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This paper aims to disclose the variation in water distribution and sprinkler uniformity
after the canopy interception of soybean and corn. Firstly, the change laws of the water
distribution and sprinkler uniformity were tested on an open field with a center pivot
sprinkling machine (CPSM) operating at different speeds. Next, the intercepted water

Keywords:
Cerm,r pivot sprinkling machine (CPSM) volume, the water distribution and sprinkler uniformity of the CPSM were measured at
canopy interception, water distribution’ two water-needing growth stages of each crop. The results show that: On the open field,

the irrigation depth of the CPSM has an approximately exponential relationship with the
operating speed. The mean circumferential sprinkler uniformities were greater than the
mean radial sprinkler uniformities at the same operating speeds. When the CPSM operated
at 100% speed, the sprinkler uniformity at the flowering stage of soybean was 2.37%
higher than that on the open field, and 2.88% higher than that at the branching stage of
soybean. When the CPSM operated at 100% speed, the sprinkler uniformities at the
jointing and heading stages of corn were both significantly lower than those on the open
field. The sprinkler uniformity after canopy interception provides an evaluation criterion

sprinkler uniformity, soybean, corn

for the effect of fertilizer or pesticide application.

1. INTRODUCTION

Since the implementation of rural land circulation,
agricultural mechanization has been well received by Chinese
farmers [1]. The mechanized operations can effectively reduce
labor cost and enhance crop yield and quality. With the rise of
labor cost, mechanization is the inevitable trend of agricultural
development in China [2]. Northeast China, a collective name
for the three northeastern provinces (Liaoning, Jilin and
Heilongjiang), provides a good portion of farmlands in the
country. The agricultural practice in this region is highly
mechanized.

In recent years, there is a campaign to save water and boost
yield. As a result, many farmers of Heilongjiang Province have
turned to sprinkler irrigation to reduce the water volume
consumed in the irrigation of dry farmlands. The most widely
used sprinkling machines include center pivot sprinkling
machine (CPSM) and reel sprinkling machine (RSM) [3].
Each CPSM can irrigate a wide area of farmland in a short time,
and save lots of labor due to the high degree of automation.
Therefore, the CPSM is very suitable for Northeast China, a
main producing area of soybean and corn [4].

The existing studies on sprinkling machines focus on the
hydraulic performance [5-8], failing to explore deep into the
relationship between sprinkler irrigation and canopy
interception. Similar to natural rainfall, the sprinkled water can
be intercepted by crops. The loss induced by canopy
interception greatly suppresses the water volume in the field.
To improve irrigation efficiency, it is necessary to cut down
the loss resulted from canopy interception [9]. After canopy
interception, the distribution of sprinkled water is mainly
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affected by water volume, sprinkling intensity and leaf area
index (LAI) [10].

The previous research of canopy interception mainly tackles
the impact of rainfall on canopy interception of plants [11-13].
Many scholars [14-17] proved that the water loss of forest
ecosystem is partially attributable to the rainfall loss caused by
canopy interception and the subsequent atmospheric
evaporation. From the angles of water distribution and canopy
structure, Li et al. [18] discussed the water distributions on
spring corns above and below the canopy at different growth
stages. Li and Rao [19] examined the effects of sprinkler
irrigation on the distribution of sprinkled water after being
intercepted by the canopy of winter wheat. Kang et al. [20]
conducted field experiments on canopy interception of winter
wheat. Liu et al. [21] determined the relationship between the
number of stem flows, plant growth and rainfall. Wang et al.
[22] designed a novel method to measure the water volume
intercepted by the canopy of winter wheat under sprinkler
irrigation. Through field experiments, Wang et al. [23]
explored how corn canopy affects the distribution of sprinkled
water. Mauch et al. [24] introduced a new method to measure
canopy water retention. Liu et al. [25] tested and analyzed the
maximum canopy interception of crops like soybean, corn, and
alfalfa.

So far, there is no report on how canopy interception of
crops affects sprinkler uniformity, a determinant of crop yield.
To disclose the impact of canopy interception on sprinkled
water distribution, this paper carries out sprinkler irrigation of
soybean and corn with a CPSM moving at different speeds,
and measures the sprinkler uniformity and water distribution
at two water-needing growth stages of each crop. On this basis,
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the authors discussed how the canopy interception of the two
crops affects the sprinkler uniformity and water distribution.

