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Abstract: An accurate assessment of crop water requirements during the crop growth period can help
organize irrigation schedules and investigate the hydrological environments in irrigation districts,
especially in shallow groundwater districts. In irrigation scheduling, crop coefficients, representing
three development stages, play a critical role in modeling evapotranspiration. Therefore, in this study,
the crop coefficient (Kc) of sunflowers under drip irrigation in different hydrological years in the
Hetao irrigation district with shallow groundwater is determined. Based on the analysis of rainfall
frequency, the experimental situations of 2012, 2013, and 2014 are adopted as high, normal, and low
flow years. Using the water balance method, groundwater recharge and crop evapotranspiration in
different hydrological years were investigated. The results showed that the groundwater recharge
in a high-flow year was larger than that in normal and low-flow years with values of 67.47, 66.75,
and 42.61 mm, respectively. Crop evapotranspiration is directly related to the irrigation amount
at the same growth stage. The Kc of sunflowers in a high-flow year is higher by 0.1 and 0.15 than
that in normal and low-flow years. The Kc of sunflowers under drip irrigation is lower than that
under surface irrigation by 8.9% in the initial and late stages of sunflower growth, but higher than
that by 10.6% in the mid-stage, which is due to differences in small water potential differences and
less evapotranspiration in the initial and late stages under drip irrigation. The study is of great
significance for formulating a reasonable schedule of drip irrigation with shallow groundwater and
improving the field environment.

Keywords: crop coefficient; soil water balance; sunflower; hydrological year; water-saving environment

1. Introduction

Water resources are a kind of precious natural resource for national and regional
social economies and ecological environments. With water becoming scarce, especially in
semi-arid countries, the difficulty we are facing is to produce more food with less water [1].

In China, one of the most severely water-short countries in the world, irrigation and
food supply are intrinsically linked. Seventy percent of the food required for 1.3 billion
people is produced on irrigated land. In addition, the rapid development of urbanization
and industrialization will require more water in the future and then agriculture will be
required to produce more food with less water and other decreasing resources. Therefore,
improving irrigation efficiency without decreasing the yield and improving the ecological
environment in China is a serious challenge [2,3], especially in the changing environment.

To meet crop evapotranspiration, the shallow groundwater can continuously replenish
the soil water to meet the water absorption of crop roots. The amount of groundwater
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replenishment or utilization of groundwater by crops refers to the amount of submerged
evaporation under crop cover [4]. Groundwater recharge can reduce the irrigation quota,
protect water resources, and reduce the cost of agricultural production [5]. In shallow
groundwater districts, groundwater upflow can play an important role in contributing
to crop water use, and then the vertical water flux in groundwater tables needs to be
quantified because the shallow groundwater should be viewed as a potential water re-
source for crop use and ecological environment protection [6,7]. Chen reported that the
contribution of groundwater to evapotranspiration has an obviously increasing trend with
declining groundwater, accounting for 20% in 2013, which was doubled compared with
that in 1980 [8]. Babajimopoulos et al. found that in terms of the specific field conditions,
3.6 mm/day of water in the root zone originating from the shallow water table amounted
to about 18% of the water, which was transpired by the maize with the water table observed
at a mean depth of 0.58 m below the soil surface [9].

Sustainable irrigation practices aim at improving crop productivity with manageable
resources under a changing hydrological environment [10]. An accurate assessment of
water requirements during the crop growth period can help to determine irrigation amount
and date, maximize crop yield, and minimize water loss and crop stress [11–13]. The
importance of accurate actual evapotranspiration (ETc) estimation has been highlighted in
several studies [14,15]. These studies, however, have only considered the crop-soil system in
a less-irrigated environment but failed to take into account different hydrological years and
the water for crop evapotranspiration from groundwater in shallow groundwater regions.

