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Abstract 

An important factor in determining water demand and optimum water management at different growth stages of sugar beet 
seed-bearing plants is crop coefficient (Kc). The crop coefficient (the ratio of sugar beet seed-bearing plant evapotranspira-
tion (ETc) to grass evapotranspiration (ET0)) was calculated at different growth stages. The study was carried out by 6 
lysimeters located in research station of Karaj Soil and Water Research Institute, Meshkinabad, Karaj in 2006. Two lysi-
meters where grass had been cultivated, were used for determining ET0. To determine ETc of sugar beet seed-bearing 
plants, vernalized roots of sugar beet (200-250 g) were planted in four lysimeters. About 2000 and 1000 m2 were planted 
by the same crop around the lysimeters of sugar beet seed-bearing plants and grass, respectively. The moisture contents of 
all lysimeters were measured during the growth period and also after harvest at the depth of 0-60 cm. To compensate soil 
moisture deficit, the irrigation was carried out after depletion of 40% of available moisture. In addition, precipitation, daily 
temperature, relative humidity, wind speed, sunny hours and evaporation from Class A pan was measured in a meteorolog-
ical station located around the grass lysimeters during the growing period. The measured crop factors included root num-
ber, total biomass weight, shoot dry weight, root dry weight, flowering stem weight, seed total weight, seed size, standard 
seed weight, 1000-seed weight, vigor, germination rate and seed viability. ET0 was calculated by evaporation pan and ap-
plying pan coefficient (Kp) of Karaj and also by Penman & Mantis method and was compared with the data of grass lysi-
meter. ETc, ET0 as well as Kc were estimated at different growth stages. The results showed that there was great conformi-
ty between two methods of ET0 calculation, i.e. by software CROPWAT and measurement. But at the beginning of the 
study, the ET0 calculated by grass lysimeters was lower than that calculated by meteorological data. However, over the 
time, the latter was affected by climatic parameters of temperature and sunny hours and increased with a stronger gradient 
than the former. This period was from the 50th day on. The results indicated that crop evapotranspiration decreased at the 
initial stage because of undeveloped shoots and at final stage and at the end of growth period because of shoot yellowing 
and loss of green area and the need for the decrease in seed moisture during maturation. At the second stage, the crop ab-
sorbed greater amount of water and as a result, its evapotranspiration increased because of the fast growth of sugar beet 
seed-bearing plants and the proliferation of aerial organs. At the third stage, since on one hand the leaf area of sugar beet 
seed-bearing plants was at its peak and on the other hand, the other organs were green, the evapotranspiration of the crop 
was in its peak. At initial stages of the growth, ET0 was greater than ETc of sugar beet seed-bearing plants; however, the 
gradient of these two curves became almost constant over the time and ETc started to sharply decrease from the beginning 
of the final stage (i.e. about 90th day). The Kc of sugar beet seed-bearing plants at initial, development, middle and final 
stages was 0.29, 0.89, 1.12 and 0.66, respectively. Sugar beet seed-bearing plants consumed 35.13, 141.93, 273.59 and 
65.49 mm water at initial, development, middle and final stages, respectively. Their peak water consumption was at mid-
dle stage with a rate of 7.82 mm/day. 

Keywords: Evapotranspiration; sugar beet; seed; lysimeter; Penman & Mantis; CROPWAT; ETc; ET0. 

Introduction 

Estimating crop coefficient (Kc) at various 

growth stages of a crop allows the precise estima-
tion of crop water demand during growing season 
which in turn, allows correct water management. 
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Irrigation on the basis of crop water demand al-
lows optimum water application, optimum yield 
and soil preservation. The crop coefficient re-
flects the crop characteristics in its water de-
mand. By definition, Kc is the ratio of evapo-
transpiration under maximum production condi-
tions (ETc) to evapotranspiration of a reference 
crop (ET0). Most crops consume less water than 
grass, so nowadays grass is usually considered as 
the reference crop. Practically, it has been recog-
nized that Kc can be used for relating ET0 to max-
imum evapotranspiration (ETm) provided that all 
water demands of the crop is completely met. On 
the other hand, to measure potential evapotrans-
piration of reference crop, the proposed equations 
can be used instead of cultivating the grass in 
lysimeter. One method for estimating ET0 is to 
use the software CROPWAT. In this method, 
potential evapotranspiration of the reference crop 
is estimated by long-term meteorological data on 
the basis of Penman&Mantis method (Smith, 
1992). 

