009) can be used. 

This empirical process-based crop model is generic and requires very few input parameters for 

the plant or soil specifications (Gueneau, 2012), and therefore it is easy in use. This model is 

commonly employed in water footprint estimation studies, and provides relevant references to 

support such a statement. The evolution of CROPWAT is the model AquaCrop (FAO, 

AQUACROP, 2011). This model is an empirical process-based crop model as well and focuses 

on evaluating the irrigation need for crops (Gueneau, 2012). The last model mentioned here is 

the model SWAP (Soil Water Atmosphere Plant) (Dam, Groenendijk, Hendriks, & Kroes, 2008). 

This agrohydrological model simulates the transport of water, solutes and heat in unsaturated 

and saturated soils (Alterra, 2011). 

 

1.2 Research purpose 

As mentioned in the previous section, the models are commonly used to estimate the 

evapotranspiration and the crop yields to estimate water footprint of a particular crop on a 

specific place and at a specific time. In theory, each combination of model and dataset of a 

specific crop on a specific place should give the same results. However, there are differences in 

complexity between these models and there are differences in availability of input data for 

the models. There are models which need large datasets in order to do their calculations; other 

simpler models need less data to do their calculations. In addition, the datasets can differ 

therein that data is globally or locally available. In this research project we will assess the 

effects of differing models and data sources on the water footprint calculations of agricultural 

crops. 

For the simpler model the CROPWAT model will be used. This is because of its relative ease of 

use and implementation. CROPWAT is a decision support tool developed by the Land and 

Water Development Division of FAO (Food and Agriculture Organization of the United 

Nations). With this tool it is possible to calculate reference evapotranspiration, crop water 

requirements and irrigation requirements based on soil, climate, irrigation and crop data. 

There are two options to calculate the blue and the green evapotranspiration (𝐸𝑇𝑏𝑙𝑢𝑒 and 

𝐸𝑇𝑔𝑟𝑒𝑒𝑛), namely with the Crop Water Requirements (CWR) and with the irrigation 

requirements. In this study only the CWR-option is used because it is the easiest one to 

implement with the local data available.  

For the more complex model the SWAP model will be used. SWAP is a model developed by 

Wageningen University, sub-department Water Resources, and Alterra Green World Research, 

department Water and Environment (Dam, 2000). The model is designed to simulate flow and 

transport processes at field scale level. It simulates the vertical soil water flow and salt 

transport in close interaction with the crop growth (Singh, 2005). With this more complex model 

several researches have already been done, and that with the same (local) dataset as will be 

used in this study. 

With these two models the water footprints of wheat, cotton and rice in the Sirsa district in 

Haryana (India) will be calculated. The global available data will be taken from data 

available in global databases that correspond with data of this Sirsa district. The local 
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available data is more difficult to get, due to limited information available from specific areas. 

The local available data in this research will be taken from a few fields in the Sirsa district, 

which are made available through the WATPRO-study (Dam & Malik, 2003).   

The different models with the 

different levels of information 

are depicted in figure 1.1. 

Therein the rule is the higher 

the layer number, the more 

complex the model and the 

manner of gathering 

information. Layer 3 (with the 

SWAP model) has already 

been investigated thoroughly 

in the PhD study of Singh 

(2005), wherefore this model 

is not further explained in this report. The focus is on the first two layers, which each will be 

compared with layer 3, in order to evaluate how accurate the results of the former two models 

and data combinations are. 

 

1.3 Research questions 

In correspondence with the purpose of this research three main questions are formulated, which 

are as follows. 

1. What is the effect of difference in the detail of the datasets on the calculation of the 

water footprint of agricultural crops? 

2. What is the effect of difference in the complexity of the models on the calculation of 

the water footprint of agricultural crops? 

3. What is the effect of difference in the 

detail of the datasets and the complexity 

of the models on the calculations of the 

water footprint of agricultural crops?  

 

1.4 Study area description 

The Sirsa district is one of the districts of the 

Indian state Haryana and is located in the 

northwestern part of India (figure 1.2), near 

Pakistan and about 250 km from Delhi. Its 

surface area is about 4275 km2 and it has a 

population of approximately 1.3 million. The 

density of the population is 303 inhabitants per 

square kilometer (Census2011, 2011). The Sirsa 

district is divided into seven administrative 

blocks: Dabwali, Odhan, Baragudha, Rania, 

FIGURE 1.1: RANK OF COMPLEXITY WATERFOOTPRINT MODELS 

FIGURE 1.2: LOCATION OF SIRSA-DISTRICT (RED COLOUR) 
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Sirsa, Ellanabad and Nathusari (Singh, 2005) as shown in figure 1.3. The water management in 

the Sirsa district is complex because of scarce and erratic rainfall, high evaporative demand, 

marginal to poor groundwater quality in most parts of the district, rising groundwater levels, 

occasional flooding, low water holding capacity of soils and the absence of any perennial river 

(Dam & Malik, 2003). Only the ephemeral 

Ghagger River flows through the district. 

The district is completely covered by the 

Sirsa Irrigation Circle (SIC) water supply in 

the area. This limited water supply comes 

from Gobind Sagar Storage Reservoir, 

located at about 400 kilometers distance. 

The limited canal supply is supplemented 

by the groundwater use.  

The climate of the Sirsa district is very dry, 

characterized by extremely high 

temperatures and little rainfall. 

Temperatures vary from 5-21°C in winter 

to 41-49 °C in summer. The average 

rainfall varies from 100 to 400 mm per 

year, which is only 10 to 25% of the 

reference evapotranspiration. 

The main occupation of the people living in this district is with agriculture. The main crops 

cultivated are wheat in winter season (rabi) and cotton and rice in summer season (kharif). The 

crop calendar of wheat, rice (National Food Security Mission, Ministry of Agriculture, 2013) 

and cotton (Barik, 2010) is given in table 1.1. In this table the planting periods and the 

harvesting periods are given in terms of months, whereby the beginning (B), the middle (M) and 

the end (E) of the month also is specified. 

TABLE 1.1: CROP CALENDAR HARYANA 

Crop Planting time Harvesting time 

Wheat October (E) – December (B) April (M) – April (E) 

Rice June (B) – July (B) October (M) – November (E) 

Cotton April (B) – April (M) October (M) – November (M) 

 

1.5 Repor t outline 

The report is organized in four chapters, of which the first chapter is the introduction. Chapter 

2 describes the basic method for calculating the water footprint. Beside this it presents the 

method of the CROPWAT model. Also, in this chapter is explained the calculation of the input 

parameters of the CROPWAT model, both for the global available data and for the local 

available data. The chapter closes with an explanation of the datasets used for the SWAP 

model. In chapter 3, the calculations of the water footprints are done for both models with help 

of the datasets explained in chapter 2. After this the results are compared with each other 

and discussed. The results which are presented in chapter 3 are summarized in chapter 4 with 

(key) conclusions and recommendations. 