2. MATERIALS AND METHODS
2.1 Test site and CPSM design

Our tests were conducted in Helongjiang Hydraulic
Experiment and Research Center (N: 45°38°36’’; E:
126°22°38’*), which is affiliated to Heilongjiang Provincial
Hydraulic Research Institute (HHR). The Center is located on
Airport Road, Daoli District, Harbin, the seat of Heilongjiang
Province. The altitude of the test site is 152m.

As shown in Figure 1, the CPSM used in our tests is 90m in
length, including a 40.5m-long first span, a 40.5m-long second
span and a 9m-long third span. The third span is an arm with
a spray gun (sprinkling width: 25m) at the tail. Overall, the
CPSM can irrigate the field within the radius of 115m.

A total of 37 Nelson D3000 fixed-spray sprinklers are
installed at an interval of 2.25m on the CPSM at 1.5m above
the ground, all of which sprinkles the groundwater from
motor-pumped wells. There are 16 sprinklers on the first span,
18 sprinklers on the second span, and 3 sprinklers on the third
span. No sprinkler is installed on the first span at 2.25m and
4.5m from the center pivot.

Dongnong 67 soybean and Qiangsheng 377 corn were
selected for our tests. Both crops were sowed by strip sowing.
The row spacing, plant spacing and sowing depth were 20cm,
10cm and 3cm for soybean, and 66¢cm, 25¢cm and Scm for corn,
respectively.

Figure 1. The operation of the CPSM
2.2 Test design and field layout

From May to August 2018, our tests were conducted at a
low wind speed (<3m/s) in the hydraulic performance test area
singled out from corn and soybean fields. The operating
parameters of the CPSM were measured in the branching and
flowering stages of soybean, and in the jointing and heading
stages of corn, and used to evaluate the influence of canopy

interception of the two crops on the water distribution and
sprinkler uniformity of the CPSM.

During the branching stage of soybean and jointing stage of
corn, the sprinkler uniformity of the CPSM after canopy
interception of each crop was respectively tested at 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90% and 100% of the
operating speed of the CPSM. During the flowering stage of
soybean and heading stage of corn, the sprinkler uniformity of
the CPSM after canopy interception of each crop was tested at
100% of the operating speed of the CPSM.

As shown in Figure 2, a total of 191 rain gauges are
deployed at an interval of 2m on the CPSM, including 165
along the radial direction and 26 along the circumferential
direction, according to the Chinese national standard [26].

In the radial direction, the 165 rain gauges are evenly
arranged in three rows, i.e. 55 rain gauges in each row, in the
light of the structural dimensions of the CPSM. Along the
counterclockwise direction, the three rows are denoted as the
first two, the second row and the third row. The distance from
the center pivot to the innermost rain gauge in the first row is
0.67m longer than that in the second row, and 1.34m longer
than that in the third row. The straight line between the
outermost rain gauges in the first and second rows, and that
between the outermost rain gauges in the second and third
rows are both 17m, smaller than the upper limit of 50m
specified in the Chinese national standard [26].

In the circumferential direction, the 26 rain gauges are
deployed in three arcs: 4 on the 12m-long arc 38m from the
center pivot, 10 on the 24m-long arc 76m from the center pivot,
and 12 on the 28m-long arc 90m from the center pivot.

In addition, three reference rain gauges (diameter: 88mm;
height: 150mm) were placed at 200m from the test field to
measure the evaporation during the sprinkler irrigation. The
microclimate at the locations of the reference rain gauges is
not affected by the operation of the CPSM.

Before and after each test, the initial/final water volume in
each rain gauge was measured. The measurement time of the
rain gauges, i.e. the duration of sprinkler irrigation, was also
recorded after each test. Then, the mean evaporation of the
three reference rain gauges was computed, and used to correct
the initial water volume of each rain gauge. For each rain
gauge, the initial water volume was corrected as the sum of the
final water volume and the mean evaporation during the
sprinkler irrigation:

Vi :Vci +Eiti (1)
where, V;is the corrected initial water volume of each rain
gauge (mL); V,; is the final water volume of each rain gauge
(mL); E; is the mean evaporation of rain gauges per unit time
during sprinkler irrigation (mL/min); # is the duration of
sprinkler irrigation (min).