The crop coefficient, estimated by crop reference evapotranspiration, accounts for pheno-
logical and managerial conditions of soil and crops [16,17]. The applicability of water-saving
approaches will affect crop water use and the field environment requires accurate information
on crop water use (i.e., crop coefficient and evapotranspiration) [18–20]. The FAO-56 method
uses two approaches to define this scaling factor, including a single crop coefficient and a
dual crop coefficient [21,22]. Based on the water balance, many studies have investigated
the crop coefficient for different crop types [23,24]. Some scholars modeled crop water
requirements for citrus orchards in central India using single and dual crop coefficient
approaches. Nonetheless, the crop coefficient under drip irrigation in shallow groundwater
regions during different hydrological years has been barely discussed [25].

On the other hand, drip irrigation is the most water-saving irrigation technology
in the world. The development of drip irrigation in the Hetao irrigation district can
significantly improve the utilization rate of field water, reduce ineffective evaporation and
deep leakage, and enhance the level of irrigation management. Plenty of studies have
discussed soil water and salt movement rules, water requirements, planting modes of crops,
and reasonable arrangements of capillary tubes under drip irrigation [26–28]. However, the
crop coefficient under drip irrigation needs to be further studied, especially in the shallow
groundwater regions.

The Hetao Irrigation district is a typical arid area with shallow groundwater, of which
the irrigation water is supplied by the Yellow River. Irrigation and groundwater contri-
bution are very important components for determining a reasonable irrigation schedule.
Precipitation frequency will affect irrigation and groundwater directly, and drip irrigation
is widely adopted as a water-saving irrigation measure in the Hetao irrigation district.
Therefore, for studying the crop coefficient under drip irrigation in different hydrological
years, the Hetao irrigation district was chosen as the study area. The reference crop evapo-
transpiration is less affected by rainfall, but the actual crop evapotranspiration is obviously
affected by rainfall through the water balance method. The crop coefficient is obtained by
dividing actual crop evapotranspiration by reference crop evapotranspiration. Then, the
crop coefficient will be influenced by rainfall in different hydrological years.

Based on the field experiments of typical crops under the condition of a water-saving
irrigation system in the Hetao irrigation district, the main objectives of this paper are as
follows: (1) to calculate the groundwater recharge to soil water in different hydrological
years under drip irrigation; (2) to obtain the crop evapotranspiration and field water
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balance in different hydrological years under drip irrigation; and (3) to determine the
crop coefficient of sunflower in different hydrological years under drip irrigation. The
research will provide a theoretical basis for formulating a reasonable water-saving schedule
in shallow groundwater regions, increasing water use efficiency, and improving the field
water environment.

2. Materials and Methods
2.1. Study Area

The study area was located in Shuanghe town (107◦18′ E and 40◦41′ N), Linhe district,
Hetao irrigation district, Inner Mongolia, at an altitude between 1041–1043 m. Located in
the hinterland of the Hetao Plain, Linhe was above the bend of the Yellow River, facing the
Ordos Plateau in the south, the Yin Mountain in the north, and the Wulate Grassland in the
east (Figure 1). The district was characterized by a typical arid and semi-arid continental
climate. Its mean annual rainfall was 136–222 mm/year, and potential evaporation was
1940–2400 mm/year. Winters were cold with minimal snow cover, while summers were
hot. The soil started to freeze around the middle of November. The average temperature
was 6.8 ◦C, with large temperature differences between day and night and a long sunshine
duration. The surface began to thaw in March, and the soil fully thawed out at the end of
May with a frost—free period of about 130 days. Light, heat, water, and frost—free periods
appeared at the same time, which was suitable for crop and grass growth. The Yellow River
in the south of the Hetao irrigation district was the main source of irrigation water. There
were 10 underground water observation wells in this area which could fully reflect the
dynamic underground changes via various irrigation methods.

Figure 1. Map of the study area and experimental observation. The left image shows the location
of the research area. The red dot refers to the experimental station, the blue area refers to the
Wuliangsuhai, and the fold lines refer to the canals. The right image shows the relative positions
of the dripper, plastic film, and sample point location. The soil is divided into eight layers for
sampling, including 0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, 50–60 cm, 60–80 cm, and
80–100 cm, respectively.

