
#Subirrigation System Control for
Water use Efficiency
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ABSTRACT
A field experiment and a computer simulation

analysis were conducted to evaluate the water
requirements of sub irrigation under three methods of
system control. First year results from the field
experiment indicate that irrigation water requirements
can be reduced by controlling the system such that the
midpoint water table depth is allowed to fluctuate within
certain limits.

A simulation model based on numerical solutions to
the Boussinesq equation was developed to allow
comparison between the control methods using historical
weather records. Several simulations were conducted for
each control method to optimize the set points for
starting and stopping subirrigation for .:le given method.
Using the optimum set points, the simulations predicted
a decreased irrigation requirement when the midpoint
water table depth was allowed to fluctuate. The
irrigation requirement was decreased by an average of
6.7% over constant water level control for five years of
simulations. Much larger differences could have
occurred had the set points not been optimized. That is,
there is potentially more difference in irrigation water
requirements for different set points within a given
control method than between two different control
methods.

The results indicate that there is a good potential for
reducing irrigation requirements of sub irrigation. A
slight modification in the way in which subirrigation
systems are currently controlled can result in decreased
sub irrigation water usage.

INTRODUCTION
Irrigation is the major user and consumer of water in

the United States, accounting for 47% of the
withdrawals and 81 % of the consumptive use of fresh
water supplies (USDA, 1980). The number of irrigated
acres will likely continue to increase as will other
demands for limited water supplies. Therefore, it will
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become increasingly important to maximize water use
efficiency of irrigation systems.

Many soils require improved drainage to provide
trafficable conditions for field operations and a suitable
plant environment. In fields that possess certain physical
characteristics, a combined drainage-subirrigation
system can perform both drainage and irrigation
functions (Fox et al. 1956). Doty and Parsons (1979)
showed that sub irrigation provided nearly all the water
required by corn during two growing seasons. Skaggs et
al. (1972) found that sub irrigation provided more than
enough water to the root zone of potato and corn for
7.5 m and 15 m drain spacings in a Lumbee sandy loam
soil but was not able to supply enough water when the
spacing was 30 m. This demonstrates that the operation
of the system during both drainage and sub irrigation
must be considered in design (Skaggs, 1979).

With the effectiveness of subirrigation established,
research has been directed toward evaluation of other
important characteristics of sub irrigation such as water
and energy use efficiency. Strickland et al. (1981)
compared the water and energy requirements of
sub irrigation and center pivot irrigation. The two
systems studied were located on similar fields 8 km apart
in South Carolina. They reported that the total water
applied (rainfall plus irrigation) to the sub irrigation site
was approximately 7 cm greater than was applied to the
center pivot site. It was also shown that subirrigation
required only 25% of the energy used by the center pivot
system.

Massey et al. (1981) simulated the water and energy
requirements of subirrigation and sprinkler irrigation for
three field sites in North Carolina. Twenty-seven years of
continuous weather data from Wilson, N.C. were used
for the simulations. Their results showed that
sub irrigation required an average of 4 to 8 cm more
water than did sprinkler irrigation.

There are three principal reasons for the increased
water required by sub irrigation. First, if the water table
is deep prior to initiating sub irrigation, several
centimeters of water may need to be pumped to bring the
water table up to the desired operating height. Second,
water is lost from the field by lateral seepage to adjacent
nonirrigated areas and by deep seepage. Finally, the high
water table present during subirrigation reduces the soil
profile storage available for rainfall, thus increasing
surface runoff.

The water required during the start of subirrigation
can be minimized by blocking the drainage outlets to
control drainage as soon as possible after planting.
Seepage losses can be minimized by controlling the water
level in adjacent ditches or canals and by installing the
systems on sites that meet the requirements specified by
Fox et al. (1956). Methods for reducing runoff and
drainage from a sub irrigated field have not been
adequately determined.



Fig. I-Experimental system layool

Most sub irrigation systems are currently designed to
hold the water level at a constant depth from the soil
surface with only minor changes in its position occurring
due to diurnal variations in evapotranspiration (ET). It is
hypothesized that runoff and excess drainage could be
minimized by controlling the system such that the water
table is allowed to fluctuate within prescribed limits. In
such a system, the water table would be allowed to fall
due to ET until it reaches a depth that could no longer
supply adequate water to the root zone. At this point the
pump would be started and the water table raised to
some maximum height that would not interfere with
plant growth. The pump would then be turned off and
the cycle repeated. It is likely that some rainfall events
would occur when the water table is deep and therefore
more of this rainfall could be stored in the increased
unsaturated zone above the water table.

