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Abstract: Precise estimation of daily crop reference evapotranspiration and crop coefficients (Kc) is 
required for determining crop water use in order to practice proper irrigation management. Crop 
coefficients, which have been presented for most crops by FAO based on four crop stages (initial, 
development, middle, and late) are affected by many factors including soil moisture, growing degree 
days (GDD) and leaf area index (LAI). Therefore, the above-mentioned factors have to be considered 
in estimating these values. The purpose of this study was evolution of crop coefficients for sugar beet 
crop based on field water balance and FAO method through measuring soil moisture variation, and 
evaluating reference ET by FAO-penman-monteith equation in a semi-arid region. Crop coefficient 
curves and various mathematical relationships were developed for growth period to estimate the crop 
coefficient for this crop. The Kc values during the growing season was 0.59, 1.19 and 0.85 for initial, 
mid and end stage respectively. The Kc ini that was estimated with field water balance method was 
greater than FAO method but Kc mid, Kc end were lesser than FAO method over the growth season. 
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INTRODUCTION 

 
 Increasing population growth coupled with dwindling water resources makes water conservation in Qazvin 
a province priority. Conservation measures should be implemented for all water uses (industrial, urban and 
agricultural). As agriculture is the single largest water user in Iran, improved irrigation management could result 
in large water savings. Determining crop water requirements is the first step in reducing water used while 
maintaining profitable production. The crop coefficient (Kc) is computed as the ratio of crop and reference ET. 
Factors affecting Kc include crop type, crop growth stage, climate, soil moisture. The Kc when expressed as 
functions of growing degree day (GDD) and leaf area index can show the effects of the climatic variability and 
crop development during crop growth in Kc. Kc is commonly expressed as a function of time. However, Kc as a 
function of time does not take into account environmental and management factors that influence the rate of 
canopy development (Grattan, et al., 1998). Therefore, most researchers have reported Kc as a function of days 
after transplanting (DAT) which helps to reference Kc on crop development stage (Allen, et al., 1998; Tyagi, et 
al., 2000; Kashyap and Panda, 2001; Sepashkah and Andam, 2001). Accurate prediction of crop water use is the 
key to develop efficient irrigation management practices making it imperative to develop Kc for a specific crop. 
Numerous studies have been conducted over the years to develop the Kc for different agricultural crops. Since 
most of the studies have been specific to one or two crops, (Doorenbos and Pruitt, 1977) prepared a 
comprehensive list of Kc for various crops under different climatic conditions by compiling results from 
different studies. Similar list of Kc was also given by (Allen, et al., 1998) and (Doorenbos and Kassam, 1979). 
However, Kc for a crop may vary from one place to another, depending on factors such as climate, soil, crop 
type, crop variety, irrigation methods (Kang, et al., 2003). Thus, for an accurate estimation of the crop water 
use, it is imperative to use a regional Kc. Researchers have emphasized the need for regional calibration of Kc 
under a given climatic conditions (Doorenbos and Pruitt, 1977; Kang, et al., 2003). Therefore, the reported 
values of Kc should be used only in situations when regional data are not available. In summary, there is a need 
to develop regional Kc for a realistic estimation of water use to better schedule irrigation. Brouwe and 
Heibloem(1986) outlined the steps for development of Kc as: determination of total growing period of the crop, 
identifying the length of different growth stages, and determination of Kc values for each growth stage. 
However, Kc cannot be measured directly, but is estimated as a ratio. While ETo can be estimated using one of 
several available methods, ETc can be estimated by a lysimeter study (Grattan, et al., 1998).  
 The goal of this study was to calculate crop coefficients of sugar beet in a semi-arid region based on field 
water balance method and compare to FAO crop coefficients adjusted that recommended in FAO paper No 56. 
And was calculated Crop water consumption in the real condition of farm. 
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 Measurements were directly through soil sampling and were tried in accordance with farm irrigation 
management and not any changes in irrigation periods and irrigation types to indicate the real condition of farm. 

 

MATERIAL AND METHODS 
 
Crop water consumption: 
 The water consumption (ETc) in a certain period of time can be determined using a simple water balance 
equation (1) 
  

   DRETCfIrRVS OC 
                                                                                               (1)

 

 

 Where 12  S  is the change in soil water content in the root zone between time 2 and time 1; V is 

increase in volume of water stored in plant tissues; R is rain; Ir is irrigation; Cf is upward capillary flow from 
the water table; ETc is crop evapotranspiration ; Ro is surface runoff; D is drainage below the effective root zone. 
In most cases ∆V and Cf can be ignored as ∆V is very small compared to ∆S, and the water table is well below 
the rooting depth. Furthermore, if runoff and drainage are negligible (i. e. the field is sufficiently level, 
permeable to influx, and sufficiently below field capacity to store water inputs), the equation reduces to: 
 

)()( 12   IrRETc                (2)
 

 
 In this study, soil water content in the root zone was measured directly through soil sampling. Sampling 
consisted of three different points and three different depths within the field to reduce the error . 
 Depth of root development during growth was continuously measured. Bulk density in different layers of 
soil was calculated by sampling different parts of the field and weights of samples were measured in the field by 
a digital scale for determining soil moisture. 