2.2. Experiment
2.2.1. Experimental Materials

According to the soil structure, the 0~100 cm soil layer was divided into three sub-
layers. Through air-drying, rolling, and screening using a 2 mm sieve, the soil bulk densities
of 0–60 cm, 60–70 cm, and 70–100 mm are 1.39, 1.54, and 1.43 g/cm3.

Drip irrigation was conducted through local groundwater, with a salinity of 1.007 g/L.
The drip irrigation belt used in the experiment was the internal disc type produced by the
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Dayu Water-Saving Company, with a drip head spacing of 300 mm, a drip head flow rate
of 1.68 L/h, and a pipe diameter of 16 mm. The tested crops were sunflowers named 9009.
The planting row spacing of sunflowers was 60 cm, and the plant spacing was 41–43 cm
with a density between 39,000–40,500 plants/ha. The plastic films were agricultural white
plastic films with a width of 70 cm and a thickness of 0.01 mm. The planting mode of one
film and two rows was adopted (Figure 1).

2.2.2. Experimental Design

Experiments were conducted in 2012, 2013, and 2014. The irrigation amounts varied in
different hydrological years under the same matric potential (−20 kpa). In a high flow year,
the irrigation amount was twice smaller (45 mm) than that in a low flow year, and once
smaller (22.5 mm) than that in a normal flow year. Under the same soil matrix potential,
the climate and rainfall in different hydrological years would have a great impact on the
irrigation amount of the same crop at the same growth stage. The irrigation amounts of
sunflowers during the growth periods in 2012, 2013, and 2014 were 195 mm, 219 mm, and
244 mm, respectively.

In this paper, fertilizer utilization was determined based on the existing research
results and the traditional fertilization system in the Hetao irrigation area of Inner Mongolia.
Accordingly, the fertilization system of drip irrigation under sunflower films was adopted
as follows: base fertilizer was 34.2 kg/ha nitrogen (N) and 91.2 kg/ha phosphorus (P),
followed by 89.25 kg/ha N and 66.75 kg/ha potassium (K).

2.3. Measurements
2.3.1. Soil Physical and Chemical Properties

Before sowing, undisturbed soil and soil samples were taken using soil drilling from
the 0–100 cm section in 8 layers (0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, 50–60 cm,
60–80 cm, and 80–100 cm) to measure soil moisture content and soil bulk density.

During the period of crop growth, the soil moisture of each 10 cm layer in the
0–100 cm soil was measured with three replications once every 5 days with a Diviner
2000-TDR Moisture Monitor (TRIME-PICO-IPH manufactured in Germany) and was mea-
sured additionally before and after rainfall and irrigation. After harvesting, soil samples
were taken from soil layers of 0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–60 cm, 60–80 cm,
and 80–100 cm below the drip head to measure soil moisture (Figure 1). The TDR data were
calibrated by taking soil samples determined gravimetrically by oven drying at 105 ◦C for
ten hours.

2.3.2. Meteorological Data and Groundwater

The meteorological weather station (HOBO U30 maded by onset company, purchasing
the Ecotech Ecological Technology, Ltd., Beijing, China) on the Jiuzhuang experimental site
collected the precipitation, wind speed, temperature, and humidity in 2012, 2013, and 2014.
The number of sunshine hours was obtained from the China Meteorological Data Sharing
Service System.

The groundwater depth for ten wells was monitored every five days manually from
15 May to 15 September in 2012, 2013, and 2014. Groundwater depth during the mea-
surement period ranged from 1.6 m at the end of June 2012 to 3.9 m at the beginning of
June 2013.

2.3.3. Crop Growth

The sunflowers were sowed and harvested on 20 June and 10 October 2012; 4 June
and 5 October 2013, and 9 June and 1 October 2014.

In each plot, 3 representative plants were selected to measure plant height, leaf number,
and leaf area at different growth stages.
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After maturing, 3 representative plants were selected in each plot and harvested
separately. Then, the samples were dried and threshed to calculate 100 grain weight, seed
setting rate, and crop yield.