The purpose of this paper is to present the results of a
study to test the hypothesis stated above. In a field
experiment, four drainage-subirrigations systems were
installed in one field to compare the water requirements
under different methods of water table control. A second
approach was to develop a computer simulation model to
describe the operations of a controlled subirrigation-
drainage system. The model was then used to predict and
compare the sub irrigation water use under different
operating conditions using historical weather data.

FIELD STUDY
Four drainage-sub irrigation systems were installed in

a field on the A.R. Burnette farm in Edgecombe County,
N.C. The multiple systems allow simultaneous testing of
several cases of water table control during subirrigation.
The drainage-sub irrigation systems were installed in part
of a 20 ha field which is bordered on one side by
Ballahack Creek, a straight channelized drainage canal.
The field is nearly flat with a slope of 0.2% towards
Ballahack Creek. The soil is classified as a Portsmouth
sandy loam (fine loamy, mixed, thermic, Typic
Umbraqualt). The surface horizon is 0.25 to 0.5 m deep
overlying a sandy clay loam subsoil that extends to a
depth of5 to 6 m (Massey, 1981). Two test holes revealed
a restricting layer of tight clay, which may be considered
impermeable for drainage purposes, at a depth of
approximately 6 m.

Each subirrigation system covers an area of
approximately 1.5 ha. Each system has eight lateral
drains 122 m long spaced 15 m apart (Figure 1). The
laterals are connected in groups of four to a solid header
line which in turn is connected to one side of a head tank.
The laterals are 10 cm diameter corrugated plastic drain
tubing. The header lines are 10 cm diameter solid
corrugated tubing. Lateral and header lines were plowed
in to a depth of 1 m. The outlet drains from the head
tanks to Ballahack Creek are 12.5 cm in diameter and
are placed at a depth of 1.5 m. A sketch of the drainage-
sub irrigation systems is shown in Fig. 1.

The sub irrigation systems installed for this study
utilize a head tank for control of the water level above the
drain outlets. The head tanks were designed to serve two
purposes:

1. To provide a convenient location for
independently measuring the drainage flowrates from
two sets of four laterals.
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TABLE 1. METHOD OF SUBIRRIGATION CONTROL
TIME IN DAYS
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Constant water level in the outlet: the float switch in the
head tank is used to hold the tank water level a constant
elevation above the drains.

Varying water level in the outlet: the water level in the
head tank is raised to some maximum height above the
drains. Then the pump is shut off and the water level in the
tank is allowed to fall as the water moves from the drains
into the soil profile. When the water level reaches some
minimum height above the drains the pump is restarted. As
the distance between the pump starting and stopping points
is decreased, case B control approaches case A control.

Field control: the water level in the head tank is held
constant until the water table midway between drains
reaches some maximum elevation. The pump is then
stopped until ET has lowered the water table to some
minimum elevation. Then the pump is started and the
process repeated.
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Fig. 2-Mldpolnt water table depth and cumulative depths of rainfall,
Irrigation, and drainage for Experimental System 1 operating under
control method A.
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EXPERIMENTAL RESULTS AND DISCUSSION
The experimental sub irrigation systems were installed

during the summer and fall of 1981. Corn was planted in
the field on April 7th and sub irrigation was initiated on
May 10, 1982.

The systems were designed to allow three subirrigation
control methods to be tested (Table l' Control
method A is representative of the way most existing
subirrigation systems are operated, i.e. constant water
level above the outlets. During dry periods, the position
of the water table varies only slightly due to diurnal
variations in ET. Method B would cause a somewhat
greater variation in water table position than method A.
Control method C would allow a much greater variation
in water table position than the others. It was anticipated
that this variation would allow for increased storage and
utilization of rainfall thus decreasing irrigation water
requirements.

The first few weeks of operation of the sub irrigation
systems yielded little reliable data. Those months were
very wet and irrigation was not needed. The float
switches in the tanks and field proved unreliable. The
pumps therefore, would fail to start or would run
continuously. As experience was gained in adjusting the
switches, the system reliability as greatly increased.

Results from experimental systems 1 and 2 are plotted
for the same 33-day period in Figs. 2 and 3. The figures
show plots of water table depth and cumulative
irrigation, rainfall, and drainage versus time.

Fig. 2 shows the results for a system operated under
control method A. The water level in the tank was held
approximately SO cm (:!:: 3.5 cm) below the surface. The
7 cm variation in tank water level was as close to a
constant head condition as practical with the pumps and
switches used. The p\ot of the water table shows that
during dry periods (days 200 to 205, 216 to 220) the
sub irrigation system was able to hold the water table at a
relatively constant depth. Cumulative irrigation under
this method of control is also plotted, along with rainfall
and drainage, in Fig. 2. The relatively high water table
maintained by this method of control caused drainage of
excess water after some rainfall events.

