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ABSTRACT
Determining optimal subsurface drainage design parameters through monitoring of water table depth (WTD) and
drainage discharge (DD) at various combinations of drain depth and spacing is expensive, both in terms of time and
money. Thus, drainage design simulation models provide for a simplistic and cost-effective method of determining the most
appropriate subsurface drainage design parameters. In this study, the performance of the DRAINMOD model (Version
6.1) in predicting WTDs and DDs was investigated for a 32 ha sugarcane field in Pongola, South Africa. Water table depths
were monitored in 1.7 m deep piezometers installed mid-way between two drains by using an electronic dip meter with
a beeper, while DDs were measured at drain lateral outlet points, using a bucket and a stop watch. Both WTDs and DDs
were monitored from September 2011 to February 2012. Results of the DRAINMOD model evaluation in predicting WTD,
during calibration period, showed that there was a very strong agreement between simulated and observed WTDs with a
goodness-of-fit (R?) of 0.826 and a mean absolute error (MAE) of 5.3 cm. Similarly, simulated and observed DDs during
the model validation period also showed very strong agreement, with an R? value of 0.801 and an MAE of 0.2 mm-day.
Results of simulated WTDs at various combinations of drain depth and spacing indicated that in clay soil a WTD of 1.0 to
1.5 m from the soil surface can be achieved by installing drain pipes at drain spacing ranging from 25 to 40 m and drain
depth between 1.4 and 1.8 m. On the other hand, in clay-loam soil, the same 1.0 to 1.5 m WTD can be achieved when the
drain pipes are installed at drain depths ranging from 1.4 to 1.8 m and corresponding drain spacing ranging from 55 to 70
m. Based on these results, it was concluded that DRAINMOD 6.1 can reliably be used as a subsurface drainage design tool
in the Pongola region. This would simplify the design of subsurface drainage systems and the formulation of subsurface
drainage design criteria for different crops and soil types found in the area and possibly throughout South Africa.
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INTRODUCTION

The soil system is one of the most complex natural systems,
primarily due to great variations of non-linear processes occur-
ring within it (Wang et al., 2006). For instance, infiltration is
partitioned on the soil surface into percolation, storage and
groundwater recharge. All these processes occur at different
rates (Romano and Palladino, 2002; Bastiaanssen et al., 2007).
In agricultural crop production systems, the main emphasis
is on maintaining groundwater table depths below the crop
root zone depth (Horton and Kirkham, 1999; Ritzema et al.,
2006). This ensures sustaining a good balance of soil air, water
and temperature within the root zone (Shultz et al., 2007).
According to Smedema and Ochs (1998) and Vandersypen et al.
(2007), such soil conditions are sustainably achieved by install-
ing subsurface drainage systems in agricultural lands. The
challenge, however, is how to accurately determine an optimum
combination of drain depth, spacing and drainage discharge
that can best suit a given cropping system (Bos and Boers, 2006;
Shultz et al., 2007).

Historically, optimization of the aforementioned param-
eters has been achieved through the physical monitoring of
groundwater table depth at varied drain depth and spacing
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combinations (ASAE Standards, 1999). However, this method
is expensive in terms of setting up the experimental plots. In
addition, the time requirements for this method make it unsuit-
able for agricultural water management systems in that they
require timely decisions (FAO, 2007). It is therefore not surpris-
ing that the use of computer-based drainage design simulation
models such as DRAINMOD (Skaggs 1978, 1980), Salt MOD
(Oosterbaan, 2000) and WaSim (Hess et al., 2000) are increas-
ingly becoming more reliable in subsurface drainage design.

In the South African context, nearly a quarter of the total
1.3 million ha under irrigation is affected by soil salinisation
and waterlogging and reclamation plans need to be effected
(Backeberg, 2000). Unfortunately, the problem appears to be
escalating (DWAF, 2004). Furthermore, there are no generally
well-established and accepted subsurface drainage design cri-
teria in South Africa. The current drainage design approaches
were developed in an ad hoc manner more than 26 years ago
(Van der Merwe, 2003). There is evidently an urgent need to
address the problem in a more cost-effective manner.

This study focused on assessing the applicability of the
DRAINMOD model as a tool for subsurface drainage design in
South Africa. The study was conducted in a sugarcane field in
Pongola, South Africa.