Actual crop evapotranspiration (ETc) should 
be measured when the crop has been cultivated 
under optimum water and soil conditions, is well 
established and is disease-free, so that it can pro-
duce the maximum harvest under these ecologi-
cal conditions (Kassan and Smith, 2001). In Da-
vis, California, Pruitt et al. (1972) measured sug-
ar beet evapotranspiration when it had been 
planting in March and completely irrigated. They 
found that it was 1 mm/day during first four 
weeks, 4.5 mm/day during next eight weeks, 7.8 
mm/day in full cover conditions and 5 mm/day at 
harvest stage (mid-September). They measured 
total evapotranspiration of sugar beet as 900 mm. 

Crop coefficient varies with the crop type, 
growth stage, growth duration, planting date and 
general weather conditions including humidity, 
wind and precipitation or irrigation intervals, but 
it is constant in terms of reference crop (Gho-
dratnoma, 2002). 

By applying different moisture regimes by 
sprinkler irrigation method, Rahimian (2001) re-
ported sugar beet Kc as 0.5, 0.6, 0.9, 1.0, 0.9 and 
0.8 from May until November in Mashad, Iran. 

One of the important objectives of sugar beet 
cultivation is to produce high quality seeds. On-
time and adequate irrigation affects final yield 
and seed quality (vigor, health, germination rate, 
growth and other factors) in sugar beet seed pro-
duction fields and increases the quality and quan-
tity of harvest. Crop needs a certain amount of 
water in order to complete its growth stages. The 

amount of water lost by a crop through transpira-
tion in a given period of time is known as crop 
water demand. By estimating crop water demand, 
an appropriate correspondence can be made be-
tween crop type, cultivation area and the amount 
of available water in a region. But unfortunately, 
the seed yield and grain quality is sometimes 
substantially decreased by excessive irrigation or 
drought stress during growth period. Battle and 
Wittingtone (1969) showed that excessive irriga-
tion of sugar beet seed plants before and during 
flowering prolonged its growth period, retarded 
its fruit maturation and increased woody precur-
sor and germination-inhibiting compounds in 
fruits which decelerated germination. On the oth-
er hand, suitable irrigation increased sugar beet 
seed germination rate from 40-60% to 67-70% 
(Csapody, 1980). Drought stress doubles the 
share of unfilled seeds. 

The sensitivity of plant growth stages to 
drought stress is varied. Doorenbos and pruitt 
(1977) studied critical and sensitive stages of dif-
ferent crops to moisture deficiency. Stopping the 
irrigation at stages when the crop is more resis-
tant to drought helps water economy, provided 
that it does not significantly decrease the yield. 
Therefore, knowledge of crop transpiration at 
four growth stages of sugar beet allows us to cor-
rectly estimate its water demand at reproductive 
stage and make better decision about prioritizing 
water and irrigation. Thus, in the current study, it 
was attempted to study and estimate crop coeffi-
cient variations at different growth stages of sug-
ar beet in order to be able to determine its water 
demand at different growth stages. 

Materials and Methods 

The study was carried out at research field of 
Soil and Water Research Institute in Meskinabad, 
Karaj, Iran during 2005-2006. In 2006, the verna-
lized sugar beet roots were planted in April 14 
and the seed-bearing plants were harvested in 
July 28. 