Fig. 3 shows the results obtained under control
method C. When the midpoint water table depth
exceeded 85 cm, the pump was started and the water
level in the tank was held SO cm above the drains. The
pump was stopped when the midpoint water table was~

0 I!'L +_- -+ '---+--'" I
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Fig, 3-Mldpolnt water table depth and cumulative depths of rainfall,
Irrigation, and drainage for Experimental System 2 operating under
control method C,
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Drain spacing
Drain depth
Length of lateral
Soil profile depth

(to impermeable layer)
Allowable depth of surface

storage
Depth to bottom of layer
Sat. Hyd. Conductivity of

layer
Depth to bottom of layer
Drainage porosity of layer

188

5
20.0
0.038

I

152 cm
99.6 cm

12200 cm

188 cm

0.25 cm
1 50 cm

13 cm/hI 0 cm 110.0
0.02 0.027

I

30.0 I 40.0 1 188.3
I0.048 0.05 0.05

The first step of the evaluation was to determine the
model inputs which would be common to all three cases.
The second step was to simulate each case for a range of
control settings. The results of step two were used to
determine the optimum control settings for each case.
The third step was to simulate each case for five years of
historical weather data and compare the results.

The model inputs common to all control methods are
those which represent the physical layout of the
sub irrigation system and soil properties. The switch
settings in the head tank and field which control the
pump are dependent upon the control method being
simulated.

The system characteristics and dimensions used in the
simulations were chosen to represent the experimental
subirrigation system described previously (Table 2). The
actual depth to the impermeable layer was replaced with
an equivalent depth as described in the section on model
development. The soil properties used in the simulations
are based upon field measurements at the experimental
site. These properties were presented by Massey et al.
(1981) for their site 2 and are given in Table 2.

The settings of the switch located in the head tank are
represented in the model by the variables tankh and
tankl. The settings of the switch located midway between
drains in the field are represented in the model by the
variables fieldh and fieldl. If either control methods A
or B is being simulated, water is pumped into the tank
until the tank water level reaches tankh. The pump is
then turned off until the tank water level falls to tankl. If
method C is being simulated, the pump will come on
only if the water table has fallen below fieldl. When this
condition is present, the water level in the tank is held
between tankh and tankl. Once the water table reaches
fieldh, the pump is shut off and will not start again until
the water table falls below fieldl. A schematic of a
sub irrigation system showing the relative positions of the
switch settings is shown in Fig. 5.
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Fig. 6-SlmuIated Irrigation and drainage volumes as
affected by constant water level In tank for control
method A. Tank water level is given In centlmeten below
soli surface.
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Fig. S-Schematic of sublrrlgatlon system showing position of control
settings used In model.

4931985- TRANSACTIONS of the ASAE

When control method A was being simulated, tankh
was always 2.5 cm higher than tankl. This represents the
maximum achievable degree of water level control in the
experimental system. In all simulations of control
method B, tankh was set at SO.5 cm below the soil
surface. This is as high as the water level could be raised
since the tank overflow weirs were set at SO cm. During
the initial simulations, tankl was varied. When control
method C was bieng simulated, tankh and tankl were set
at 50.5 and 53 cm, respectively. Fieldh was set at 60 cm
which is the highest level to which the water table could
be raised based on the settings of tankh and tank I as
previously described. The value of fieldl was varied
during the initial simulations.

RESULTS AND DISCUSSION

Simulations were run for the range of possible control
settings for each control method. This was done to
optimize control settings for each method prior to
conducting simulations for comparison of the three
control methods. These initial simulations were run
using weather records from Wilson, N.C. for 1978. This
year was assumed to be representative of average rainfall
conditions during the growing season. All simulations
were run for the period April! to August 15 which is the
normal growing season for corn in eastern N.C. The
optimum setting for each control method was the one
that minimized irrigation water applied while satisfying
plant needs.

Results of varying the "constant" height of water
above the drains for control method A are shown in
Fig. 6. As the tank water level is held at increasing
depths from the soil surface (decreasing height above the
drains), the irrigation volume decreases as does the
volume of excess water drained from the top SO cm of the
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midpoint water table depth at pump start (fleldl) for
control method C.

When the water table falls below 70 cm the plants
must remove water from the root zone to meet ET
requirements. The length of time that ET can be met
from water stored in the root zone depends on the
volumetric water content of the soil when depletion
starts, the water content at the wilting point, and the ET
rate.