Figure 2. The layout of rain gauges
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2.3 Calculation of sprinkler uniformity

The sprinkler uniformity of the CPSM at different operating
speeds can be computed by [26]:

Zn:‘Hl _ﬁw Di
Cuy=100x|1-

> HD,
i=1

)

where, Cuyy 1s the Herman-Hein coefficient of water
distribution uniformity; n is the number of rain gauges; i is the
serial number of rain gauges (i=1 is the innermost rain gauge;
i=n is the outermost rain gauge); H; is the water depth in the i-
th rain gauge; D; is the distance of the i-th rain gauge to the
center pivot; Hy, is the weighted mean water depth in all rain
gauges.

The water depth in in the i-th rain gauge can be computed
by:

3)

where, V; and R are the volume and the radius of the i-th rain
gauge.

The weighted mean water depth in all rain gauges can be
computed by:

“4)

3. HYDRAULIC PERFORMANCE ANALYSIS
3.1 Irrigation depth
On an open field, the CPSM operated at different speeds (at

10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%
of the operating speed) with the spray gun disabled. Figure 3

20% of opreating speed
===060% of operating speed

== 100% of operating speed

|

Irrigation depth/mm

shows the curve between the irrigation depth and operating
speed. It can be seen that, as the operating speed increased
from 10% to 100%, the irrigation depth of the CPSM gradually
decreased. The irrigation depth has an approximately
exponential relationship with the operating speed. The
irrigation depth h (mm) can be estimated from the operating
speed by:

h=2.0477v**%R? =0.9927) (%)
where, v is the operating speed of the CPSM (%).
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Figure 3. Irrigation depths at different operating speeds
3.2 Radial water distribution

Water leakage was observed during the test, due to the aging
of the rubber ring on the flange at the branch connection (8§1m
from the center pivot) between the second and third rows.
Besides, no sprinkler is installed on the first span at 2.25m and
4.5m from the center pivot.

For the universality of data, the water depths of the rain
gauges at 10-70m from the center pivot were selected to
further analyze the radial water distribution at different
operating speeds. Figure 4 presents the irrigation depth of
these rain gauges at 20%, 40%, 60%, 80% and 100% of
operating speed. It can be seen that the irrigation depth at 20%
of operating speed was far greater than that at other speeds,
and the irrigation depth was the smallest at 10% of operating
speed.

40% of operating speed
—d=—80% of operating speed

20 25 30

15

10

35

40 45 50 55 60 65 70

Distance to center pivot/m

Figure 4. Radial water distributions at different operating speeds

Figure 5 is the histogram of the mean radial sprinkler
uniformities of the first and second spans at different operating
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speeds. It can be seen that the maximum (85.77%) and
minimum (76.80%) of radial sprinkler uniformity appeared at



10% and 80% of operating speed, respectively; with the
growing operating speed, the mean sprinkler uniformity
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Mean sprinkler uniforr

exhibited a declining trend; the mean radial
uniformity of the CPSM remained above 75%.
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Figure 5. Mean radial sprinkler uniformities at different operating speeds

3.3 Circumferential sprinkler uniformity

The mean circumferential sprinkler uniformity of the CPSM
was recorded in Table 1.

As shown in Table 1, the mean circumferential sprinkler
uniformities of the rain gauges at 38m, 76m and 90m from the
center pivot were greater than 80% at three different operating
speeds.

The data in Table 1 were subjected to one-way analysis of

variance (one-way ANOVA) on SPSS. The results show a
significant difference between the mean circumferential
sprinkler uniformities at the three operating speeds. The
largest mean circumferential sprinkler uniformity (98.13%)
was observed at 76m from the center pivot, followed by that
(87.10%) at 38m from the center pivot.

The mean circumferential sprinkler uniformities were
greater than the mean radial sprinkler uniformities at the same
operating speeds.

Table 1. The mean circumferential sprinkler uniformity of the CPSM

Dis* Mean sprinkler uniformity at different operating speeds/% Standard Standard Variation Mean/%
10 20 30 40 50 60 70 80 90 100 deviation error coefficient/%
38 8022 80.99 88.88 80.34 90.32 94.00 91.73 9185 7751 95.17 6.60 2.09 7.58 87.10a
76 96.00 98.50 99.16 97.75 99.44 99.48 9380 98.83 99.05 99.33 1.85 5.86 1.86 98.13b
90 89.01 7749 80.94 69.79 80.66 88.8 8333 7695 8185 77.71 5.73 1.81 7.10 80.65¢
* Distance from rain gauge to center pivot/m
4. INFLUENCE OF SOYBEAN CANOPY gauges on the CPSM were calculated at 10%, 20%, 30%, 40%,
INTERCEPTION ON CPSM HYDRAULIC 50%, 60%, 70%, 80%, 90% and 100% of the operating speed,
PERFORMANCE respectively. In addition, three reference rain gauges were