Description of the DRAINMOD model

The DRAINMOD model is one of the most widely-applied
models in subsurface drainage system design (Skaggs, 1976, 1978,
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1980; Wang et al., 2006; FAO, 2007). According to Skaggs (1978),
the model uses functional algorithms to approximate the hydro-
logical components in soils with shallow water tables. Inputs

to the model are weather data, soil data and crop information
(effective root zone depth), while its outputs are daily water table
depth, drainage discharge, infiltration and runoff. These outputs
are primarily estimated from the water balance of a unit soil sec-
tion located mid-way between 2 drains as per Eq. 1 below:

AVa=D+ET+DS-F (1

Where AV, is the change in water pore space (cm) at any time
increment At (h); F is the amount of water flowing into the unit
soil section as infiltration (cm); D is the amount of water flow-
ing out of the soil in the form of drainage (cm), ET is evapo-
transpiration (cm) and DS is deep seepage (cm).

Daily water table depths at different drain spacing are com-
puted from the modified steady state Hooghoudt equation
(Hooghoudt, 1940):

8K, dh+ 4K, h°

sat2”" e sa

L2 (2)

where: g is the drainage discharge (mm-day™), L is the drain
spacing (m); K and K_, are the saturated soil hydraulic con-
ductivities (m-day) for soil layers above and below the drains,
respectively; d_is the equivalent depth (m); and £ is the hydrau-
lic head mid-way between two drains (m) (Oosterbaan, 1975;
Fipps and Skaggs, 1989) (see Fig. 1). According to Oosterbaan
(1975), d, is a function of the depth to impermeable layer (Dil),
drain depth, drain spacing and drain pipe radius.

The DRAINMOD model was chosen in this study because
it has been tested under a wide range of climatic, crop and soil
conditions. For instance, results of the DRAINMOD model
performance, in Israel (Sanai and Jain, 2006), Iowa (Singh et
al., 2006), South-eastern Purdue Agricultural Center (SEPAC),
USA (Wang et al., 2006), Virginia, USA (Mc Mahon et al.,
(1988), Canada (Dayyani et al,2009 and Schukla et al., 1994),
Italy (Bixio and Bortolini, 1997), and North Carolina, USA
(Skaggs 1982), confirm that the DRAINMOD model can reli-
ably mimic subsurface drainage systems under a wide range of
soil types and climatic conditions.

MATERIALS AND METHODS

Study site description

This study was conducted on a 32 ha sugarcane field in Pongola,
KwaZulu-Natal Province, South Africa. The irrigation system
adopted at the site is sprinkler irrigation with a design gross
depth of irrigation at peak periods of 20 mm, irrigated after
every 7 days. Pongola is located in the north-east of South
Africa, close to the Swaziland border (Fig. 2).

The area is dominated by clay-loam and clay soils (Van der
Merwe, 2003) with fairly gentle slopes. The Aridity Index (AI)
for the area for the past 13 years is 0.12, indicating that the area
is arid. Thus, from April to October (winter season), crop pro-
duction is mainly through irrigation, while from November to
March (summer season), crop production is dependent on both
rainfall and irrigation.

The sugarcane field was first artificially drained, using an
artificial subsurface drainage system in 1987. However, between
1995 and 2002, it was noticed that shallow groundwater tables
were still affecting sugarcane growth. The subsurface drain-
age system was, therefore, abandoned and all the man-holes
were filled up. This was followed by a recalculation of the
drain depth and spacing, using the steady-state drain-spacing
approach (Eq. 2) and the installation of the current subsurface
drainage system in 2003. Details of the old and existing subsur-
face drainage systems are given in Table 1.
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Subsurface drainage design parameters (after Smedema and Rycroft, 1983)
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Location of study site and layout of the subsurface drainage system on
the 32 ha sugarcane field (Van der Merwe, 2003). The inserted AP1, AP2
and AP3 are the piezometers where water table depths were measured,
while MH1, MH2 and MH3 are the man-hole points where drainage
discharges were measured.
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Drainage system design parameters for the subsurfac.lt;a:::i:lage systems at the two study sites (WMDS and PMDS)
(Van der Merwe, 2003)
Value
Design Parameter Symbol Old system Current system Units
Drain depth w 1.5 m
Drain spacing L 54 & 72 90 m
Design drain discharge q 5 mm-day
Design water table depth z 1 m
Depth to impermeable
layer Dil =9 m
Drain pipe internal radius r 55 mm