2.4. Methods
2.4.1. Determination of Hydrological Year

To study the crop coefficient of sunflowers under different hydrological year types,
the statistical analysis of daily rainfall data from the China Meteorological Network (http:
//data.cma.cn/site/index.html, accessed on 5 June 2015) in Linhe Station, Inner Mongolia
from 1959 to 2014 is carried out. P-III type frequency distribution curve was used to fit the
rainfall corresponding to the growth period of the sunflowers. Three rainfall frequencies
(P = 75%, P = 50%, and P = 25%) was selected. Using the typical year method, the rainfall
corresponding to years with similar rainfall values was determined.

2.4.2. Reference Crop Evapotranspiration

The Penman-Monteith formula [22], which considered the influence of various meteo-
rological factors on ET0, was a unified, standard mechanistic formula for calculating ET0. It
was widely used worldwide. The calculation formula is shown as follows:

ET0 =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(1)

where ET0 was reference crop evapotranspiration, mm/day; Rn was net radiation on the
surface of the crop canopy, MJ/m2/day; G was soil heat flux, MJ/m2/day; T is average
daily temperature at 2 m altitude, ◦C; u2 was average daily wind speed at 2 m altitude,
m/s; es was saturated water vapor pressure, kPa; ea was actual water vapor pressure, kPa;
es − ea was pressure difference of saturated water vapor, kPa; ∆ was the slope of saturated
water vapor pressure and temperature curve, namely the slope of water vapor pressure
curve, kPa/◦C; and was hygrometer constant, kPa/◦C.

2.4.3. Actual Crop Evapotranspiration

The water balance for a control volume in the vadose zone for a period ∆t was
calculated using two moisture content measurements [29].∫ t+∆t

t
(Pe + I + G + ETc)dt = ∆W (2)

where ETc was the daily evapotranspiration from the soil and the crop (mm/day), Pe was
the effective precipitation (mm/day), I was the irrigation amount (mm/day), G was the
groundwater recharge (mm/day) and ∆W was the measured change in soil water storage
in mm over a period of days. Wt+∆t was the soil water content in t + ∆t day and Wt was the
soil water content in t day (mm). Because the quota of drip irrigation is small, the wetting
front is 30–40 cm after testing. Therefore, the planned wetting layer is 40 cm to calculate
the soil water balance.

It was generally believed that effective rainfall referred to the amount of water in the
total rainfall that could be stored in the root layer of the crop to meet the transpiration
needs of the crop, so it did not include surface runoff and the amount of water leaking
below the absorbent layer of the crop root zone. The effective rainfall during the crop
growth period was determined by statistical analysis and the empirical method [30]. The
calculation formula is shown as follows:

Pe = P . . . . . . P ≤ 5mmPe = 0.9 × P . . . .5 ≤ P ≤ 50mmPe = 0.7 × P . . . .P > 50mm (3)

where Pe was effective rainfall, mm; P was rainfall, mm.

http://data.cma.cn/site/index.html
http://data.cma.cn/site/index.html


Water 2024, 16, 235 6 of 13

At present, most empirical formulas for calculating groundwater reported that ground-
water recharge was related to groundwater depth, phreatic evaporation, crop type, and soil
texture. Based on the study results and comparing all kinds of empirical formulas, this pa-
per calculated the groundwater recharge using the method proposed by Li et al. [31], where
the soil texture was similar to that in the experimental area. The formula was as follows:

G
ET

= −0.54742 × H + 1.66494 (4)

where G was the groundwater contribution, mm; ET was the water requirements during the
same period, mm, which was calculated by reference crop evapotranspiration multiplying
crop coefficient cited by Dai [32]. The proposed Kc in the initial stage, crop development
stage, mid-season stage, and late-season stage were 0.695, 0.751, 0.804, and 0.35, respectively.
H was the groundwater depth, m.