 
Reference Crop Evapotranspiration ETo: 
 The reference crop evapotranspiration, ETo, was calculated according to the FAO Penman-Monteith 
equation. ETo is the rate of evapotranspiration from a hypothetical reference crop with an assumed crop height 
of 12 cm, a fixed canopy resistance of 70 s m-1 and an albedo of 0.23, closely resembling the ET from an 
extensive surface of green grass coverage that is in uniform height, actively growing, completely shading the 
ground and with adequate water supply (Allen, et al., 1998). The FAO Penman-Monteith equation for 
calculating daily ETo (mm day-1) using daily average data is shown as equation (3) (Allen, et al., 1998).  
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(3) 

 
 Where, ETo represents reference evapotranspiration (mm day-1); Rn is the net radiation on the crop (MJ m-2 
day-1); G is soil heat flux density (MJ m-2 day-1); T is mean daily air temperature at 2 m height (°C); u2 is wind 
speed at 2m height (m s-1); es is saturation vapour pressure (kPa); ea is actual vapour pressure (kPa); es - ea is 
saturation vapour pressure deficit (kPa); Δ is slope vapour pressure curve(kPa °C-1); and γ is psychrometric 
constant (kPa °C-1). 
 The requirements of FAO Penman-Monteith equation are maximum, minimum and mean air temperatures, 
air humidity, solar radiation, and wind speed. Standardized equations for computing all parameters of equation 
(3) are given in Smith, et al., (1991). 
 Required data for calculating FAO-penman-monteith equation were obtained from meteorological station 
located near the farms.  

 
Crop coefficient:  
FAO Method: 
 Factors determining the Kc consist of climate conditions and crop growth stages. The ground coverage, crop 
height and leaf area change following crop development. Due to differences in evapotranspiration during 
various growth stages, the Kc for a given crop varies over the growing period. The four distinct growing stages 
of growing period are initial, crop development, mid-season and late season. The length of growing stages of 
sugar beet with respect to climatic region is given in Table (1) (Allen, et al., 1998). 
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Table 1: - Length of growing stages of sugar beet (days). 
Initial Crop development Mid-season Late season Total Planting date Region 

30 45 90 15 180 March Calif., USA 
25 30 90 10 155 June Calif., USA 
25 65 100 65 255 Sept Calif. Desert, USA 
50 40 50 40 180 April Idaho, USA 
25 35 50 50 160 May Mediterranean 
45 75 80 30 230 November Mediterranean 
35 60 70 40 205 November Arid Regions 

 
 FAO recommends two methods for measuring crop coefficient; single crop coefficient method that includes 
evapotranspiration and dual crop coefficient method that separates evaporation and transpiration. Therefore, the 
calculation of crop evapotranspiration can use equation 4 or 5. 
  

occ ETKET                                                                                   (4) 

oecb ET )K + (KcET                                                                          (5) 

 
 Where, Kc is single crop coefficient; Kcb is basal crop coefficient; Ke is soil evaporation coefficient. 
 To generate the Kc curve , three typical values of Kc are required, including those during the initial stage 
(Kc-ini), the mid-season stage (Kc-mid), and at the end of the late season stage (Kc-end). The values of crop 
coefficient during growth season stages are estimated based on Kc curve and the typical values of Kc-ini, Kc-mid, 
and Kc-end. Period during crop development and late season stage, crop coefficient Kc was linearly interpolated 
between two typical values of Kc. Kc under standard conditions was considered which according to 
recommendations of FAO-56 method, a standard climatic condition is defined as a sub-humid climate with 
average daytime minimum relative humidity (RHmin) of 45% and having calm to moderate wind speeds (Allen, 
et al., 1998). 
 For determining crop coefficient, crop coefficient tables recommended by FAO journal paper 56 were used 
and crop coefficients for the three periods of growth were extracted. FAO has recommended that the coefficients 
should be modified according to environmental conditions. 
 The ETc during initial stage mainly consists of evaporation. Therefore, adjustment of Kc for this stage 

mainly depends on climatic factors. According to type of the soil, irrigation period and depth, inicK was 

modified compared to the charts provided by FAO, then effect of irrigation method was applied using equation 
(6) (Allen, et al., 2005). 
 

inicwinic KfK                                                                     (6)
 

 
 where, fw represents the wetted perimeter because of precipitation or irrigation which changes between 0 and 
1. 

midcK and endcK were modified by equation (7). 
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 where, Kc represents crop coefficient of mid-season stage or end of the late season stage obtained from 
FAO-56 method, RHmin is mean of minimum relative humidity in mid-season stage (percent, 20<RHmin<80), and 
h is mean crop height (m, 0.1<h<10). 
 The typical values of Kc during mid-season stage and late season stage (Kc-mid and Kc-end) are adjusted with 
climatic condition and height of crop by equation. (8) and (9): 
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 where,  *
mid-cK  and *

end-cK   represent the typical crop coefficient during mid-season stage and at the end of 

late season stage under standard climatic condition as indicated above,  is the average value for daily 
minimum relative humidity during the growth stage (%), and h is the average plant height during the growth 
stage (m) (Allen, et al., 1998). 
 