Field measurement of water table depths and drain
discharges

Water table depth data were obtained from piezometers, which
were manually augured, using a 70-mm outside diameter auger
to a depth of 1.7 m from the soil surface. A 50-mm internal
diameter, class 4 PVC pipe with perforations was then lowered
in each piezometer to a depth of 1.7 m, while ensuring that

a 30-cm length was above the ground level to prevent runoft
water from flowing in. End caps were fitted to both ends of the
pipe to prevent the intrusion of materials into the piezometer.
Coarse sand was backfilled throughout the whole perforated
section of pipe (see Fig. 3). This was to prevent clogging of

the perforations by clay and silt particles. Water table depths

at each piezometer were measured by gradually lowering an
electronic dip meter in the piezometer until a sound was heard.
On the other hand, drainage discharges (q) in mm-day* were
manually measured at 3 drainage outlet points (MH1, MH2
and MH3 in Fig. 2), using a bucket and a stop watch. It was
quite difficult to find more drain outlet points where drain
pipes were well-suspended, while at the same time providing
enough clearance below them, so that a bucket could be accom-
modated to effectively measure the discharge.

For the first 3 weeks of the study (September 09 to 30, 2011),
both DDs and WTDs were monitored every day, after which
(October 01 to November 30, 2011) a monitoring frequency of
once in 2 days was found to be appropriate. However, during
the summer months of December 2011 to February 2012 the
monitoring frequency was increased again to once per day due
to frequent rainfall events.

Another WTD and DD data set for the October 1998
to September 1999 period was obtained from the Pongola
Agricultural Office. According to Van der Merwe (2003), the
methodology adopted in collecting the data was similar to the
one described above.

Measurement of saturated soil hydraulic conductivity (K_)
Soil hydraulic conductivity (K ) values were measured using
an in-situ method, i.e., the auger-hole method (Van Beers,
1983), which, according to Oosterbaan and Nijland (1994), is
the most accurate and yet the simplest method, as opposed to
laboratory methods. Prior to carrying out K tests, 5 trenches
were dug in the field (north, south, east, west and centre)

to a depth of 2.3 m from the soil surface. This was done to
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Figure 3
A detailed cross-section of one of the piezometers with an electronic dip
meter lowered in the piezometer to locate the WTD from the soil surface

characterize any heterogeneities in soil layer boundaries and to
determine the number and thickness of the soil profile layers
from the soil surface. The field was then divided into 3 sections
(upper, middle and lower sections). Three 70-mm diameter
auger-holes were drilled in each of the upper and middle sec-
tions, while 4 auger-holes were drilled in the lower section. This
made a total of 10 auger-holes drilled in the whole field and
used to determine a representative mean K_, value to be used
during model calibration, as recommended by Sobieraj et al.
(2001).

The measurement procedure followed during the K meas-
urement is given by Van Beers (1983). It was observed that the
auger smeared the surface of the auger-hole during the drilling
process. The water level in the auger-hole was therefore left to
stabilize for 1 day, in order to allow for a true water table to be
established. On the following day, the water table depth in the
auger-hole was determined and was followed by the bailing out
of about 1 quarter of the water depth in the auger-hole, after
which water level readings were taken every 10 s, using a Laser
meter (HANNA Instruments) that was mounted on top of the
access tube.
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Weather data acquisition

Weather data (daily rainfall, potential evapotranspiration
(PET) and minimum and maximum temperature) from 1998 to
2012 (14 years) was obtained from the Pongola SASRI weather
station, located about 3 km from the study site (27° 24’S, 31°
35’E, and 308 m amsl). Weather data records for the years prior
to 1998 were incomplete for some days; hence they could not

be used because the DRAINMOD model requires completed
daily weather data records. The DRAINMOD weather file also
requires the inclusion of the irrigation component (mm-day™)
in the rainfall input file to account for any recharge to the soil
system through irrigation. Hence, depths of irrigation water
per irrigation day (mm-day’) were measured using a rain gauge
installed at the study site. This was followed by the modification
of the rainfall file to include an irrigation component for each
irrigation day throughout the whole study period. The PET,
rainfall and temperature data files prepared in the Microsoft
Excel spreadsheet were then converted to the DRAINMOD
model data input format, using the DRAINMOD model
weather data utility program.

DRAINMOD model calibration, evaluation and statistical
analysis

Calibration is the process whereby default model input parame-
ters are systematically adjusted to attain the best possible agree-
ment between simulated and observed data sets, whereas vali-
dation is the process of testing the model’s reliability in making
appropriate predictions based on the calibrated parameters
(Singh et al., 2006). In order to avoid ambiguities when mak-
ing recommendations concerning the model’s dependability,
the October 1998 to September 1999 water table depth (WTD)
and drainage discharge (DD) data were chosen to be used for
calibration, while the data set from September 2011 to February
2012 was used for validation purposes. The adopted calibra-
tion procedure was similar to that of Dayyani et al. (2009) and
Dayyani et al. (2010). Effective root zone depth for sugarcane
was fixed at 60 cm from the soil surface (Savva and Frenken,
2002), and the growing period set from June to March.