2.4.4. Crop Coefficient

Crop coefficient (Kc) was an important parameter for the calculation of crop water
demand. It reflected the biological characteristics of the crop itself, the level of yield, and
the effect of soil fertility and farming conditions on crop water demand. It was calculated
as follows [33,34]:

KC =
ET
ET0

(5)

2.4.5. Data Analysis

The software including EXCEL and Origin 2019 was used to analyze the data. Statisti-
cal analysis was adopted for data collation and analysis.

3. Results and Discussions
3.1. Analysis of Hydrological Years and Representative Evaluation in Study Area

Irrigation, precipitation, and groundwater contribution are of great significance for
crop evapotranspiration and crop growing. In order to study crop coefficients and crop
water consumption under different rainfall conditions, the hydrological years need to be
determined using the P-III type frequency distribution curve. The hydrological years from
1957 to 2014 in the Linhe area were calculated by the frequency analysis method, and the
calculated results are listed in Figure 2.

Figure 2. Rainfall amounts and frequencies in Linhe district.

The results showed that the rainfall in the study area changed greatly from 1957 to
2014. The year with abundant water appeared in 1990, with a frequency of 25% and a
rainfall of 163.2 mm. The maximum rainfall occurred in 1967, with a frequency of 1.69%
and a rainfall of 228.2 mm, which was 65 mm higher than that in the high flow year with a
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frequency of 25%. In 2012, the rainfall in the study area reached 152.4 mm with a frequency
of 32%, which was 11 mm lower than that in the high flow year. The recurrence period
was 3.8 years, which could be regarded as a high-flow year. The year with normal water
appeared in 1985, with a frequency of 50% and a rainfall of 128.3 mm. In 2013, the rainfall
in the study area was 106.9 mm, with a frequency of 64%, which was 22 mm lower than
that in the normal flow year. The recurrence period was 3.4 years, which could be regarded
as a normal flow year. In 1963, the rainfall reached 74.58 mm with a frequency of 75%. The
special low-flow year was 2011 with a rainfall of 50 mm. In 2014, the rainfall was 65.4 mm
and the frequency was 93%, which was 9.18 mm lower than that in the 75% low-flow year.
So, 2014 could be regarded as a low-flow year with a recurrence period of 16 years. The
frequency curve is shown in Figure 2.

Judging from the above analysis, the average rainfall for many years was 132.5 mm in
the study area. 2012, 2013, and 2014 were regarded as high, normal, and low flow years,
respectively. The research in the above three years could represent the results in various
hydrological years in the study area.

3.2. Crop Water Use for Drip Irrigation under Different Hydrological Annual Films
3.2.1. Reference Crop Evapotranspiration in Different Hydrological Years

The Penman-Monteith formula [22], which considered the influence of various me-
teorological factors on ET0 synthetically, was a unified, standard mechanistic formula for
calculating ET0. After decades of theoretical research and practical application, there was
no need to carry out regional rate determination, nor was there a need to change any
parameters to apply to China and other regions of the world. In fact, the formula had a
reliable physical basis and was widely used in many countries and regions of the world [5].

The daily ET0 of the study area was calculated, with the calculated results shown
in Figure 3. With crops growing, the daily ET0 increased first and then decreased as the
maximum daily temperature decreased. The ET0 in July increased by 139.0%, 78.5%, and
120.0% than that on January 2012, 2013, and 2014, while the ET0 in October decreased by
61%, 56.7%, and 63.7% compared to that in July 2012, 2013, and 2014, respectively.

Figure 3. Reference evapotranspiration during the crop growth period in 2012, 2013, and 2014.

Judging from the above calculation, the change in reference crop evapotranspiration
during the whole year was obvious, but the difference in reference crop evapotranspiration
in different hydrological years was small. The ET0 in the high-flow year was slightly
higher than that in the normal and dry years. During the whole year, the ET0 in 2012,
2013, and 2014 were 1086.1, 1116.1, and 1128 mm, respectively, while the ET0 from May to
September were 722.2, 721.8, and 758.9 mm, respectively. This was because ET0 was mainly
affected by wind speed, temperature, and humidity, while hydrology tear was determined
by precipitation.