The number of days that crop ET requirements could
be met by drying out the root zone was calculated as
follows. The soil water content was assumed to be in
hydrostatic equilibrium with the water table as long as
the upward flux was sufficient to meet ET requirements.
Thus the soil moisture tensions at the top of the root zone
when removal of water from the root zone begins is
70 cm. The soil water contents at a tension of 70 cm and
at the wilting point are 0.41 and 0.18 cmJ/cmJ,
respectively (Massey et al., 1981). If the daily ET rate is
assumed to be 0.6 cm/day and we allow 50% moisture
depletion, then there would be sufficient water in the
root zone to meet crop requirements for 6 days.
Therefore, if the sub irrigation is to adequately supply the
crop water requirements, the controls must be set such
that the water table depth will not exceed 70 cm for
longer than 6 days at a time.

soil profile. This result was expected because lower
controlled water levels in the drainage outlet (tank)
decrease field water table elevations and drainage, and
increase storage available in the unsaturated zone for
infiltrating rainfall. As more rainfall is stored, the
irrigation requirements are decreased. Similar results are
obtained for control method B as shown in Fig. 7. For
field control (control method C), the volumes of
irrigation and drainage again decrease with increasing
depth when the pump is started (Fig. 8).

The combined results of varying control levels for the
three cases lead to the general conclusion that the water
table during sub irrigation should be held as deep as
possible in order to maximize utilization of rainfall and
minimize the amount of water pumped for irrigation.
Note that, in the limit, the least amount of water would
be used if there was no pumping and the water table was
not raised at all. However, consideration must also be
given to the ability of the water table control system to
supply sufficient water to the crop root zone.

Subirrigation water is supplied to the root zone by
upward water movement from the water table through
the unsaturated zone. The rate of upward flux decreases
rapidly as the distance between the water table and the
evaporating surface increases. The relationship between
upward flux and water table depth was calculated for the
experimental site by Massey et al. (1981). This
relationship is shown in Figure 9. The root zone for corn
was assumed to be 30 cm deep. The maximum rate of ET
for corn in eastern North Carolina is about 0.6 cm/day.
If the bottom of the root zone is assumed to be the
evaporating surface, then the maximum rate of ET could
be supplied from a water table depth of 70 cm (30 cm
plus 40 cm from Fig. 9) or less.
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Simulation year

1968 1975 1977

62.32 56.88 35.04
49.64 51.52 56.09

29.79 31.77 42.83
31.62 25.79 12.57

8.32 9.78 5.86

28.91 30.77 42.43
31.00 25.10 12.21

8.06 9.63 5.82

26.19 31.49 40.72
29.04 25.09 10.80

7.30 8.87 5.73

Control
method

ALL

1963

~~

1978

54.33
51.48

30.25
28.05

3.43

29.52
27.57

3.32

28.53
25.86

3.47

Total Average

52.37
51.44

32.72
24.59

6.80

31.84
23.95

6.62

30.51
22.82

6.23

53.29
48.46

28.95
24.92
6.59

27.59
23.86

6.29

25.61
22.39

5.78

Parameter,
cm

Rainfall
ET

Subirrigation
Drainage
Runoff

Sub irrigation
Drainage
Runoff

Subirrigation
Drainage
Runoff

B

c

maximum length of time that the water table was allowed
to fall below the desired depth was determined by
assuming that only 50% of the available water in the root
zone would be used up. A more liberal assumption would
have allowed a deeper set point and a reduction in the
amount of sub irrigation and drainage. The purpose here
was to compare results for different control methods.
While the procedures used to select the set points were
somewhat conservative, they were the same for all control
methods. The results emphasize the importance of
optimizing the set points regardless of the control
method used.

SUMMARY AND CONCLUSIONS
A field experiment and a computer simulation analysis

were conducted to evaluate the water requirements of
sub irrigation under three methods of system control.
First year results from the field experiments indicate that
irrigation water requirements can be reduced by
controlling the system such that the midpoint water table
depth is allowed to fluctuate within certain limits.

A simulation model based on numerical solutions to
the Boussinesq equation was developed to allow
comparison between the control methods using historical
weather records. Several simulations were conducted for
each control method to optimize the set points for
starting and stopping subirrigation for the given method.
Using the optimum set points, the simulations predicted
a decreased irrigation requirement when the midpoint
water table depth was allowed to fluctuate. The
irrigation requirement was decreased by an average of
6.7% over constant water level control for five years of
simulations. Much larger differences could have
occurred had the set points not been optimized. That is,
there is potentially more difference in irrigation water
requirements for different set points within a given
control method than 'between two different control
methods.

The results presented in this paper indicate that there
is a good potential for reducing irrigation requirements
of sub irrigation by using a simple control system
employing a float switch triggered by the field water
level. A slight modification in the way in which
subirrigation systems are currently controlled can result
in decreased water usage.
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