Literature indicates that the DRAINMOD model can be
calibrated on a trial-and-error basis (Dayyani et al., 2010), by
adjusting any or a set of input parameters presented in Table 2,
until an optimal agreement between observed and simulated
data sets is attained.

Time series of WTDs and DDs were simulated using the
DRAINMOD model after every alteration of an input param-
eter or set of parameters. Simulated WTDs and DDs were then
compared to observed WTDs and DDs. Initially, the agreement
between the two data sets was assessed by visual judgments
from WTD and DD hydrographs as proposed by Moraisi et al.

(2007) and Dayyani et al. (2009). Later on 3 statistical param-
eters were used to characterize the DRAINMOD model perfor-
mance, namely, mean absolute error (MAE) (Eq. 3) (El-Sadek,
2007), Pearson’s product-moment correlation (R?) (Eq. 4)
(Wang et al., 2006), also known as goodness-of-fit (Shahin et
al., 1993; Legates and McCabe, 1999; Vazquez et al., 2002) and
the coeflicient of residual mass (CRM) (Eq. 5) (El-Sadek, 2007).
These three statistical parameters were chosen because, accord-
ing to Anderson and Woessner (1992) and Vazquez et al. (2002),
they provide both quantitative and objective justifications in
assessing the performance of a model in estimating a particular
soil property.

2)©,-P)|
MAE = = ©)
R=|2(0,-O)P, - ?)/\/ 2(0,- 0y \j 2P, - ?)2‘ @)
CRM=" —= 5)

i=1

where: P is the simulated value, 0, is the observed value, and N
is the number of data entries.

MAE describes the accuracy of a model in making correct
predictions by measuring the average magnitude of errors
between the simulated and observed values (Shahin et al., 1993;
Legates and McCabe, 1999; Vazquez et al., 2002). According

to Moraisi et al.(2007) and El-Sadek (2007), the MAE has a
minimum value of 0.0, with values closer to 0.0 indicating a
better agreement between measured and estimated values. The
goodness-of-fit measures how the estimated and measured
data sets correlate and has minimum and maximum values

of 0.0 and 1.0, respectively, with values closer to 1.0 indicat-

ing a better correlation between the two data sets (Shahin et

al., 1993; Legates and McCabe 1999; Vazquez et al., 2002). On
the other hand, CRM characterizes the model’s tendency to
over-estimate (CRM<0) or under-estimate a property (CRM>0)
(El-Sadek, 2007).

DRAINMOD simulation runs at various drain depths and
spacing combinations

Scenarios were simulated to represent 2 soil types found at the
study site, i.e., clay-loam and clay soil. The simulations were run
for the September 2011 to February 2012 period. Input data for
the simulations were those used in the model validation period.
For clay soil, simulation scenarios were run with drain depths
ranging from 1.4 to 1.8 m and drain spacing from 25 to 40 m at
3 m intervals. On the other hand, for clay-loam soil, simulation

Table 2
DRAINMOD model calibration parameters based on literature

Calibration parameter(s)

Source(s)

Lateral hydraulic conductivity, maximum soil surface storage depth, crop root depth

Zhao et al. (2000)

Monthly ET factors

Jin and Sands (2003)

hydraulic conductivity of soil layers

Drainage coefficient, saturation soil water content, residual soil water content, lateral saturated

Haan and Skaggs (2003) Singh et al. (2006)

Vertical hydraulic conductivity of the bottom soil layers

Wang et al. (2006)
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scenarios were run at drain depths ranging from 1.4 to 1.8 m,
with drain spacing from 55 to 70 m. The selection of this drain
depth and spacing simulation range for both soil types was
based on a drain depth and spacing guide for KwaZulu-Natal
developed by Russell and Van der Merwe (1997). For every
simulation scenario, the mean WTD and DD were computed
and were presented graphically.

RESULTS
Saturated hydraulic conductivities (K_)

A summary of measured K_ values for the bottom soil layer
are shown in Table 3. The minimum and maximum K, val-
ues are 0.17 and 0.70 m-day’’, respectively, with a mean value
of 0.32 m-day’, and a standard deviation of 0.16 m-day™. An
analysis of the measured K values shows that there is a high
variability of K_ values at the site with a coefficient of variation
(CV) of 50%. Comparmg the bottom layer K_ values shown

in Table 3 with top layer K values, which accordmg to Van
der Merwe (2003) are in the range of 0.9 to 1.05 m-day’, clearly
shows that K values for the top layer are higher than those for
the bottom layer (0.17 to 0.70 m-day™).