3.2.2. Groundwater Changes and Groundwater Recharge during Crop Growth Period

Groundwater changes during the growth period in the study area from 2012 to 2014
were indicated in Figure 4. It could be seen that the overall variation of groundwater
in the three years was similar and that the variation trend was affected by irrigation or
rainfall. The minimum and maximum groundwater depth in 2012, 2013, and 2014 were
1.74 m on 29 June, 3.26 m on 9 June; 1.74 m on 21 August, 3.94 m on 9 June, and 1.9 m
on 5 July, 3.78 m on 9 June, respectively. The maximum groundwater depth appeared
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in early June, given that a lot of spring irrigation in well-irrigated areas led to deeper
groundwater in the heading stages of wheat and maize. Then, the groundwater became
deeper gradually during the crop growth period with the average groundwater being
shallower in the high-flow year than in the low-flow year.

Figure 4. Groundwater changes during the crop growth period in the study area.

3.2.3. Groundwater Recharge

Because of surface evaporation and crop transpiration, shallow groundwater could
continuously recharge a certain amount of soil water to meet the water absorption needs
of crop roots. The amount of groundwater that recharged soil or the use of groundwater
by crops actually referred to the evaporation of diving under the crop cover. This part
of the water changed from groundwater, which could be used directly by crops to soil
water which could be absorbed and utilized by crops, thus expanding the storage of soil
water resources.

It could be inferred from Table 1 that the results based on the two calculation methods
were similar to those of groundwater recharge, indicating that the selected formula was
suitable for the calculation of groundwater recharge in this area. There were no notable
differences between 2012 (high flow year) and 2013 (normal flow year). Through the above
calculation, the groundwater recharge in the sunflower growth period in 2013 reached
66.75 mm, which was 24.14 mm higher than 42.61 mm in 2014, mainly as a result of the
high groundwater level in the sunflower experimental plot and well-irrigated area in 2013.
Similar to the conclusion by Gao et al. and Huo et al. [6,7], the contribution of groundwater
recharge to crop water use could hardly be ignored in the shallow groundwater area.

Table 1. Groundwater recharge of sunflowers in the growth period.

Groundwater Recharge during the Sunflower Growth
Period in 2012 (mm)

Groundwater Recharge during the Sunflower Growth
Period in 2013 (mm)

Time Early Mid Late Month Total Early Mid Late Month Total
June 6.88 6.88 1.02 0.00 3.46 4.48
July 9.38 6.82 18.80 34.99 8.31 7.49 18.79 34.59

August 10.03 6.33 2.09 18.45 10.29 9.07 5.51 24.86
September 2.87 0.85 1.81 5.52 2.40 0.41 0.00 2.81

October 1.63 1.63
Total 67.47 66.75

Groundwater recharge during the sunflower growth
period in 2014 (mm)

The 2014 effectiveness calculation of groundwater
recharge using Equation (3) (mm)

Time early mid late Month total early mid late Month total
June 0.50 1.09 6.57 8.16 0.95 2.93 10.1 13.98
July 10.91 8.02 8.95 27.88 8.89 10.20 7.20 26.29

August 1.53 0.00 1.35 2.87 1.30 0.30 0.90 2.50
September 2.96 0.38 0.36 3.70

October
Total 42.61 42.77
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3.2.4. Calculation of Annual Crop Evapotranspiration by Water Balance Method

According to the experimental observation and analysis, drip irrigation during the
crop growth period had no significant deep leakage or surface runoff. The water balance of
the root zone at the growth stages in 2012, 2013, and 2014 are shown in Figure 5 and Table 2.

Figure 5. Water balance of root zone at growth stages in 2012, 2013, and 2014.

Table 2. Change of the moisture storage in the growth period of the sunflower.