4.1 The influence at branching stage

Previous measurements put the mean plant height, mean
leaf area and the LAI of soybean at 14.08cm, 72.82cm? and
0.0749m?/m?, respectively. The mean water depths of all rain

placed on an open field not affected by the crop to capture the
mean water depth without canopy interception. The water
volume intercepted by the canopy was calculated by the water
balance equation. The sprinkler uniformities and intercepted
water volumes at different speeds are listed in Table 2 below.

Table 2. The sprinkler uniformities and intercepted water volumes at different speeds at the branching stage of soybean

Operating Sprinkler uniformity Mean water depth  Mean water depth of water Intercepted Percentage of
speed/% after canopy of reference rain gauges after canopy water canopy
interception/% gauges/mm interception/mm volume/mm interception/%

10 84.62 18.22 14.46 3.76 20.64

20 78.01 8.38 6.94 1.44 17.21

30 81.48 6.38 5.24 1.14 17.87

40 82.34 4.96 4.34 0.62 12.49

50 83.28 4.09 3.63 0.46 11.19

60 70.85 3.48 3.09 0.39 11.16

70 64.78 2.67 241 0.26 9.74

80 76.28 231 2.17 0.14 6.06

90 78.56 2.29 221 0.08 3.49

100 77.86 2.16 2.08 0.08 3.7

Mean 77.81 - - - -
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As shown in Table 2, at the branching stage of soybean, the
intercepted water volume and percentage of canopy
interception decreased with the growth in the operating speed.
After canopy interception, the mean sprinkler uniformity was
77.81% at the branching stage, 2.54% lower than that
(79/83%) on the open field. This means, at the branching stage
of soybean, the sprinkled water was partially intercepted by
the canopy before falling into the soil; the sprinkler uniformity
was slightly lower than that in the absence of canopy.

The reason for the slight difference is as follows: During
sprinkling irrigation, the water is partly retained by the canopy
of soybeans, and partly falls into the open fields between
plants. The retaining effect comes from the adhesion and
adsorption of soybean leaves and stems. Meanwhile, the open
fields are rather large between the plants, due to the small leaf
area per plant at the branching stage.

4.2 Influence at flowering stage

At flowering stage, the mean plant height, mean leaf area
and the LAI of soybean are 55.52cm, 1,327.77cm? and
1.365m?/m?, respectively. According to the water balance
equation, the sprinkled water volume after canopy interception
was 1.86mm, and the intercepted water volume was 0.3mm,
which is 0.22mm higher than the intercepted water volume at

Water depth/mm

(= s " R I O L B =) I B =

the branching stage. The soybean intercepted 13.89% of the
total sprinkled water volume at the flowering stage.

The sprinkler uniformity at the flowering stage of soybean
was only analyzed at 100% of the operating speed. Figure 6
provides the mean water depths of the CPSM rain gauges after
canopy interception. It can be seen that, when the CPSM
operated at 100% speed, the sprinkled water was distributed
very uniformity after canopy interception. The sprinkler
uniformity of the CPSM was computed as 79.34%, which is
2.37% higher than that on the open field, and 2.88% higher
than that at the branching stage of soybean.

The 2.37% difference can be explained as follows: At the
flowering stage, the soybean leaves are highly differentiated.
The LAI and plant height both reach the maximum. At this
time, the soybean field is fully covered by the leaves and stems,
leaving no open field. Thus, the sprinkled water is
redistributed by the canopy before entering the soil [27].

The 2.88% difference is attributable to the following factors:
At the branching stage, the leaf area of each plant has not
reached the maximum, and the LAI is relatively small. Despite
the redistribution at the leaves and stems, a good portion of
water directly falls into the soil. Hence, the sprinkler
uniformity after canopy interception is greatly affected by the
LAI of the crop [17].
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Figure 6. Water depths of rain gauges at 100% speed at the flowering stage of soybean

5. INFLUENCE OF CORN CANOPY INTERCEPTION
ON CPSM HYDRAULIC PERFORMANCE

5.1 Influence at jointing stage

At the jointing stage, the stem base of the corn begins to
elongate. Since then, the plants grow rapidly, especially in

plant height and leaf area. The mean plant height, mean leaf
area and the LAI of corn at the jointing stage are 798.03cm?,
0.413m?*/m?, and 49.43cm. The CPSM hydraulic performance
at the jointing stage of corn was measured under the same
conditions as that at the branching stage of soybean. The
sprinkler uniformities and intercepted water volumes at
different speeds are listed in Table 3 below.