DRAINMOD model performance during calibration

Details of the input parameters that were adjusted during the
DRAINMOD model calibration and the extent to which the
parameters were adjusted are shown in Table 4.

The lateral saturated hydraulic conductivity (K, ) for the
bottom soil layer was set at twice the vertical saturated hydrau-
lic conductivity (K ), while K| _ for the top soil layer was

set equal to the K. It was assumed that the top soil layer K

values did not have significant changes during the 1998-2012
period. This was because the cropping system and cultivation
practices at the site had not changed. Considering that crop
residues were observed on the soil surface at the study site and
that crop residues increase soil surface water storage (Gilley
and Kottwitz, 1994), the soil surface water storage depth was set
at 2 cm, contrary to the default 0.5 cm depth.

There were no significant differences among mean WTDs at
piezometers AP1, AP2 and AP3, as can be seen in Table 5.

To avoid bias in selecting data to use in validating the
DRAINMOD model, random numbers were assigned to AP1, AP2
and AP3. Water table depth data from AP2 were then randomly
selected to be compared to simulated WTD data during validation.
Similar to mean observed WTDs at the measured locations, there
were no significance differences among mean DDs at MH1, MH2
and MH3 (see Table 6). Thus, DD data from MH2, which corre-
sponded to AP2, were compared to simulated DDs.

The results of time series of observed and simulated WTD
and DD hydrographs during the calibration period are shown
in Figs 4 and 5, respectively. As expected of arid and semi-arid
climatic conditions, both observed and simulated WTDs show
a fluctuating trend. Furthermore, it can be seen in Fig. 4 that
fluctuation of WTD continued, even on rain-free and non-
irrigation days, depicting the presence of unsteady state WTD
and DD fluctuation. An analysis of the results in Fig. 4 further
indicate that the model predicted shallow WTDs of less than
100 cm better than the deeper WTDs of more than 100 cm. In
addition, the results show that generally the model predicted
WTDs reasonably well, with a very strong R* value of 0.967 and
a small MAE of 18.84 cm. A CRM of —0.117 indicates that the
model has a general tendency of over-estimating WTDs.

Results of time series observed and simulated DD hydro-
graphs during the calibration period (September 1998 to

Descriptive statistics of all the measu.:::I;si values using the auger-hole method
Statistic
Standard Coefficient of
Min Max Mean Median Variance deviation variation (%)
K., (mm-day™) 0.17 0.70 0.32 0.25 0.03 0.16 50
Table 4
Details of the DRAINMOD model calibration parameters

Input parameter Description Calibrated parameter
Top soil layer lateral hydraulic conductivity (K,, ) Set at equal to measured vertical K, 0.98 m-day!
Bottom soil layer lateral hydraulic conductivity (K,, ) | Setat twice the measured vertical K, 0.64 m-day!
Maximum soil surface storage depth (cm) Set at 4 times the default 0.5 cm depth 2cm

Comparison of mean observed water table depths (cm) duTr-ia:;etlsie winter and summer seasons from the three piezometers
Mean WTD (cm)
Piezometer no. Winter season Summer season
AP1 82 79*
AP2 81* 84*
AP3 78* 79*

Values with the same superscript depict no significance differences (p<0.05) at 95% confidence interval
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Table

Comparison of mean observed drainage discharges (mm-day™') during the winter and summer seasons from the three man-
hole points

6

Mean drainage discharge (mm-day™)
Man-hole Winter Summer
MH1 2.36¢ 2.434
MH2 2.414 2.35¢
MH3 2.34¢ 2.40¢
Values with the same superscript depict no significance differences (p<0.05) at 95% Confidence Interval
October 1999) are shown in Fig. 5. Just like the DRAINMOD s 5 S &
. . . . . ) ,\B ,1. \ ) Q B \Q \m m @
model calibration results in simulating WTDs, both the @ \ \\ & & &
: . S & P cf’f" &9 & q‘*"’
observed and simulated DD hydrographs show a fluctuating § ; i
trend, depicting the presence of unsteady-state DD behav- _ m Hﬁh
iour. A study of the results in Fig. 5 also show that the model E . % gﬁ e s ne
predicted DDs of greater than 2 mm-day™ better than DDs 2 g0 - g CRM =-0.117 60 %é’
of less than 2 mm-day. Statistically, observed and simulated < E
. . £ 120 403
DD hydrographs show strong agreement, with a high R*and a 5 g
small MEA of 0.893 and 0.603 mm-day, respectively. £ 160 I | e
A comparison of the R? values between pairs of observed a00 M Lu 1 I 0 &