Field water balance Method: 
 For calculating crop coefficient in field condition, the following equation was used: 
 

  
o

c
c ET

ET
K                         (10) 

 

 where, cK  represents crop coefficient, cET  is crop water consumption (equation 2) and oET  is potential 

evapotranspiration (equation 3). 
 Therefore, potential evapotranspiration is sum of daily potential evapotranspiration by the following 
equation: 
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 Where,  oiET  is potential evapotranspiration in ith day, and n is duration between two measurement. 

 
RESULTS AND DISCUSSION 

 
 Daily ETo was calculated using equation (3) and shown in Figure (1). 
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Monteith equation-Penman-FAOcalculated by  oDaily ET :1 .Fig 
 
 Wind was an effective factor in increasing evapotranspiration, so the maximum evaporation happened in 
the day with the highest wind speed. Crop coefficient for growth stages of initial, mid-season, and end of the 
late season of sugar beet obtained from the tables of FAO paper No.56 (Allen, et al., 1998) and the values were 
modified using the equation (7) as shown in Figure (2). 
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Modified crop coefficient using FAO method for sugar beet during the growing period :2 .Fig 

 
 For calculating crop coefficients under field conditions, plant water consumption and potential 
evapotranspiration were calculated. According to the equation (4), for each irrigation period one coefficient as 
the crop coefficient of that period was calculated and devoted to the middle of the irrigation period. Figure (3) is 
crop coefficients under field conditions against the time. 
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Fig. 3: Fitted equation on the data measured in sugar beet farm. 
 
 In this research, equations were fitted to the data and correlation coefficient was obtained 0.97 for sugar 
beet, and the overall fitted relationship was equations (12).  
 

63Dfor      0.32604-0.01302D-0.40817D+0.120233D=K 0.412422-0.25613
c          

 
63>Dfor      4.69391-0.06516D-1.733539D+-2.96017D=K 0.436444-0.36668

c                  (12) 

 
 Where D is day from the first day of seeding 
 GDD (Growing degree-day) was calculated by determining the mean daily temperature and subtracting it 
from the base temperature (10º C) needed for growth of the organism. Figure (4)shows the Kc variations verses 
GDD over the growing season for sugar beet. 
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Fig. 4: The variation in the sugar beet Crop Coefficient (Kc) verses GDD. 
 
 Figure (3) shows fitted equations on the farm’s data. Regarding to Figure (5), crop coefficient measured at 
initial stage is higher than the recommended value provided by the FAO. During initial stage, much of the 
evapotranspiration is due to evaporation from soil surface after irrigation and the most important factor for 
accurate measurement of evapotranspiration is accurate measurement of evaporation. It seems FAO single crop 
coefficient underestimated the effect of evaporation in initial stage, so the amount of Kcini in the field water 
balance method is more than FAO predicted value.  
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Fig. 5: comparison between crop coefficient under the field conditions and FAO modified method for sugar beet  
            Plant. 
 
 Comparison of mid-season crop coefficients determines that FAO prediction is more than measured with 
field water balance method. In the mid-season stage, the effect of evaporation of soil surface is less and the 
highest water consumption used for transpiration. The LAI increases in the mid-stage. Values of crop coefficient 
for the end of late season stage were lower than FAO predication. Reason of the decrease is probably because of 
early drying of the sugar beet which was earlier than FAO prediction. The LAI reduces after mid-stage, causes 
that Transpiration and crop coefficient is decreased in end-stage. Figure (6) 
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Fig. 6: The variation in the Leaf Area Index over the growing season for the sugar beet  
 
Conclusion: 
 Although FAO method is worldwide in use it should be modified and adjusted based on regional climate. In 
addition to regional climate, other parameters may be different in each region. They should be considered as 
they affect water consumption. 
 Management actions that cause stress to the plant will reduce plant water consumption. 
FAO proposed method to calculate the single crop coefficient that has been applied in this study is not always 
close to the reality. It seems that single crop coefficient does not include evaporation of initial stage of sugar 
beet in some areas (Case study) and values are less than field condition. In fact, during initial stage, plant needs 
more water than FAO prediction. 
 Mid-season stage, which is maximum water consumption stage, is very important especially in irrigation 
designs as the water requirement of irrigation projects predicted based on mid-season stage. FAO recommended 
water requirement of sugar beet is higher than field condition and it seems that the FAO method for plants are 
for standard conditions and should be modified in accordance with the type and condition of farms.  
 Despite FAO method used throughout the world, it must be modified regarding to regional climate.  
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