Table 3. The sprinkler uniformities and intercepted water volumes at different speeds at the jointing stage of corn

Operating Sprinkler uniformity Mean water depth  Mean water depth of water Intercepted Percentage of
speed/% after canopy of reference rain gauges after canopy water canopy
interception/% gauges/mm interception/mm volume/mm interception/%
10 76.98 18.22 13.02 52 28.54
20 63.42 8.38 6.03 2.35 28.07
30 73.44 6.38 5.63 0.75 11.76
40 443 4.96 3.62 1.34 27
50 49.79 4.09 2.49 1.6 39.08
60 45.61 3.48 1.77 1.71 49.11
70 41.18 2.67 2.02 0.65 24.34
80 543 2.31 1.64 0.67 29
90 48 2.29 1.74 0.55 24.02
100 57.98 2.16 1.72 0.44 20.37
Mean 55.5 - - - -
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As shown in Table 3, at the jointing stage of corn, the
sprinkler uniformity after canopy interception peaked at
76.98%, when the operating speed was 10%, and the mean
sprinkler uniformity was 55.5%, 30.48% lower than that on the
open field. The low sprinkler uniformity at the jointing stage
of corn is resulted from the small LAI of corn at this stage.
Most sprinkled water directly falls into the soil, and only a few
are intercepted by the leaves and stems of corn before falling
into the soil.

5.2 Influence at heading stage

At heading stage, the mean plant height, stem diameter,
mean leaf area and the LAI of corn are 285.18cm, 23.37mm,
7,709.47cm?, and 7.925m?/m?, respectively. It was computed
that at the heading stage of corn, the sprinkled water volume
after canopy interception was 0.52mm, and the intercepted
water volume was 1.64mm, which is 1.20mm higher than the

Water depth/mm

15 20 25

30
Distance from center pivot/m

35

intercepted water volume at the jointing stage. The corn
intercepted 75.93% of the total sprinkled water volume at the
heading stage.

The sprinkler uniformity at the heading stage of soybean
was only analyzed at 100% of the operating speed. Figure 7
provides the mean water depths of the CPSM rain gauges after
canopy interception.

As shown in Figure 7, at the heading stage, the water depth
after canopy interception changed violently along the radial
direction of the CPSM, exhibiting multiple peaks in water
distribution. This is because the mean leaf area of corn reaches
the maximum at the heading stage. Most sprinkled water is
captured by corn leaves, and transmitted along the stems to the
roots. Therefore, the rain cylinders close to the stem have
deeper water than those below the leaves. That is why the
sprinkler uniformity decreased significantly after the canopy
interception of corn.

40 45 50 55 60 65 70

Figure 7. Water depths of rain gauges at 100% speed at the heading stage of corn

6. CONCLUSIONS

On the open field, the irrigation depth of the CPSM has an
approximately exponential relationship with the operating
speed. With the growing operating speed, the irrigation depth
of the CPSM gradually decreased. As the operating speed
increased from 10% to 100%, the mean sprinkler uniformity
exhibited a declining trend; the mean radial sprinkler
uniformity of the CPSM remained above 75%. The mean
circumferential sprinkler uniformities were greater than the
mean radial sprinkler uniformities at the same operating
speeds, indicating that the sprinkled water is distributed more
uniformly along the travel trajectory than along the branches.

The canopies of soybean and corn have different impacts on
the sprinkler uniformity. Due to canopy interception, the
sprinkler uniformity on soybean field was higher than that on
open field: When the CPSM operated at 100% speed, the
sprinkler uniformity at the flowering stage of soybean was
2.37% higher than that on the open field, and 2.88% higher
than that at the branching stage of soybean. Due to canopy
interception, the sprinkler uniformity on corn field was lower
than that on open field: When the CPSM operated at 100%
speed, the sprinkler uniformities at the jointing and heading
stages of corn were both significantly lower than those on the
open field.

The future research will explore the promoting effect of

sprinkler uniformity on the application of fertilizer or pesticide.
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