FIGURE 1.3: ADMINISTRATIVE BLOCKS SIRSA DISTRICT 
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2. METHOD AND MATERIALS 

2.1 Water footprint calculation 

The total water footprint of a crop is the sum of the three (green, blue and grey) water 

footprint components as shown in formula 2.1. 

𝑊𝐹𝑐𝑟𝑜𝑝 = 𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑒𝑛 + 𝑊𝐹𝑐𝑟𝑜𝑝,𝑏𝑙𝑢𝑒 +  𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑦 [mass/volume]  (2.1) 

Within this research the blue and green components of the water footprint (WF) of the growing 

of different crops shall be calculated, which means the grey component will be disregarded. 

The green and blue components shall be calculated by dividing the estimated crop 

evapotranspiration (𝐸𝑇, mm) by the crop yield (𝛾, ton/ha). 

𝑊𝐹𝑐𝑟𝑜𝑝,𝑔𝑟𝑒𝑒𝑛 =
𝐸𝑇𝑔𝑟𝑒𝑒𝑛

𝛾
  [volume/mass]  (2.2) 

 𝑊𝐹𝑐𝑟𝑜𝑝,𝑏𝑙𝑢𝑒 =
𝐸𝑇𝑏𝑙𝑢𝑒

𝛾
  [volume/mass]  (2.3) 

𝑊𝐹𝑐𝑟𝑜𝑝,𝑏𝑙𝑢𝑒&𝑔𝑟𝑒𝑒𝑛 =
𝐸𝑇𝑔𝑟𝑒𝑒𝑛+𝐸𝑇𝑏𝑙𝑢𝑒

𝛾
  [volume/mass] (2.4) 

The water footprints will be calculated for two fields with different combination of crops and 

soils. Below these two fields are listed. 

 Winter (rabi)  Summer (kharif)  Soil 

Field 1 : Wheat - Rice on Clay loam 

Field 2 : Wheat - Cotton on Loamy sand 

 

2.2 CROPWAT model and its input parameters  

The components of the crop evapotranspiration will be estimated with the help of the model 

CROPWAT, wherewith the actual crop evapotranspiration (𝐸𝑇𝑐, mm) and the effective 

precipitation (𝑃𝑒𝑓𝑓, mm) can be calculated. With these water fluxes the green and blue 

components of the crop evapotranspiration can be estimated by using the following formulas: 

𝐸𝑇𝑏𝑙𝑢𝑒 = max (0, 𝐸𝑇𝑐 − 𝑃𝑒𝑓𝑓) [length/time]     (2.5) 

𝐸𝑇𝑔𝑟𝑒𝑒𝑛 = min (𝐸𝑇𝑐, 𝑃𝑒𝑓𝑓) [length/time]     (2.6) 

The actual crop evapotranspiration will be calculated in the CROPWAT model by multiplying 

the reference crop evapotranspiration (𝐸𝑇0, mm) with the crop coefficient (𝑘𝑐) as is given in 

formula 2.7. 

𝐸𝑇𝑐 = 𝑘𝑐 × 𝐸𝑇0 [mm]        (2.7) 

The crop coefficient is a value that includes different crop characteristics as crop type, plant 

health and it differs through the growing period. Therefore, the crop growing period is divided 

in 4 stages, namely the initial, developing, middle and late stages. The initial, middle and late 

stages each have their own crop coefficients, which can either be searched for in case of 
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global data or estimated and calculated in case of local data. The calculation and estimation 

of the crop coefficients for the local data shall be explained in the section 2.3.2.  

The model also needs climatic data for the calculation of the reference crop 

evapotranspiration. This climatic data includes the mean monthly maximum and minimum 

temperatures (°C), the mean monthly relative humidity (in %), the mean monthly sunshine hours 

per day and mean monthly wind speed. The CROPWAT model calculates with these data the 

reference evapotranspiration, with help of the Penman-Monteith Method (Allen et al., 1998). 

In addition to the climatic data and the crop coefficients the CROPWAT model requires some 

other crop characteristics, such as the water stress coefficient (Ks), the yield response factor (Ky) 

and the critical depletion level. These are not needed for the calculation of the crop water 

requirements, for which the model in this research will be used, but rather only as dummy inputs 

to run the model. These characteristics don’t affect the calculations of the crop water 

requirements. 

Only in the case of the calculation of the crop water requirements of rice the CROPWAT model 

needs soil data. The soil input data includes inter alia the total available soil water content, the 

maximum infiltration rate for runoff estimates, drainable porosity of the soil and the initial soil 

water content at the start of the season. 

To calculate the effective rain with the actual rain data the effective rain method ‘USDA SCS 

method’ is used, because of the recommendation by Smith (1992) done in his book about the 

CROPWAT model and its use in most of the water footprint studies (Pongpinyopap & 

Mungcharoen, 2012). This method calculates the effective rain (𝑃𝑚𝑜𝑛𝑡ℎ) with help of the actual 

rainfall per month (𝑃𝑚𝑜𝑛𝑡ℎ) with the following formulas: 

𝑃𝑒𝑓𝑓 = 𝑃𝑚𝑜𝑛𝑡ℎ ∗ (125 − 0,2 ∗ 𝑃𝑚𝑜𝑛𝑡ℎ)/125 for 𝑃𝑚𝑜𝑛𝑡ℎ ≤ 250 𝑚𝑚 (2.8) 

𝑃𝑒𝑓𝑓 = 125 + 0,1 ∗ 𝑃𝑚𝑜𝑛𝑡ℎ for 𝑃𝑚𝑜𝑛𝑡ℎ > 250 𝑚𝑚    (2.9) 

With all these data, the CROPWAT model calculates the decadal crop water requirements for 

the different crops and also the crop water requirements per growing period. 

