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Abstract

Subsurface tile drainage installation helps to maintain water table levels and to meet
adequate crop moisture requirements. Artificial subsurface drainage continues to be a
common practice in Newfoundland and Labrador (NL) and elsewhere around the world. The
main objective of this study was to evaluate the performance of DRAINMOD in simulating
water table depth (WTD) and water outflow from tile drained agricultural fields. This site on
the Avalon Peninsula of Eastern Newfoundland has a rolling landscape with predominantly
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Podzolic soils. The tile drainage was installed at 1.0 m deep and spaced 12 m apart. Drainage
outflows (two per plot) from twelve experimental plots (32 m x 60 m each) were monitored
for two years. The simulated WTD ranged from 140 cm to 160 cm during rainfall season. The
performance of the model was evaluated by the Index of agreement (I0A). It was 0.600 in
2017 and 0.559 in 2018. The result was considered to have acceptable accuracy, which can
help to design or evaluate subsurface drainage systems in NL, Canada. However, further
evaluation including additional sites are necessary to ensure optimum drainage design
parameters for the major agricultural soils.
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Tile drainage; modeling; DRAINMOD; forage; water table

1. Introduction

Subsurface tile drainage is typically used in agricultural fields to improve soil aeration by
removing excess water, which is significantly beneficial for maintaining the desired water level in
poorly drained agricultural lands [1-3]. This is considered an effective and important practice in the
field of agricultural water management to facilitate farm operations, especially in cold climatic
regions and soil systems [4]. There is a need for better agricultural water management systems if
the production capacity of agricultural soils is to be optimized in the boreal environment. It is
evident that the soil systems are more complex due to great variations of non-linear processes occur
at different rates [5]. Agricultural drainage has several well documented benefits for improving the
condition of land for farming operations including better trafficability of soils, permitting farmers to
begin field operations earlier in the spring and continue later into the fall [6, 7]. Improved drainage
[8] is often needed in NL soils is obvious since to help remove surplus water due to precipitation
(1000 to 1600 mm annually) greatly exceeding ET. Shallow topsoil with impermeable layers at
shallow depths characteristic of NL soils compound the drainage problems. Systematic drainage
systems such as tiles improve field drainage [9].

In Newfoundland, the efficiency and productivity of agricultural lands depend on the artificial
drainage in most of the farms because it can secure the operation of planting and harvesting without
delayed during the wet years. However, the performance of artificial drainage [10] is affected by
several factors including soil, crop, and climate and practical factors including abundance of stones.
Design and evaluation of the long-term performance of a drainage system using modeling approach
can be done faster and with less cost compared with field experiments. However, the models must
be calibrated to ensure that the model accurately simulates drainage outflow [11]. The common
models being used to simulate tile drainage (e.g. GLEAMS [12], DRAINMOD [13], ADAPT [14],
SWACROP [15] by, RZWQM [16], and SWAT [17] have not been tested in NL.

DRAINMOD was initially developed to help evaluate the performance of multi-component water
management systems [13]. It is a field-scale, process-based, distributed model with broad
applications such as predicting hydrology of poorly drained lands and surface runoff and ultimately,
helping to optimize the design of drainage systems [18]. The model is based on the Hooghoudt's
equation and water balance in terms of WTD and soil water content midway between parallel drain

Page 2/20



Adv Environ Eng Res 2021; 2(2), doi:10.21926/aeer.2102016

tiles. Based on weather, soil and crop data [19], DRAINMOD calculates infiltration, runoff, drainage,
sub irrigation and evaporation on hourly and daily time scales as well as crop yield, nitrate leaching,
and hydrological analysis of wetlands [7, 20]. DRAINMOD is relatively simple and easily adapted
model to describe hydrology as compared to many other hydrologic models [21]. Using simple water
balance equations which include simulates the agricultural hydrology based on the section of soil
profile and soil surface and analyses the effectiveness of subsurface drainage systems.

While DRAINMOD [22] has been widely applied to drainage design and performance in
agricultural fields in mild areas, the model underestimates the effects of soil freezing, and thawing
[6]. Freezing and thawing processes [23] affect field hydrology, such as infiltration-runoff
relationship during snow melting or rainfall. In particularly, the effects on field hydrology with low
infiltration leading to high surface runoff happen during the later winter and early spring periods.
However, DRAINMOD has modified to include prediction of soil temperature and snow
accumulation/melting during freezing and thawing periods [18]. Basically, once the users provide
the threshold temperature, initial snow depth and soil temperature, the model can predict the snow
accumulation and melting process [18, 24]. Therefore, the primary objective of this study was to
evaluate the performance of DRAINMOD model for predicting drainage and WTD on several
experimental agricultural plots under forages located in St. John’s, Newfoundland, using drainage
and soil parameters from previous studies. In achieving this, DRAINMOD was calibrated and
validated using two years of field measurements. In this study, the measured outflow of 2017 was
used for calibration and data of 2018 were used for validation. This primary calibration was based
on parameters such as ET monthly factor, drainage coefficient, soil frozen temperature, vertical
hydraulic conductivity, lateral saturated hydraulic conductivity, and soil surface storage. During the
primary calibration process, the model performance was graphically evaluated by plotting
measured and simulated values against time. Using statistical methods, the model was evaluated
by calculating the average mean of difference. The adjusted parameters were then used for
prediction during the validation using observed results in 2018.