Years Seedling Stage Squaring Stage Flowering Stage Filling Stage Maturation Period Total

2012 −0.61 (±0.1) −8.26 (±0.4) 7.06 (±0.2) 13.23 (±2.1) 0.40 (±0.1) 11.82 (±1.2)
2013 −7.21 (±0.3) 7.71 (±0.6) −5.60 (±0.4) −3.12 (±0.9) 20.28 (±1.1) 12.06 (±0.8)
2014 −3.28 (±0.4) −0.46 (±0.1) 27.77 (±1.5) −33.50 (±2.2) 4.48 (±0.8) −5.00 (±1.0)

The crop evapotranspiration varied during the growth periods in different hydrologi-
cal years. For illustration, the ET of sunflowers in 2013 reached a maximum of 350 mm,
while the ET in 2014 was 312 mm. The result was mainly connected with climate. When
the climate conditions were suitable for crop growth, the ET was larger under the same
conditions. Furthermore, the ET in 2013 was higher than that in 2012. Though 2012 was a
high-flow year, its effective precipitation during the growth period was not significantly
higher than that in 2013, and its irrigation amount was smaller. Moreover, during the last
stage of crop development, the ET in 2014 was higher than that in 2012 and 2013, which
was due to the fact that the irrigation in 2014 increased. In agreement with Gao et al. [35],
the irrigation amount directly affected the ET. The crop evapotranspiration in the seeding
stage, squaring stage, and flowering stage was higher, which also indicated that irrigation
amount and groundwater recharge directly affected crop evapotranspiration.

3.3. Crop Coefficient in Different Hydrological Years

The crop coefficient integrated the effect of characteristics that distinguished a typical
field crop from the grass reference, which had a constant appearance and a complete ground
cover. Consequently, different crops would have varied Kc. In addition, the changing
characteristics of the crop over the growing season also impacted the crop coefficient
(Kc). Finally, as evaporation was an integrated part of crop evapotranspiration, conditions
affecting soil evaporation would also have an effect on the Kc [36].

The calculation of the coefficient in different hydrological years is exhibited in Table 3.
Reference evapotranspiration was obtained using the FAO 56 PM method, while actual
evapotranspiration was determined by the water balance method. The crop coefficient was
determined by actual evapotranspiration dividing reference evapotranspiration.
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Table 3. Crop coefficient of sunflowers in a growth period.

Parameter
Name Years Seedling

Stage
Squaring

Stage
Flowering

Stage
Filling
Stage

Maturation
Period Total

ET0
(mm)

2012 129.25 94.29 88.61 82.61 74.96 469.72
2013 179.17 125.28 105.41 66.26 89.27 565.39
2014 145.48 96.01 120.37 92.81 85.99 540.66

ET
(mm)

2012 82.74 (±2.1) 87.06 (±1.8) 82.24 (±2.3) 52.1 (±1.5) 33.23 (±0.9) 337 (±8.1)
2013 98.83 (±1.2) 98.97 (±3.6) 87.55 (±1.6) 33.16 (±0.1) 33.44 (±1.1) 350 (±6.9)
2014 66.94 (±4.0) 65.38 (±1.5) 94 (±2.8) 52.16 (±0.3) 35.3 (±0.4) 312 (±7.1)

Kc

2012 0.64 (±0.016) 0.92 (±0.019) 0.93 (±0.026) 0.63 (±0.018) 0.44 (±0.012)
2013 0.55 (±0.007) 0.78 (±0.029) 0.84 (±0.015) 0.51 (±0.002) 0.37 (±0.012)
2014 0.46 (±0.027) 0.67 (±0.016) 0.78 (±0.023) 0.56 (±0.003) 0.42 (±0.005)

The results showed that the ET0 of sunflowers in 2012 was relatively small, which
was largely because the planting time of sunflowers in 2012 was 15 days later than that
in other years. After correction, the ET0 of sunflowers in different hydrological years
was slightly different. It was shown that the sunflower coefficient increased first and
decreased gradually with crop growth and that it was up to the maximum in the flowering
stage, as described in the study by Allen et al. [22], which is similar to the results of
Francisco et al. [16].