 

2.3 CROPWAT model input data 

2.3.1 Global data 

In the first layer defined in the research purpose the water footprint of wheat, rice and cotton 

is to be calculated using the CROPWAT model with global available data (figure 1.1). These 

global available data can be found in standard CROPWAT data and in the CLIMWAT 

database, which is also used in several other water footprint studies as Bulsink, Hoekstra & 

Booij (2009), Gerbens-Leenes & Hoekstra (2009) and Chapagain & Hoekstra (2011). This 

climatic database provides for monthly data like the minimum and maximum temperatures, 

humidity and sunshine hours and the monthly rainfall for more than 5000 stations in the world 

over the period 1971-2000 (FAO, 2009). In the following paragraph, the data are given and 

explained and the calculations are done.  
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REFERENCE EVAPOTRANSPIRATION (ET0) 

In order to determine the 

reference evapotranspiration (ET0) 

in the CROPWAT model the 

Penman-Monteith Method has been 

used. This method determines ET0 

from the following climatic data: 

- Temperature 

- Humidity 

- Sunshine 

- Wind speed 

These data should be collected 

from the most representative 

meteorological station in the Sirsa 

district. The data from this station 

are to be found in the CLIMWAT 

database. However, in this 

database no meteorological 

station has been incorporated that 

is known in the Sirsa district, rather 

there are five meteorological stations in the area surrounding the Sirsa district. Looking for the 

most representative and nearest meteorological station it is helpful to look on the terrain map 

for the locations of these stations to find the most representative station, and further to the 

distance between the stations and the Sirsa-district to find the nearest station.  

In figure 2.1, a geographical and topographical map with the five meteorological stations 

nearest to the Sirsa district is shown. The figure shows the geographical and topographical 

area of the three northern stations, Amritsar, Ludhiana and Ambala, which in terms of different 

terrain colours are a bit different, from the areas of Sri Ganganagar and New Delhi. These 

stations are therefore the most representative stations to gather the climatic data for the Sirsa-

district. 

TABLE 2.1: DISTANCE FROM STATIONS TO BORDER OF SIRSA-DISTRICT 

Table 2.1 shows the distance between the 

border of the Sirsa district and the 

meteorological station, for each station, 

from west to east. The meteorological 

station in New Delhi is more than 3 times 

further away from the Sirsa district than the 

station in Sri Ganganagar is. This means that 

the most representative and the nearest 

meteorological station is that in Sri Ganganagar, from which the climatic data contained in the 

CLIMWAT database will be used.  

After importing the monthly climatic data file of the CLIMWAT database from the 

meteorological station in Sri Ganganagar into the CROPWAT model, the sunshine radiation 

(MJ/m2/day) and the reference evapotranspiration (ET0) (mm/day) are calculated with the 

Station Km to border 

Sri Ganganagar 60 km 

Amritsar 185 km 

Ludhiana 135 km 

Ambala 160 km 

New Delhi 200 km 

FIGURE 2.1: LOCATIONS OF METEOROLOGICAL STATIONS AROUND SIRSA 

DISTRICT (GOOGLE MAPS) 
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Penman Monteith Method. In table 2.2, all these data and calculations are given. The altitude, 

latitude and longitude, the minimal and maximal temperature, the humidity, the wind speed 

and the sunshine hours are from the CLIMWAT database. The radiation and the ET0 are 

calculated in the CROPWAT model as already noted. 

TABLE 2.2: MONTLY ET0 WITH DATA OF STATION GANGANAGAR WITH PENMAN-MONTEITH METHOD 

 

RAINFALL 

Part of the crop water use comes from the water through 

rainfall. Not all the water through rainfall can be used 

because of losses due to surface runoff or deep 

percolation below the root zone. Therefore, the effective 

rainfall, or in other words the rainfall that the crops use, 

should be calculated. This is done with USDA Soil 

Conservation Service method, which is explained in the 

section 2.2.  

The data of the actual rain per month is taken from the 

CLIMWAT database from the metrological station in Sri 

Ganganagar and is given in table 2.3. Also, the 

effective rain per month, which is calculated in the 

CROPWAT model, is given in this table. 

The table shows that about 92% of the rainfall has 

been estimated as effective rainfall, which means that 

the biggest part of the rainfall is used by the crops. 

These values are as expected because of the low rainfall per month. The crops use the water 

more effectively when there is less rainfall, especially in winter (rabi) season, as Rahman, Islam 

and Hasanuzzaman (2008) conclude in their study of Effective Rainfall in Bangladesh. 

TABLE 2.3: MONTHLY RAIN WITH DATA OF 

STATION GANGANAGAR 
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CROP CHARACTERISTICS 

In this research three crops, namely wheat, rice and cotton will be studied. The CROPWAT 

model requires the characteristics of these crops in to calculate the crop water requirements. 

These characteristics are taken from the CROPWAT database, which contains the characteristics 

of approximately 40 different crops, which are taken from selected FAO publications (Allen et 

al., 1998). 

For rice and cotton there exists only one set of characteristics, but for wheat there are three 

sets of characteristics available, two sets of winter wheat and one set of common or spring 

wheat. The spring wheat set is chosen in this research because of the planting date in 

November, which Smith provides in his book about the CROPWAT model for the of Central 

India (1992, p. 56), to which the study area is located the nearest of the mentioned areas, and 

the length of the growing period (130 days for spring wheat, 240 and 335 days for the sets 

of winter wheat). The tables 2.4 and 2.5 show the characteristics per crop. 

The rooting depth, critical depletion and the yield response factor are not needed for the 

calculation of the crop water requirements, rather only as dummy inputs to run the CROPWAT 

model. The values for these crop characteristics don’t affect the crop water requirements and 

therefore aren’t given. 

TABLE 2.4: GLOBAL AVAILABLE DATA FOR WHEAT AND COTTON CROPS 

  
TABLE 2.5: GLOBAL AVAILABLE DATA FOR RICE CROP 

 

In this research, two different fields are chosen in the combinations of crop and yield. The crops 

on field 1 are wheat (in winter) and rice (in summer). The crops on field 2 are wheat (in winter) 

and cotton (in summer). In figure 2.2 the cropping pattern for both fields is shown, based on the 

planting times from table 1.1 in the section 1.4, and the harvesting times calculated by the 

CROPWAT model, as shown in the tables 2.4 and 2.5. 

 
FIGURE 2.2: CROPPING PATTERN FIELDS 1 AND 2 WITH GLOBAL DATA 
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SOIL CHARACTERISTICS 

The last step before we can calculate the crop water requirements is to define the soil type of 

field 1. This is necessary in the CROPWAT model, otherwise the Crop Water Requirement of 

rice cannot be calculated. The soils for the fields have already been defined in the section 2.1, 

namely a clay loam soil type in field 1 and a loamy sand soil type in field 2. There is few 

data globally available, because the soil types differs a lot per regions. So in this part of the 

research the soil types available in CROPWAT are used. The soil types black clay, red loamy, 

red sandy loam and red sandy soil are available in the CROPWAT database. The clay loam 

soil, which is the soil type of field 1, is a heavy soil type just as black clay soil. Therefore, the 

black clay soil is used in this part of the research. In table 2.6 the soil data of field 1 is shown. 