and simulated WTD in Fig. 4 and DD in Fig. 5, shows that the
model performed better in predicting WTD (R*= 0.967) than
DD (R?= 0.893). Unlike the results of observed and simulated
WTD (Fig. 4), in which the model over-estimated WTDs,
contrary results were obtained in Fig. 5 (CRM>0), giving an
indication that the model under-estimated DD during the
calibration period.

DRAINMOD model performance during validation

Results of the DRAINMOD model performance in simulat-
ing WTD during the validation period are shown in Fig.

6. A visual judgment of these results clearly shows that the
observed and simulated WTD fluctuations correlated very
well. This is statistically proven by a very strong R? value of
0.826 and a small MAE of 5.341 cm. The negative CRM value
of —0.015 depicts that the model over-estimated WTD dur-
ing the validation period. However, comparing the MAE of
18.84 cm obtained during the calibration period (Fig. 4) and
the MAE of 5.341 cm obtained during the validation period,
as seen in Fig. 6, gives an indication that there are smaller
differences between individual pairs of observed and simu-
lated WTD during the validation period than the calibration
period.

Results of the DRAINMOD model performance in pre-
dicting DDs during the validation period are shown in Fig. 7.
A very good correlation between the observed and simulated
drainage discharge hydrographs can visually be deduced
from Fig. 7. Statistically, the correlation between the observed
and simulated DDs is strong, with an R? value of 0.801 and a
small MAE of 0.181 mm-day. Unlike the calibration results of
observed and simulated DD (Fig. 5), where the model showed
a general tendency of over-estimating WTDs, the results in
Fig. 7 show that the DRAINMOD model has a general ten-
dency of neither under-estimating nor over-estimating DDs,
with a CRM of 0.0004, which is very close to zero.
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Observed and simulated water table fluctuation during the model
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Figure 5
Observed and simulated drainage discharge hydrographs during the
model calibration period (October 1998 to September 1999)
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Figure 6
Observed and simulated water table fluctuation during the validation
period (September 2011 to February 2012)
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Simulation scenarios at various drain depths and spacing
combinations for two different soils types

The calibrated DRAINMOD model was used to simulate
WTDs and DDs for subsurface drainage systems installed in
clay (K, = 0.24 m-day') and clay-loam soils (K_, = 0.6 m-day
").The results of mean simulated WTDs and their respective
mean DDs at various combinations of drain depth and spacing
are shown in Figs 8 and 9. It is evident that, when considering
a constant drain depth, mean WTDs below the soil surface
increase with decreasing drain spacing, and vice versa. For
instance, in clay soil, it can be seen in Fig. 8 that for a subsur-
face drainage system installed at a drain depth of 1.4 m and its
corresponding drain spacing of 40 m, the system establishes a
mean WTD of 1.0 m. However, at the same 1.4 m drain depth,
the system establishes a mean WTD of 1.11 m, when the drain
pipes are installed at a closer spacing of 25 m.

Furthermore, the results in Fig. 8 show that, considering
drain pipes installed in clay soil at drain depth ranging from
1.4 to 1.8 m, mean WTDs between 1.0 and 1.5 m can be estab-
lished, when the drain pipes are installed at a spacing ranging
from 25 to 40 m. On the other hand, by installing drain pipes
at the same 1.4 to 1.8 m drain depth, mean WTDs between 1.0
and 1.5 m can be established in clay-loam soil when drains are
installed at a relatively wider spacing, ranging from 55 to 70 m.
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Results for mean DD, at various combinations of drain
depth and spacing (Fig. 9), show that, when keeping the drain
depth constant in both clay and clay-loam soils, mean DD
rates increase with decreasing drain spacing and vice versa.
Furthermore, it can be seen in Fig. 9 that, generally, mean DDs
increase with increasing drain depth when drain spacing and
type of soil are kept constant.
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Figure 7
Observed and simulated drainage discharge hydrographs during the
validation period (September 2011 to February 2012)
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Figure 8

Mean water table depths in clay and clay-loam soils simulated at different drain depth (m) and spacing (m) combinations
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Figure 9
Mean drainage discharges in clay and clay-loam soils simulated at different drain depth (m) and spacing (m) combinations
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DISCUSSION

Performance evaluation of the DRAINMOD model

The model seemed not to simulate deep WTDs as accurately as
was the case with shallow WTDs, particularly during the calibra-
tion period. The results were similar to those of the DRAINMOD
model evaluation at a sugarcane field in north-eastern New South
Wales, Australia, reported by Yang (2008), where the model also
failed to simulate WTDs of more than 0.8 m as accurately as was
the case with WTD less than 0.8 m. This was attributed to the
model initially being developed to simulate WTDs and DDs under
humid climatic conditions, where shallow water table depths are
more prevalent (Sanai and Jain, 2006; Skaggs, 1978).