In this study, 6 drainage lysimeter were used. 
They were located in an area of 2000 m2, so that 
two lysimeters were in meteorological stations at 
the center of the field and the remaining were 
around the meteorological station. To determine 
ET0, the lysimeter located in meteorological sta-
tion was used, in which grass was previously cul-
tivated so that its height was 10 cm when the 
study was begun. To determine ETc of seed-
bearing sugar beet plants, the 100-150-gram ver-
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nalized roots of sugar beet (stecklings) were cul-
tivated in 4 lysimeters after cutting their root end 
(Fig. 1). The rows were 50 cm apart and the 
plants were 35-40 cm apart. To decrease margin-
al effect, the same plant (grass and/or sugar beet) 
was cultivated up to 10 m from the margins of 
lysimeters. 

The irrigation level before planting and during 
different growth stages of sugar beet in each ly-
simeter was estimated by neutron meter in terms 
of millimeter. Then, millimeter was converted to 
10 m2 and the amount of irrigation was deter-
mined regarding the dimensions of the lysimeter. 
During the growth season, the amount of water 
made available to the crops was greater than the 
estimated value. It did not disrupt the study be-
cause excessive water was collected by drains. At 
least up to 48 hours after irrigation, the collected 
drain was measured and the pattern of soil mois-
ture decline (due to crop evapotranspiration) was 
determined by neutron meter and after the evacu-
ation of 40% of soil available moisture, lysime-
ters were irrigated again. In total, the field was 
treated throughout sugar beet growing season so 
that its available moisture did not drop to less 
than 50%. 

During the growing season, the evaporation 
level was daily measured from pan Class A. In 
addition, meteorological data including daily 
temperature, relative humidity, wind speed at the 
altitude of 2 meters, sunny hours, precipitation 
and other required factors were recorded. Then, 
ET0 was daily estimated according to these data 
by Penman&Mantis method and the software 
CROPWAT. Afterwards, the reference crop data 
(grass) were compared by ET0. During the grow-
ing season, the actions were taken for weeding 
and keeping the surface of lysimeters free from 
weeds. Finally, the qualitative and quantitative 

factors of the seeds including plant total weight, 
vegetative organ weight (leaf and stem), post-
harvest root weight, produced seeds total weight 
and standard weight were measured after harvest. 

Results 

The results showed that the reference crop 
evapotranspiration changes (ET0) fluctuated, but 
its general trend was ascending. Because of the 
lack of distinguishable growth stages in grass and 
its ever-green nature, the fluctuations were a 
function of the total variations in weather and 
climate. As previously mentioned, reference crop 
ET0 was daily calculated by CROPWAT. The 
ET0 calculated by Penman&Mantis method for a 
growing season of seed-bearing sugar beet in ten-
day intervals is shown in Fig. 2. According to the 
results, there was a great deal of correspondence 
between two methods of calculating ET0 by 
CROPWAT; however, at the beginning of the 
study, the ET0 calculated from grass lysimeters 
was lower than that calculated by meteorological 
data. But over the time, the former was affected 
by temperature and sunny hours and so, it in-
creased with greater gradient than the latter. This 
period approximately started after 50 days. 

Calculation of ET0 

Fig. 3 shows the results of ETc acquired sepa-
rately for the lysimeters A, B and C of sugar beet 
seed-bearing plants in ten-day intervals during 
the growing season. The results indicated that the 
crop absorbed less water and as a result, had low-
er evapotranspiration at the beginning of the sea-
son due to the development of aerial shoot and at 
the end of the season due to the yellowing of 
aerial shoot and the decrease in green cover and 

 
Fig. 1. Ideal roots after cutting root end. 

0
1
2
3
4
5
6
7
8
9

0 10 20 30 40 50 60 70 80 90 100 110
روزھاي پس از كاشت چغندر بذري

ETo

(ET0)چمن        ( ET0 ) ھواشناسي   

 

Fig. 2. Mean ET0 variation of grass lysimeters and ET0 
calculated by meteorological data at ten-day intervals during 
the growing season of sugarbeet. 
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the necessity of the decrease in seed moisture at 
maturity. Consequently, the remaining moisture 
in soil was increased. At the second stage, the 
crop absorbed greater water and as a result, had 
higher evapotranspiration due to the fast growth 
of plants and the fast increase in aerial organs. 
Consequently, crop absorbed greater water from 
soil after each irrigation. At the third stage, since 
the crop had its maximum leaf area and the or-
gans were green and played role in evapotranspi-
ration and/or photosynthesis, it absorbed greater 
water from the soil. 