The maximum rooting depth, the critical depletion for puddle cracking, the water availability 

at planting and the maximum 

water depth does not affect 

the calculation of the crop 

water requirements, therefore 

are not shown in table 2.6. 

However, the CROPWAT model 

needs these values to run the 

calculations, but these values 

can be chosen randomly. 

 

2.3.2 Local data 

The second layer defined in the research purpose is to calculate the water footprint of wheat, 

rice and cotton by using the CROPWAT model with local available data. Most of these data 

have been collected in the Water Productivity ‘WATPRO’-project and are from the sources as 

shown in table 3.4 of (Singh, 2005, p. 35). In this section the data needed for the calculation of 

the crop water requirements of wheat, cotton and rice in the CROPWAT model are given and 

explained. 

REFERENCE EVAPOTRANSPIRATION (ET0) 

The local available climatic data are from the meteorological station at the Cotton Research 

Station (CRS) in Sirsa except in some cases, due to missing data and occurring errors, from the 

meteorological station at the CCS Haryana Agricultural University (HAU), Hisar, which is about 

90 km from Sirsa. These data have already been collected in the WATPRO project (Dam & 

Malik, 2003) and stem from the years 1990 – 2002.  

All the climatic data can be taken directly from this resource. Only the relative humidity should 

be calculated with the available data. The relative humidity contained in the local available 

dataset consists of the relative humidity in the morning (𝑅𝐻𝑀) and the relative humidity (𝑅𝐻𝐸) 

in the evening. Within the CROPWAT model a relative humidity (𝑅𝐻) of the whole day is 

needed, so that the average relative humidity is calculated as following: 

𝑅𝐻 =
𝑅𝐻𝑀+𝑅𝐻𝐸

2
        (2.10) 

All the climatic data are given in table 2.7 and also the altitude, latitude and longitude of the 

meteorological station of Sirsa.  

TABLE 2.6: GLOBAL AVAILABLE SOIL DATA FOR CALCULATION CWR RICE 
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TABLE 2.7: MONTLY ET0 WITH DATA OF STATION CRS IN SIRSA WITH PENMAN-MONTEITH METHOD 

 

RAINFALL 

The effective rainfall needs to be calculated with the 

actual rainfall, with help of the USDA Soil 

Conservation Service method, explained in the 

section 2.2.  

The local available data of actual rainfall is also 

from the meteorological station at the CRS in Sirsa, in 

some cases added with data from the 

meteorological station at CCS HAU, Hisar. This data 

from 1990 – 2002 was already collected in the 

WATPRO project (Dam & Malik, 2003). The local 

available data of the actual rain per month and the 

effective rain per month is given in table 2.8. 

The effective rainfall is estimated at about 90% of 

the actual rainfall, as can be seen in the table 2.8. 

This is a bit less than the effective rainfall estimated 

with the global data (92%), but not significantly less. 

This can be attributed by the higher rainfall estimated with local data, which means the crops 

use the water a bit more ineffectively than by lower rainfall. 

CROP CHARACTERISTICS 

Three crops are being used in this research, namely wheat, rice and cotton. These crops have 

each different characteristics. Some of these characteristics have to be calculated before 

putting them into the model, which applies for the crop coefficients. The other characteristics 

needed for the calculation of the crop water requirements are taken from the sources shown in 

table 2.9. 

TABLE 2.8: MONTHLY RAIN WITH DATA OF STATION 

CRS IN SIRSA 
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TABLE 2.9: LOCAL SOURCES OF CROP CHARACTERISTICS 

Information Source 

Planting and harvesting data Average crop calendar (Singh, 2005) 

Length stages Estimated with WATPRO data (Dam & Malik, 2003) 

Crop height WATPRO data (Dam & Malik, 2003) 
 

The additional data needed for rice, as nursery area and puddling depth are taken from the 

CROPWAT database (Allen et al., 1998). 

Crop coefficients (Kc) 

For each crop different crop coefficients exist for different stages of the growing period. These 

are the crop coefficients for the initial, middle and late stages. For each of these crop 

coefficients different formulas are used. For the calculation of the crop coefficient of the initial 

stage alone even more than one formula exist. This is because the original crop coefficients are 

developed for certain conditions and therefore Allen et al. (1998) suggest to adjust them to be 

used for different climatic conditions. In this research the formula for raining events less than 10 

mm is used, due to the climatic condition of the Sirsa district. In this case it is not a formula but 

a figure (figure 2.3) from where the crop coefficient (𝐾𝑐 𝑖𝑛𝑖) can be read, by knowing the 𝐸𝑇𝑂 

and the interval between irrigations or rain events. 

 

FIGURE 2.3: FIGURE FOR CALCULATING CROP COEFFICIENT INITIAL STAGE (ALLEN, PEREIRA, RAES, & SMITH, 1998) 
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In table 2.10 the estimated crop coefficients of the initial stage for the crops are given. 

TABLE 2.10: ESTIMATING CROP COEFFICIENTS INITIAL STAGE 

Crop Interval (days) ET0 (mm/day) Kc ini (-) 

Wheat 15 2,5 0,3 

Cotton 5-6 7,5 0,3 

Rice 3 7,5 0,5 

 

For the calculation of the crop coefficient for the middle stage (𝐾𝑐 𝑚𝑖𝑑) the following formula is 

used: 

𝐾𝑐 𝑚𝑖𝑑 = 𝐾𝑐 𝑚𝑖𝑑 (𝑇𝑎𝑏) + [0.04(𝑢2 − 2) − 0.004(𝑅𝐻𝑚𝑖𝑛 − 45)] (
ℎ

3
)

0.3

 (2.11) 

where 𝐾𝑐 𝑚𝑖𝑑 (𝑇𝑎𝑏) value for 𝐾𝑐 𝑚𝑖𝑑 taken from Table 12 from Allen et al. (1998) 

 𝑢2  mean value for daily wind speed at 2m height over grass during the 

   mid-season growth stage from WATPRO data (2003) (m/s) 

 𝑅𝐻𝑚𝑖𝑛  mean value for daily minimum relative humidity during the mid-season 

   growth stage from WATPRO data (%) 

 ℎ  mean plant height during the mid-season stage from WATPRO data (m) 

In table 2.11 the calculation of the crop coefficients of the middle stage for the crops is given. 