Nevertheless, the general performance results of the
DRAINMOD model in simulating WTDs and DDs, during
the calibration period, were better than the results reported by
Dayyani et al. (2009) in Canada where they obtained R* values
of 0.77 and 0.73, respectively. However, Dayyani et al. (2009)
model validation results improved, with R? values of 0.93 and
0.90 for WTD and DD, respectively, which were higher than
R? values found in this study. Dayyani et al. (2009) used very
precise and automated water level and drainage discharge
data loggers to locate the depth of the water table and measure
daily drainage discharges, respectively. This could explain why
model validation results reported by Dayyani et al. (2009) were
better than the validation results found in this study.

The DRAINMOD model in this study predicted better WTDs
than the results reported by Singh et al. (2006), who found R? val-
ues of 0.89 and 0.88 during the calibration and validation periods,
respectively, which were very close to the R? values of 0.967 and
0.826 found in this study. The MAE of 5.41 cm found between
observed and simulated WTDs during the validation period was
smaller than the 7.0 cm found by Yang (2008).

Yang (2008) reports that the accurate estimation of K
values, to be used in the simulation of WTD and DD using the
DRAINMOD model, enhances the adoptability of the model
in an area, while the use of measured daily PET data improves
the performance of the model. Notably, during their drain-
age simulation studies, both Singh et al. (2006) and Dayyani
et al. (2009) used estimated PET data, soil water character-
istics (SWC) and laboratory determined K values as model
inputs. The better performance of the DRAINMOD model in
this study was to a large extent attributed to the use of meas-
ured PET data, soil water characteristics (SWC) and in-situ
determined K values as input parameters. In addition, the
use of an electronic dip meter in locating the position of the
WTD, as opposed to other methods, e.g., float meters, might
have improved the quality of observed WTD data quite sig-
nificantly. This reduced the differences between observed and
simulated WTD values. Nonetheless, the use of WTD data log-
gers could have improved the quality of the results even more.

The slightly weaker agreement between the observed and
estimated DDs in both the calibration and validation peri-
ods could be explained by the use of a low accuracy drainage
discharge measurement method when measuring DDs, both
during the 1998-1999 and 2011-2012 periods. The bucket
and stop-watch method adopted in this study might have led
to slightly less accurate measurements. Possibly, such errors
resulted in greater differences between observed and simu-
lated DDs. However, this could have been improved by using
DD measurement equipment with a data-logging mechanism.
Unfortunately, this could not be achieved because of resource
constraints at the time of the study.
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DRAINMOD simulation runs at varying drain depth and
spacing combinations

Results of mean simulated WTDs and DDs confirmed the
prevailing designs of installing drain pipes at shallow depths,
in order to establish water WTDs near the soil surface and vice
versa. The possible explanation for this water table behaviour
could be reduced hydraulic heads at mid-drain spacing which,
according to Dagan (1964), has a direct effect on both WTD at
mid-drain spacing and drain discharge at drain outlet points.

However, considering a constant drain depth and soil
type, and in as far as establishing deeper WTD is concerned,
installing drain pipes at a closer spacing appeared to be a better
option (Fig. 8). This was attributed to the elliptical water table
shape with a very steep cone of depression, which, according to
Rimidis and Dierickx (2003), increases the drain flux towards
the drain pipe; hence the high water table drawdown (Ah) at
mid-drain spacing and the increased drainage discharges.

On the other hand, the analysis of mean WTDs at various
combinations of drain depth and spacing in clay and clay-loam
soils in Fig. 8 suggested that closer drain spacing in clay soil
and a wider drain spacing in clay-loam soils are more likely to
establish the same mean seasonal WTD when drain depth is
kept constant in both soil types. This was explained by differ-
ences in K values for the two soil types, corroborating the
description behind the Hooghoudt drain-spacing equation.