By comparing sugar beet ETc and reference 
crop (grass) ET0, it was found that the increase 
rate of ET0 was faster than that of sugar beet ETc 
at the beginning, but over time, ET0 increased 
with a constant gradient and under the effects of 
climatic parameters (Fig. 4). But, in sugar beet, 
after primitive stage, the gradient of ETc had a 
fast increase at initial stages of development so 

that ETc exceeded ET0 60 days after planting. But 
again after 90 days, ETc started to decrease with a 
faster rate. 

Estimation of Kc 

The Kc of each growth stage was calculated 
by: 

ETc = Kc × ET0 

Considering the average ETc of the lysimeters 
A, B and C as well as average ET0 of the meteo-
rological lysimeters 1 and 2 of reference crop 
(grass), Kc for initial, development, middle and 
final stages of sugar beet seed-bearing plants 
were 0.29, 0.89, 1.12 and 0.66, respectively (Ta-
ble 1, Fig. 5). 

As can be seen in Table 1, ETc was low at ini-
tial stage, but it increased fast at second and third 
stages. From late-middle stage until seed matura-
tion, ETc decreased fast. 

Evaluation of Sugar Beet Water Demand at Dif-
ferent Growth Stages 

The results showed that sugar beet evapo-
transpired 553, 489 and 529 mm water in three 
lysimeters A, B and C, respectively during grow-
ing season (105 days). Hence, it can be con-
cluded that its average water demand was 524 
mm (Table 2). As shown in Table 2, 35.13, 
149.93, 273.59 and 65.49 mm water was used at 
initial, development, medial and final stages, re-
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Fig. 3. ETc variation for the lysimeters A, B and C and their 
average in sugar beet growing season. 
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Fig. 4. Variation of mean ET0 and mean ETc at different 
growth stages of sugar beet seed-bearing plants. 

Days after sowing 

Table 1. Kc variation in different growth stages of sugar beet seed-bearing plants. 

Growth stages Day no. Lysimeter 1 Lysimeter 2 Lysimeter 3 Average Calculated Measured  Calculated Measured 
ET0  Kc 

Initial stage 
Development stage 
Middle stage 
Final stage 

20 
30 
35 
20 

1.85 
4.16 
9.12 
5.23 

1.83 
4.16 
8.83 
4.50 

2.55 
5.23 
9.45 
4.79 

2.08 
4.52 
9.13 
4.84 

3.61 
5.24 
6.41 
6.44 

3.28 
4.98 
6.93 
7.44 

 0.58 
0.86 
1.42 
0.75 

0.63 
0.91 
1.32 
0.65 
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Fig. 5. Kc variation curve of different growth stages of sugar 
beet seed-bearing plants. 
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spectively. The highest average daily water use 
was 7.82 mm/day at medial stage. 

Discussion 

Sugar beet is an indeterminate plant in which 
flowering and seed maturity occur simultaneous-
ly. The results of the study showed that the eva-
potranspiration of the crop starts to decrease 80-
85 days after root planting. Therefore, it can be 
said that its seed maturation period starts 75-80 
days after root planting and extends for 30-35 
days. The highest Kc occurred about 65-85 days 
after planting. As the highest gradient of curve 
occurred about 30 days after root planting and 
continued with a constant coefficient, it can be 
concluded that the highest water demand of sugar 
beet seed-bearing plants starts 30 days after 
planting and extends until 85 days after planting. 
Drought stress at this stage of reproductive 
growth decreases grain yield. So, it can be con-
cluded that drought stress at the second and third 

growth stages inflicts irreversible damages to 
sugar beet seed yield. 