TABLE 2.11: CALCULATING CROP COEFFICIENTS MIDDLE STAGE 

Crop 𝑲𝒄 𝒎𝒊𝒅 (𝑻𝒂𝒃) (-) 𝒖𝟐 (m/s) 𝑹𝑯𝒎𝒊𝒏 (%) 𝒉 (m) 𝑲𝒄 𝒎𝒊𝒅 (-) 

Wheat 1,15 1,3 46 0,85 1,13 

Cotton 1,15-1,20 1,9 59 1,10 1,13 

Rice 1,20 1,7 56 0,90 1,16 
 

For the calculation of the crop coefficient for the end stage (𝐾𝑐 𝑒𝑛𝑑) the following formula is 

used: 

𝐾𝑐 𝑒𝑛𝑑 = 𝐾𝑐 𝑒𝑛𝑑 (𝑇𝑎𝑏) + [0.04(𝑢2 − 2) − 0.004(𝑅𝐻𝑚𝑖𝑛 − 45)] (
ℎ

3
)

0.3

 (2.12) 

where 𝐾𝑐 𝑒𝑛𝑑 (𝑇𝑎𝑏) value for 𝐾𝑐 𝑒𝑛𝑑 taken from Table 12 from Allen et al. (1998) 

 𝑢2  mean value for daily wind speed at 2m height over grass during the 

   end-season growth stage from WATPRO data (2003) (m/s) 

 𝑅𝐻𝑚𝑖𝑛  mean value for daily minimum relative humidity during the end-season 

   growth stage from WATPRO data (%) 

 ℎ  mean plant height during the end-season stage from WATPRO data (m) 

In table 2.12 the calculation of the crop coefficients of the end stage for the crops is given. 

TABLE 2.12: CALCULATING CROP COEFFICIENTS END STAGE 

Crop 𝑲𝒄 𝒆𝒏𝒅 (𝑻𝒂𝒃) (-) 𝒖𝟐 (m/s) 𝑹𝑯𝒎𝒊𝒏 (%) 𝒉 (m) 𝑲𝒄 𝒎𝒊𝒅 (-) 

Wheat 0.25 1,6 30 1,00 0,28 

Cotton 0.70-0.50 0,9 38 1,30 0,59 

Rice 0.90-0.60 0,9 38 1,00 0,74 
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The crop coefficients for rice for the stages before the transplantation (initial stage) and the 
wet crop coefficients are taken from the CROPWAT database for rice (Allen et al., 1998). 

All crop characteristics calculated or taken from local available data, which are needed for 
the calculation of the crop water requirements for wheat, cotton and rice are given in tables 
2.13 and 2.14. The lengths of the stages are estimated from the different defined stages in 
the local data. 

TABLE 2.13: LOCAL AVAILABLE DATA FOR WHEAT AND COTTON CROPS 

 
 

TABLE 2.14: LOCAL AVAILABLE DATA FOR RICE CROP 

 

 

SOIL CHARACTERISTICS 

For the calculation of the crop water 

requirements for rice the CROPWAT model 

needs the soil data of the rice-field. Some 

of the soil characteristics are available in 

the WATPRO-project, but most of the data 

that the CROPWAT model needs has to be 

calculated, and a few other data is 

standard data. The percentages of the 

clay and sand for the soil type can be 

taken from the WATPRO-project. With 

these percentages the field capacity (FC), 

the wilting point (WP) and the saturated 

soil (SAT) can be calculated with help of 

the online ‘Soil Hydraulic Property’ 

calculator (Global Soil Science Educators 

and Knowledge Managers, 2009), which is 

showed in table 2.15 for the clay loam 

soil. With this information the following soil 

characteristics can be calculated. 

  

TABLE 2.15: SOIL HYDRAULIC PROPERTIES FOR CLAY LOAM 
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The total available soil moisture can be calculated with the following formula: 

𝑇𝐴𝑊 = 1000(𝜃𝐹𝐶 − 𝜃𝑊𝑃)𝑍𝑟     [mm]     (2.13) 

where  𝑇𝐴𝑊 the total available soil water in the root zone (mm) 

 𝜃𝐹𝐶 the water content at field capacity (𝑐𝑚3/𝑐𝑚3) 

 𝜃𝑊𝑃 the water content at wilting point (𝑐𝑚3/𝑐𝑚3) 

 𝑍𝑟 the rooting depth (m) 

The maximum rain infiltration rate, which is the rate at which the soil is completely dry, can be 

calculated by converting the saturated hydraulic conductivity calculated in table 2.15 from 

cm/hr to mm/day. 

 

The initial soil moisture depletion is the average fraction of Total Available Soil Moisture that 

can be depleted from the root zone before moisture stress (reduction in evapotranspiration) 

occurs in the initial stage, and ranges from 0 – 1. Table 22 of Allen et al. (1998) contains 

depletion fractions for an evapotranspiration of approximately 5 mm/day. The initial 

available soil moisture is the moisture left after depletion. 

 

The drainable porosity can be calculated with this formula: 

𝐷𝑃 = (𝑆𝐴𝑇 − 𝐹𝐶) ∗ 100   [%]       (2.14) 

where  𝑆𝐴𝑇 the saturation (mm) 

 𝐹𝐶 the field capacity (𝑚𝑚) 

 

Table 2.16 contains all the soil data that the CROPWAT model need for the calculation of the 

crop water requirements of rice. The maximum rooting depth, critical depletion for puddle 

cracking, water availability 

at planting and the 

maximum water depth, 

which the CROPWAT model 

needs but does not affect 

the crop water requirement 

calculations are not shown in 

this table. 

 

 

2.4 SWAP model and its input data 

The calculation of the water footprints of the crops with help of the CROPWAT model and a 

global available as well as a local available dataset will be compared with the calculations 

with help of the SWAP model and local available datasets. The calculations with help of the 

SWAP model have been done already in a study of R. Singh (2005). In Singh’s study three 

different datasets can be defined, which are explained in the following paragraphs. 

The first dataset is from irrigated crops at field scale. These inputparameters have been 

measured directly in the field. In the study five fields were chosen in the Sirsa district, namely 

TABLE 2.17: LOCAL AVAILABLE SOIL DATA FOR CALCULATION CWR RICE 
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two wheat-rice fields and three wheat-cotton fields. These fields were monitored in the 

agricultural year 2001 – 2002. Some of the parameters that were too difficult to measure in 

the field have been found with the help of field experiments conducted at the Cotton Research 

Station (CRS) in Sirsa in the agricultural year 2001 – 2002. These field experiments have also 

been used for calibrating and validating the SWAP model. An overview of the data collected 

for the calibration and validation of the model by the field experiments is given in table 3.3 of 

the study ‘Water productivity analysis from field to regional scale’ (Singh, 2005). In the current 

study the calculated evapotranspiration (ET) values and the crop yield (γ) values are used for 

the calculation of the water footprints of wheat, cotton and rice with help of the SWAP model 

and the dataset from the field measurements. 