In a study of a similar nature conducted in the southern part
of Louisiana, USA, Carter and Camp (1994) discovered that, by
considering the same type of soil and a constant drain depth,
shallow WTDs are established when drain pipes are installed at
a wider spacing, while deeper WTDs are established when drain
pipes are installed at a closer spacing. On the other hand, in
southeast Queensland, Australia, Cook and Rassan (2002) found
that considering a subsurface drainage system with drain pipes
installed at the same drain depth in two soil types with different
K values, the same WTD can be established in both soil types,
but with drain pipes installed at a wider spacing in the soil with
ahigher K value, and vice versa. This indicates that the results
found in this study corroborated well with study findings reported
by Carter and Camp (1994) and Cook and Rassan (2002).

According to Oosterbaan (2002) and FAO (2007), the use
of the Hooghoudt equation in arid and semi-arid conditions is
based on a mean seasonal WTD and drainage discharge. Thus, it
is apparent that under these climatic conditions the application
of the Hooghoudt equation is not entirely based on a steady-
state criterion, but a dynamic equilibrium of WTD and DD
(Oosterbaan, 2002). It therefore follows that, based on the simu-
lation results obtained in this study, respective drain depth, spac-
ing and drainage discharge of 1.4 to 1.8 m, 55 to 70 m and 2.5 to
4.2 mm-day, would be appropriate to ensure safe WTD between
1.0 and 1.5 m depth for sugarcane grown in clay-loam soil. On
the other hand, for sugarcane grown in clay soil, respective drain
depth, spacing and drainage discharge of 1.4 to 1.8 m, 25 to 40 m
and 2.5 to 5.1 mm-day™, appeared to be appropriate to ensure a
WTD between 1.0 m and 1.5 m from the soil surface.

It is recommended that the final selection of drain depth
and spacing combination to be adopted at the site should be
considered with caution, by making sure that drainage measures
are not taken aggressively. Installation costs and available instal-
lation equipment in the area must be taken into consideration.
In addition, efforts must also aim at selecting a drain depth and
spacing combination that would considerably reduce irrigation
water requirements by optimizing the soil moisture contribution
to the root zone depth in the form of groundwater contribution.
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CONCLUSIONS, RECOMMENDATIONS AND FUTURE
RESEARCH

In this study, the reliability of the DRAINMOD model to
predict WTD and DD was investigated at a sugarcane field in
Pongola. Although the analysis of the DRAINMOD model
evaluation results depicted that the model had a tendency of
over-estimating WTDs (CRM<0) and under-estimating DDs
(CRM>0), the general performance of the model in both the
calibration and validation periods showed that it can still
reliably be used as a subsurface drainage design tool under the
Pongola conditions (R*>0.80). A detailed analysis of simu-
lated WTDs and DDs at various drain depths and spacing
combinations supported the generally prevailing design of
installing drain pipes at a closer spacing in soils with low K,
values and a wider drain spacing in soils of high K values,
as reported by other authors (e.g., Manjunatha et al. (2004)
and Ritzema and Schultz (2010)). It therefore follows that,

in order to maintain WTD between 1.0 to 1.5 m below the
soil surface, the drain pipes in clay-loam soil be installed at a
spacing of between 55 and 70 m, with a corresponding drain
depth between 1.4 and 1.8 m and drainage design discharge
in the range of 2.5 to 4.2 mm-day. For clay soil, simulated
WTD and DD results revealed that WTD between 1.0 and 1.5
m can be achieved by installing drain pipes at a spacing of
between 25 and 40 m, with a drain depth ranging from 1.4 to
1.80 m and corresponding drainage discharge ranging from
2.5 to 5.1 mm-day. Nevertheless, future verification of these
drainage design criteria is of paramount importance before
they can be widely adopted in the area. In addition, like previ-
ous DRAINMOD model simulation studies, long simulation
periods are required to assess the control of shallow water
tables in the area.

Most of the DRAINMOD model simulation runs in this
study were made to suit the objectives of the study, which
required WTD and DD simulated at various drain depth and
spacing combinations only. However, the DRAINMOD model
can also simulate the effects of varying drain depth and spac-
ing on crop yields and drain effluent quality (e.g. Singh et al,,
2006). It would therefore be interesting to test the reliability
of the DRAINMOD model in simulating all of the abovemen-
tioned outputs. This will enhance the appropriate selection
of drain depth and spacing combinations, not only based on
WTD, but also on crop yields. Furthermore, this will also sup-
port future research linking the DRAINMOD model outputs
(yield, water table depth, drainage discharge and effluent
quality at various drain depth and spacing combinations) to a
drainage system cost minimization model.
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