To evaluate the possibility of extrapolating the 
results to the future years, the climatic conditions 
of the study year were compared with those of 
previous ten years. The results of meteorological 
data showed that the minimum, maximum and 
mean temperature, relative humidity and sunny 
hours were greater than their averages in previous 
10 years (Tables 3 and 4), while precipitation and 
wind speed at the altitude of 2 meters were lower. 
The reason for higher relative humidity should be 
related to the lower wind speed and the reason for 
lower wind speed should be related to the condi-
tions of meteorological station of Karaj Soil and 
Water Research Institute in Meskinabad. In this 
station, the experimental plots are enclosed by 
pine trees with the heights of at least 10 meters. 
The meteorological station was located at the 
middle of one of these plots. These pine trees 
decreased wind speed and increased relative hu-
midity in the station. The results showed that 75 

Table 2. Consumed water (mm) by sugar beet seed-bearing plants at different growth stages. 

Growth stage Day Lysimeter A Lysimeter B Lysimeter C Average of 
growth stage 

Average daily 
consumption 

Initial stage 
Development stage 
Medial stage 
Final stage 

20 
30 
35 
20 

36.83 
152.55 
279.05 
60.57 

22.51 
146.80 
256.39 
64.17 

46.04 
150.43 
285.34 
71.74 

35.13 
149.93 
273.59 
65.49 

1.76 
5.00 
7.82 
3.27 

Total 105 529 489.87 553.55 524.14 4.99 
 

Table 3. Comparison of climatic conditions of study year with previous 10 years. 

 Average of 
previous years 

Average 
of study year 

Difference of 
study year with 
previous years 

No. of days greater 
than average of 
previous years 

No. of days lower 
than average of 
previous years 

Maximum temperature 
Minimum temperature 
Mean temperature 
Relative humidity 
Sunny hours 
Precipitation 
Wind speed (alt.: 2 m) (m/s) 

29.26 
14.25  
21.76  
25.97  
9.95  
53.09  
2.17  

30.99 
15.73  
23.36  
38.94  
10.28  
41.40  
1.24  

1.73 
1.48 
1.61 

12.97 
0.34 

-11.69 
-0.94 

75 
73 
73 
99 
77 
7 
4 

31 
33 
33 
7 
29 
51 

102 

 

Table 4. Comparison of climatic conditions of study year with previous 10 years. 

Growth 
stages 

Growth 
Stage 

duration 

Max. 
temperature 

 Min. 
temperature 

 Mean 
temperature 

 Relative 
humidity 

 Sunny 
hours 

 Precipitation  Wind 
speed 

ΣA ΣU  ΣA ΣU  ΣA ΣU  ΣA ΣU  ΣA ΣU  ΣA ΣU  ΣA ΣU 

Initial 
Development 
Middle 
Final 

20 
30 
35 
21 

13 
22 
29 
11 

7 
8 
6 
10 

 15 
21 
25 
12 

5 
9 
10 
9 

 12 
21 
28 
12 

8 
9 
7 
9 

 18 
26 
34 
21 

2 
4 
1 
0 

 11 
22 
23 
21 

9 
8 
12 
0 

 3 
3 
1 
0 

16 
20 
9 
6 

 0 
1 
0 
3 

20 
29 
35 
18 

Total 106 75 31  73 33  73 33  99 7  77 29  7 51  4 102 

ΣA = greater than the average of previous years. 
ΣU = lower than the average of previous years. 
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out of 105 days of growth period had higher tem-
perature than the average of previous 10 years 
and relative humidity was higher than the average 
of Karaj, so that 99 and 7 days had higher and 
lower relative humidity than the average of pre-
vious 10 years, respectively which shows its dif-
ference with average of Karaj. The number of 
sunny hours was much greater than the average 
of Karaj, so that 77 and 29 days had greater and 
lower sunny hours than the previous 10 years 
which shows close similarity between Karaj and 
the research station.  In total, it can be said that 
the climate was drier in study year than the aver-
age climatic conditions of Karaj. Thus, the ap-
plied and estimated amount of water should be 
calculated on the basis of the results obtained 
from moisture balance and/or calculated balance 
on the basis of meteorological data of dry years. 
So, less water should be used for the years whose 
climatic conditions (temperature and precipita-
tion) are equal to or greater than the average of 
previous ten years. 
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