The second dataset is a one year dataset of irrigated crops at regional scale. This calculation 

is based on different combinations of soil-crop-irrigation types in the whole of the Sirsa 

irrigation district. This dataset is generated by the SWAP model, which is calibrated and 

validated with the field measurements as described above. The dataset for calculating the 

water footprints of wheat, rice and cotton is collected and aggregated from satellite remote 

sensing techniques in Sirsa district and from the State Government agencies in Sirsa district. An 

overview of these data is given in table 3.4 of the study of Singh (2005). For this second 

dataset only the data of the agricultural year 2001 – 2002 is used. Also from these 

calculations the evapotranspirations and the crop yields for the different crops are used in this 

study. 

The third and last dataset that can be defined from Singh’s study is a 10 year dataset of 

irrigated crops at regional scale. This is the same dataset as the dataset mentioned before, 

extended with data of the years before. This is therefore a dataset of a longer period. The 

different data in the set are from different periods between 1990 and 2002, but the 

meteorological data is from the whole period 1990 – 2002. In table 3.4 of the study of Singh 

an overview of the data is given with the associated period and source per data. With this 

data the evapotranspiration of wheat, rice and cotton is calculated with the SWAP model, 

which is used in this study, just as the crop yielp per crop. 
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3. RESULT AND DISCUSSION 

3.1 Water footprints 

3.1.1 CROPWAT model with global available data 

With the data collected from global available resources the most important part of the 

calculations can be performed: the calculation of the crop water requirements. The module 

Crop Water Requirement CWR in CROPWAT calculates the irrigation water requirement of the 

crop on a decadal basis and over the total growing season, as the difference between crop 

evapotranspiration under standard conditions (ETc) and the Effective rainfall (Allen et al., 

1998). The outputs of the CWR calculations for the crops in this research are given in Appendix 

A. Table 3.1 shows a summary of the green and blue evapotranspiration calculations for the 

cropping pattern for both fields. 

TABLE 3.1: CROP WATER REQUIREMENTS (IN MM), CALCULATED WITH GLOBAL AVAILABLE DATA 

 

These calculations show that compared to cotton and rice, wheat does not need a large amount 

of water. Therefore, it is possible for this crop to grow in winter, also due to favourable 

temperature and radiation. Nevertheless, the effective rainfall is only 12% of the crop water 

requirement. Therefore, more than 85% has to be delivered by irrigation. In summer, there is 

more rainfall, but cotton and rice need both a lot of water. This means the irrigation 

requirement is still more than 80%. The difference between the ETc minus Effective Rainfall and 

the Irrigation Requirement by rice can be explained by the fact that at the beginning of the 

growth season the land for rice needs to be prepared with a water level, which is not included 

in the ETc. 

With these calculations and estimations the water footprint of the crops can be calculated as 

explained in the section 2.1. The crop yields are taken from the Department of Agriculture, 

Haryana (2012). These are average crop yields over the whole Haryana State including Sirsa 

district from 1971 to 2000. The results of these calculations are shown in table 3.2. 

 TABLE 3.2: CALCULATION OF GREEN & BLUE COMPONENTS WATER FOOTPRINT WITH GLOBAL DATA 
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The water footprint of cotton is much larger than the water footprint of wheat and rice. This is 

due to the low cotton lint yield compared to the yield of rice and wheat. 

3.1.2 CROPWAT model with local available data 

Table 3.3 shows a summary of the calculations for the cropping pattern for both fields using 

locally available data. The outputs of the CWR calculations of CROPWAT for the crops in this 

research are given in Appendix B. 

TABLE 3.3: CROP WATER REQUIREMENTS (IN MM), CALCULATED WITH LOCAL AVAILABLE DATA 

 

The difference between the ETc minus Effective Rainfall and the Irrigation Requirement by rice 

is the same as indicated above by the CROPWAT model with global available data. In these 

calculations there is more effective rainfall than with the global data. Also, the ETc of rice and 

especially of cotton is quite lower than with the global dataset calculations. However, this still 

means that there is large irrigation requirements of for about 87%, 72% and 65% of the total 

ETc for wheat, rice and cotton, respectively. 

With this information the water footprint of the crops was calculated and shown in table 3.4. 

The average crop yields are from the agriculture statistics records of the Deputy Director of 

Agriculture (DDA), Government of District Sirsa  (2012) for the years 1991-2001. The water 

footprints of the crops wheat and rice are now closer together, with cotton still having the far 

largest water footprint. 

 TABLE 3.4: CALCULATION OF GREEN & BLUE COMPONENTS WATER FOOTPRINT WITH LOCAL DATA 

 

3.1.3 SWAP model with local available data 

The crop evapotranspiration and yields of wheat, rice and cotton has been simulated by using 

SWAP model at both field and regional scale in the study ‘Water productivity analysis from 

field to regional scale’ (Singh, 2005). In these simulations there is no difference between the 

blue and green evapotranspiration, only the sum of these values is simulated as crop 

evapotranspiration. Also note that in this study (Singh, 2005), the simulated crop yields are 

water and salt limited yields, not the actual yields. The actual crop yields recorded in the Sirsa 
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district are significantly lower than the simulated water and salt limited yields, due to 

substantial nutritional, pest or disease stress on crop production in Sirsa district (Singh, 2005). 

However, in this study the recorded actual crop yields are used in combination with the SWAP 

simulated crop evapotranspiration for each crop season to estimate the water footprint of 

different crops (table 3.5). In the case of ‘Field scale’ estimation the average crop yields are 

based on the measured crop yields at five farmer fields in Sirsa district during the agricultural 

year 2001-02, while the average crop yields in case of ‘Regional scale’ estimation are taken 

from the agriculture statistics records of the Deputy Director of Agriculture (DDA), Government 

of District Sirsa for the year 1990-2002.  

TABLE 3.5: CALCULATION OF WATER FOOTPRINTS WITH SWAP MODEL 

 

3.2 Comparison of  water footprints 

Overall, the water footprints of wheat, rice and cotton are calculated in 6 different ways. Each 

calculation option uses a different dataset and/or a different model. All these options are 

compared in table 3.6, which also shows the mean value and the standard deviation of the 

evapotranspiration, the crop yield and the water footprint per crop. 

Option 1 uses the crop evapotranspiration simulated by SWAP model and average crop yields 

recorded at five fields in Sirsa district during the agricultural year 2001 – 2002. This 

combination is noted as ‘Singh, SWAP, field scale, 1 year’. 

 

Option 2 uses the crop evapotranspiration simulated by SWAP model and the average crop 

yields recorded over the entire Sirsa district during the agricultural year 2001 – 2002. This 

combination is noted as ‘Singh, SWAP, regional scale, 1 year’. 