Based on Table 3 and Figure 6, it could be seen that the sunflower coefficient in the
high flow year was the highest, and the coefficient in the normal year was higher by 0.1
than that in the low flow year. This could be attributed to the fact that the higher rainfall
led to more soil water content and larger actual evapotranspiration in the normal flow year,
while the increasing soil water content in the normal year was higher by 17 mm than that
in the low flow year. Considering that the soil moisture content was tested according to the
period of crop growth and did not have continuity, the crop coefficient was calculated at
different growing periods. Based on calculated results, the crop coefficients were modified
to obtain the crop coefficients of typical crops in different hydrological years under drip
irrigation in the Hetao irrigation area, which are shown in Figure 6.

Figure 6. Crop coefficients of sunflowers in each growth period in different hydrological years. S1, S2,
S3, and S4 referred to the initial, crop development, and mid- and late-stages of sunflower growth.

The crop coefficient under drip irrigation was quite different from that under tradi-
tional surface irrigation [19]. In the initial stage of crop growth, the sunflower coefficient
under drip irrigation under films was lower by 0.15 than that under traditional ground
irrigation, since drip irrigation with film covering decreased the soil evaporation, which
accounts for a large proportion of actual evapotranspiration in the initial stage of sunflower
growth. Then the water use of sunflowers under surface irrigation in the early stage was
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lower than that under traditional ground irrigation. Similar to Jia [37], the crop evapo-
transpiration in the early stage under drip irrigation was smaller than that under surface
irrigation. Consistent with the result of Amayreh et al., the average crop coefficient during
most of the growth stages was below the adjusted FAO crop coefficient [38].

As Yang et al. revealed, in the rapid growth period and mid-growth period, large
canopy coverage will become great [39]. The concentrated and large irrigation amount
under surface irrigation caused a water deficit for crop growing, which resulted in lower
evapotranspiration and a lower Kc. On the other hand, drip irrigation under films with
high-frequency irrigation kept the soil wet and then the crop growth was not affected by
water deficit. Then, the actual evapotranspiration of sunflowers under drip irrigation was
slightly higher than that under surface irrigation [40].

In the mature stage, the average sunflower coefficients under drip irrigation and
surface irrigation were 0.41 and 0.35, respectively. Generally, the irrigation was not carried
out because sunflowers were prone to root rot caused by concentrated irrigation. The
irrigation amount under drip irrigation under films was larger than that under surface
irrigation, which led to lower evapotranspiration and coefficient under surface irrigation.

4. Conclusions

Based on the analysis of long-series precipitation data, hydrological years were de-
termined and 2012, 2013, and 2014 were assumed to be high, normal, and low flow years,
respectively. Furthermore, water evapotranspiration, groundwater recharge, and water
balance in 2012, 2013, and 2014 were calculated and analyzed. Additionally, the crop coeffi-
cient was quantified using crop evapotranspiration dividing reference evapotranspiration
obtained by the FAO-56 PM method.

Reference crop evapotranspiration varied with time during the whole year, but the
difference in reference crop evapotranspiration among varied hydrological years was small.
Due to the high groundwater level in the sunflower experimental plot and well-irrigated
area in 2013, the groundwater recharge during the sunflower growth period in 2013 was
66.75 mm, which was higher than 42.61 mm in 2014. Using the water balance method, crop
evapotranspiration was determined and the results showed that crop evapotranspiration
in different hydrological years varied during the growth period.

It was found that the sunflower coefficient in the high flow year was the largest and
larger by 0.1 than that in the normal flow year. In addition, the crop coefficient under drip
irrigation with films greatly differed from that under traditional surface irrigation. In the
early stage of crop growth, the coefficient of sunflowers under drip irrigation with films was
lower than that under traditional ground irrigation. In the rapid growth period and mid-
growth period, the concentrated and large irrigation amount under surface irrigation caused
a water deficit for crop growing, which resulted in lower evapotranspiration and a lower
Kc. In the future, simultaneous experiments of drip irrigation and surface irrigation are
required so as to prove the difference in crop coefficients under varied irrigation methods.
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