 

Option 3 uses the crop evapotranspiration simulated by SWAP model and the average crop 

yields recorded over the entire Sirsa district during the years 1991 – 2001. This combination is 

noted as ‘Singh, SWAP, regional scale, + 10 years’. 

 

Option 4 uses the CROPWAT model with a globally available climatic dataset from the years 

1971 – 2000 and the average crop yield recorded over the Haryana State including Sirsa 

district during the same years 1971-2000. 

 

Option 5 uses the CROPWAT model with a local available climatic dataset from the years 

1990 – 2002 and the average crop yields recorded over the entire Sirsa district during the 

years 1991 – 2001. 
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TABLE 3.6: COMPARISON OF CALCULATIONS OF WATER FOOTPRINTS OF WHEAT, RICE AND COTTON IN THE SIRSA DISTRICT 

 

In the following sections these results are discussed. This shall be done first for all the options 

together, and after that for each research question individually, which have been given in the 

section 1.3. For the discussion about the effect of the model in the calculations only option 3 is 

used. This is because of the comparison with options 4 and 5, which are calculated with data 

from a period of 10 years. Only option 3 from the calculations with the SWAP model 

calculates with a dataset of more than one year and the options 1 and 2 use data from a 

period of only one year. 

3.2.1 Interpretation overall result 

The water footprint of wheat varies between 0,72 and 0,97 m3/kg with a mean value of 0,84 

m3/kg and a coefficient of variation COV of 11%. This variation is quite low. By looking only 

to the water footprint, it might be said that all options are that close to each other, that each 

option is appropriate to calculate the water footprint. However, when taking into account the 

values of evapotranspiration ET and yield γ it shows a remarkable thing with option 4, the 

CROPWAT model in combination with a global available data set, namely a low value for γ 

but also a low value for ET and therefore a normal value for the water footprint. If this option 

is not taken into account the COV of ET is only 7%, which is very good. However, the fact 

remains that the yield used by CROPWAT in combination with global available data is still a 

lot lower than the estimations with the SWAP model with the different data sets. 

In looking to the COV’s for the ET, the yield γ and the water footprint for rice it can be said 

that these are very high for the yield and the water footprint, which make these values very 

uncertain and therefore also the water footprint value turns out to be uncertain. The COV of 

the water footprint of rice is very high, being 46%. The values for water footprint of rice vary 

between 1,07 and 2,94 m3/kg for the options 1 to 3 and 5, and the value of option 4 is much 

larger (4,31 m3/kg), which makes the COV very high. This value can be explained by the high 

value of ET and the low value of γ. However, when option 4 is not taken into account the range 

of the γ is still high, due to the high γ value of option 1, which is far higher than the mean 

value γ of rice. This means the calculation of the water footprint of rice is still quite uncertain.  

The estimation of the crop yield of cotton (lint) is for the options 3, 4 and 5 quite the same, but 

the yields used with manner 1 and 2 make the COV of the yield of cotton very high. Beside this 
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is the fact of the higher range of ET, namely from 570 mm to 1092 mm with a mean value of 

745 mm and a COV of 28%. This together means that the range of the water footprint values 

is also wide, with a COV of 44%. Two water footprint calculations stand out, namely the water 

footprint calculated with option 2 and option 4. The water footprint of option 2 is high because 

of a very low yield. The water footprint of option 4 is high because of a very high ET. This ET is 

48% higher than the mean value. When this option is not taken into consideration, the values of 

ET are more equal, then with a COV of 12%. 

Beside these considerations, it has to be remarked that the SWAP model calculates with an ET 

of a whole season and the CROPWAT model calculates with an ET of the period between 

planting and harvesting. For example in the case of the crop wheat the SWAP model 

calculates with the period from 1st of November till 30th of April. The CROPWAT model uses 

the period between 16th of November (planting date) till 30th of April (harvesting date). The 

SWAP model takes therefore a longer period for ET than the CROPWAT model does. This 

makes that the ET values calculated by the SWAP model, should be higher than the ET values 

that CROPWAT calculated. However, this is not the case with any of the crops. In this case this 

means that the CROPWAT model always makes a higher estimation of the ET than the SWAP 

model. This could be explained by the fact that CROPWAT did not consider the water stress in 

calculating the ET, but the SWAP model did it, which reduces a crop potential ET to the actual 

ET under field conditions. 

3.2.2 Effect of  different datasets on water footprint 

Table 3.6 shows a big difference between the water footprint calculated with a global 

available dataset and the one calculated with a local available dataset, whereby both 

calculations are done with the use of the CROPWAT model. For wheat, the model with the 

global dataset calculates an evapotranspiration ET that is almost 40% lower than the ET 

calculated with the local dataset. With rice and cotton it is the inverse, the ET calculated with 

the global dataset is about 10% higher than calculated with the local data in case of rice and 

40% bigger in case of cotton. The crop yields for wheat calculated with the different datasets 

are quite different, which applies to a lesser extent for rice. The crop yields for cotton (lint) are 

almost the same. All this means that the calculated water footprints of cotton vary about 60% 

from each other, the water footprints of rice differ about 45% of each other and the water 

footprints of wheat differ about 15% of each other. 

The values of ET should be higher while calculating with global available data because of the 

higher reference evapotranspiration ETo. However, the value of the global calculated ET of 

wheat is lower than the value of the local calculated ET of wheat. This can be explained by the 

fact that the global crop data provides for a growing period that is one month less than the 

growing period calculated with the local crop data. In addition, the global calculated growing 

period of rice is some weeks less than the local calculated growing periods, but this is not 

reflected in the results as in terms of a lower ET with global data. The higher ET of cotton 

calculated with global data can also be explained by using a two weeks longer growing 

period. Beside this, it has also a lower crop coefficient at middle stage calculated with local 

data than the crop coefficient from the global data source, which results in a higher ET by 

option 4. 

The lower value of global calculated crop yield is probably caused by the period from 1971 – 

2000. Especially with rice the crop yield is increased a lot during the latter years. The crop 
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yield of rice from local sources has been calculated from the years 1999 – 2001, in which the 

yield is increased compared with the 1970’s. Further, the crop yield used in option 4 is 

calculated from resources of Haryana, where the crop yield used in option 5 is calculated from 

resources of Sirsa district. The crop yields of Sirsa district are generally the highest crop value 

of the state Haryana. 

3.2.3 Effect of  different models on water footprint 

The datasets used for option 3 and for option 5 are the same for the calculation of the 

evapotranspiration ET. These two options are compared in order to see the effect of the model 

on the water footprint calculation. The differences between the water footprints of the different 

crops are quite low. The water footprint of wheat calculated with the CROPWAT model is a bit 

higher than calculated with the SWAP model due to the higher with the CROPWAT model 

calculated ET, which is only about 14% higher than the ET calculated with the SWAP model. 

The same defined percentages for rice and cotton are higher than for wheat. For rice this 

percentage is about 37% and for cotton about 25%. This makes a mean difference between 

the two calculations of about 25% higher ET calculated by CROPWAT in comparison with ET 

calculated with SWAP. This means the SWAP model uses some standards or calculations, which 

is primarily the consideration of water stress, in calculating the ET, which always result in lower 

ET than the ET calculated with the CROPWAT model. The crop yields are the same, because of 

the use of the same dataset to calculate it. 

3.2.4 Effect of  different datasets and models on water footprint 

The global available dataset used with the CROPWAT model in option 4 has a lack in 

accuracy to the local conditions in contrast to the local dataset used with the SWAP model in 

option 3. In these options, both the dataset and the model are different. This can be seen at 

the results where the different calculated water footprints of the crops differ a lot of each 

other. The difference between the water footprints is very small for wheat, but this does not 

mean that these calculations are quite the same, which already has been explained in the 

section 3.2.1. The water footprints calculated with the CROPWAT model are for both rice and 

cotton 100% higher than the values calculated with the SWAP model. These differences are 

far too great to accept. All this can be attributed to the higher ET calculation and mainly the 

lower crop yield calculation by use of the CROPWAT model. Hereby are two exceptions, 

namely the ET of wheat and the crop yield of cotton (lint). The lower CROPWAT calculated ET 

of wheat is due to the shorter length of the growing period of wheat that the global data 

calculates, which has been explained in the section 3.2.2. Between the crop yields calculated 

for cotton (lint) exists only a slight difference of about 10%.  
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4. CONCLUSION AND RECOMMENDATION 

4.1 Conclusions 

In theory, a certain crop in a certain region has a specific water footprint. Nobody knows the 

real water footprint of a certain crop in a certain region. However, this can be calculated or 

estimated with the help of a model in combination with a dataset. For such a model, there are 

different options and different ways to gather data. In theory, each combination of model and 

dataset should have the same result in terms of water footprint. In this research different 

datasets have been gathered and used in the calculation of the water footprint of wheat, rice 

and cotton in the Sirsa District, India. Two different models, namely the CROPWAT model and 

the SWAP model are used in combination with the global and local available datasets to 

estimate the water footprints. The results of this research do not agree with the theory. The 

results show in some cases even quite a great difference between each combination of model 

and dataset. This means there is an inconsistency between theory and practice. 

The effect of the dataset on the water footprint is big; it causes a mean difference between 

the different calculated evapotranspiration’s of 30% by using the CROPWAT model. With the 

global available dataset the CROPWAT model calculates a lower evapotranspiration in the 

case of wheat and a higher evapotranspiration in the case of rice and cotton than calculated 

by the CROPWAT model with a local available dataset. There is also a big difference in crop 

yields of rice recorded in different databases. This means that detailed information about the 

meteorological circumstances, the crop characteristics and the yields is very important in 

calculating a reliable water footprint of a crop. There are too many differences between the 

global and local available dataset to calculate the reliable water footprint of a specific crop 

in the study area using globally available datasets. 

The complexity of models also affects the water footprint, however this effect is a lot smaller 

than the differing of the datasets. The crop yields of both options are the same, because of the 

same dataset. Therefore, the differences in the water footprint are due to the calculation of the 

evapotranspiration. The evapotranspiration is meanly 25% higher with the CROPWAT model 

than with the SWAP model, but this is mainly caused by the high difference between the 

calculations of the evapotranspiration of rice. This shows the calculation of evapotranspiration 

of rice is quite difficult due to the preparation of the land and keeping the field wet during the 

whole period of growing. 

The effect of differing the dataset and the complexity of the models shows the biggest 

differences, with even differences of 100% in case of rice and cotton. This is the effect of 

differences that are described above. It is therefore not possible to calculate reliable water 

footprints of crops with a global available dataset and a less complex model as the 

CROPWAT model.  

The discussion of the results of this study done in chapter 3 and the conclusions drawn above 

brings us to the following key conclusions:  

It is very important to define how the calculations are done and how the data is collected. In 

the case of collecting data, for example the length of the period of the dataset and the place 

of collecting the data is important for the calculation of the water footprint. The length of the 

period of data for calculating the crop yield is important by knowing the fact that the crop 

yield has increased a lot in the latter years. It is important to make a balanced choice of the 
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years of which the mean value is calculated. The exact location of gathering the data is 

important by the fact it is possible to gather the yield data from a location that is either very 

productive or not productive. All this can affect the calculations a lot and a good description of 

this is therefore really important. 

This study concludes that the researchers should be very careful in making their conclusions 

about water footprints of different crops in different regions. A calculation with one 

combination of dataset and model of the water footprint of a specific crop in a specific region 

is not sufficient to make firm conclusions. Therefore, the differences between the combinations 

are too large. It is only possible to make careful conclusions by clearly indicating the techniques 

followed. 

4.2 Recommendations 

A complex model as the SWAP model with a complex local available dataset is recommended 

especially to calculate water footprints of crops. Due to the costs of money and time of 

gathering data for a complex model this is not an easy option. Instead of this it is 

recommended on the basis of this study to do the water footprint calculations with a less 

complex model (CROPWAT model) in combination with a local available dataset. With this 

combination, there still is a degree of uncertainty, but there is no other possibility when taking 

time and costs in consideration. 

This study can be extended at some points. In this research only the Crop Water Requirement 

option of the CROPWAT model is used. The model has another option to calculate the 

evapotranspiration, namely the Irrigation Scheduling option. Also, the differences in the climatic 

data calculated from the global and local resources can be studied further, in order to help to 

explain better the differences in simulated ETgreen and ETblue for different crops with different 

climatic datasets. Beside these several models, the model AquaCrop can be used and 

compared in calculating the evapotranspiration and water footprints of the crops. 
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APPENDIX A: CROP WATER REQUIREMENTS WITH GLOBAL AVAILABLE 
DATA 
TABLE A.1: CROP WATER REQUIREMENTS OF WHEAT 

 

TABLE A.2: CROP WATER REQUIREMENTS OF RICE 

 



 

Page 28 

 

TABLE A.3: CROP WATER REQUIREMENTS OF COTTON 
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APPENDIX B: CROP WATER REQUIREMENTS WITH LOCAL AVAILABLE 
DATA 
TABLE B.1: CROP WATER REQUIREMENTS OF WHEAT 

 

TABLE B.2: CROP WATER REQUIREMENTS OF RICE 
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TABLE B.3: CROP WATER REQUIREMENTS OF COTTON 

 

 