2. Materials and Methods
2.1. Study Site and Data Description

The study site shown is located at the St. John’s Research and Development Centre adjacent to
Mount Pearl, Newfoundland (47°31” N, 52°47” W) (Figure 1). This site, located on the Avalon
Peninsula of Eastern Newfoundland, has a rolling landscape in Podzolic soils growing mixed forages
with conventional subsurface drainage. The annual precipitation was 1489 mm and 1418 mm in
2017 and 2018, respectively. The highest monthly precipitation (265 mm) occurred in September
2017 and in October 2018 (185 mm). Snow accumulates on the fields from December to February
when temperatures are below 0°C, and gradually melts in spring.
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Figure 1 Location and aerial photo of experimental field.

The field was divided into twelve experimental (32 m x 60 m) plots with two parallel drain lines
installed at 1 m depth and 10 m spacing in each plot along with interceptor drain lines on plot
borders as shown in Figure 2. There is a drain tile at bottom of each plot ensuring that all the
drainage outflows were collected and transferred to a collection hut by PVC pipes. In the collection
hut, the outflow volumes were measured continuously by tipping buckets (volume of 1 L) (Figure 3).
The action of each tipping event triggers a small switch and transmit the count to a data logger. The
data loggers run 24/7 from 2017 to 2018, of which results were extracted every month. Eventually,
the outflow volume from each plot was converted to depth (cm) by dividing by the total plot area
and the total outflow depth was obtained by summing all plot values.
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Figure 2 Schematic diagram of twelve experimental plots and tile drainage layout.
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b

Figure 3 Tile drainage collection unit: (a) Tipping buckets; (b) View of drainage hut during
snow period.

2.2 Soil

The characteristic of soil determines the infiltration rate, soil water storage, internal drainage
and WTD. The soils of this site have developed on an acidic coarse textured glacial till and are
predominantly members of the Cochrane series (well drained) with minor areas of the Pouch Cove
series (imperfectly drained) [25] usually developed on coarse-textured, iron-rich, non-calcareous
materials. The inherent productivity of Podzolic soils in Canada for agriculture is generally not high
because of pH and fertility limitations due to high leaching. These soils are also limited regionally by
unfavourable climate, and locally by stoniness, low water holding capacity, shallowness to bedrock
or because of imperfect drainage associated with topographic position. Therefore, the Podzolic soils
are used mainly for small grains or forage and pasture production with associated livestock [26].

2.3 Crop

The field experiment was planted in 2016 utilizing an incomplete Latin square design in three
blocks with four types of forage mixtures identified as conventional grass, improved grass,
conventional forage, and improved forage. The conventional grass mixture contained Richmond
Timothy (Phleum pratense L.) and Preval Meadow Fescue (Festuca pratensis Huds.) which was
planted at Plots 2, 5 and 9. The improved grass mixture included a forage legume and had AC Brador
Alfalfa (Medicago sativa L.), Richmond Timothy (Phleum pratense L.), Yukon Tall Fescue (Festuca
arundinacea Schreb.), and AC Success Bromegrass (Bromus inermis Leyss.), which was grown on
Plots 1, 4 and 8. The rest of the plots were planted with pure stand AC Brador Alfalfa: Plots 6, 10
and 11 were managed conventionally similar to a selected local dairy farmer considered to be
following conventional forage production practices, and Plots 3, 7, and 12 were managed as an
improved forage crop. Liquid dairy manure at 55,000 L per ha was broadcast on the conventional
grass and conventional forage plots, and it was surface applied on the improved grass and improved
forage plots. Triplicate samples from each plot were sampled for forage yield and nutritive value,
and for species composition from each of the forage mixtures. The results with respect to these
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treatment effects will be presented in a future research paper. For this study, only the effect of
rooting depth on drainage modeling was taken into consideration.

2.4 DRAINMOD Description

DRAINMOD is a field-scale hydrologic model first developed by Skaggs R. W. [13] and widely
applied in poorly drained agricultural lands [6]. It can simulate surface runoff, subsurface drainage,
evapotranspiration (ET), infiltration and WTD (DRAINMOD 6.1). Water balance protocol of soil
profile is the core of the model to calculate hydrologic output, which is applied from the
impermeable layer up to the soil surface and midway between parallel drains. The water balance
equations are given as follow:

AV,=D+ET+DS—F (1)
P=F+RO+AS (2)

where AV, is the change in the water-free pore space or air volume (cm), D is the lateral drainage
(cm), ET is the evapotranspiration (cm), DS is the deep and lateral seepage (cm), F is infiltration (cm),
P is the precipitation (cm), RO is the surface runoff (cm) and AS is the change in surface water storage
(cm). By using the equations, subsurface drainage rates and surface runoff output can be obtained
[6]. Infiltration is estimated using the Green-Ampt equation and deep seepage is estimated using
Darcy’s law. Potential evapotranspiration (PET) is calculated by the Thornthwaite equation. Heat
index, location latitude, and daily maximum and minimum air temperature data are used to
calculate PET. Additionally, DRAINMOD computes freezing and thawing in order to simulate the
drainage processes in cold regions. When the daily maximum temperature is below a temperature
assumed to divide rain and snow, daily precipitation is considered as snowfall and added to snow
accumulation. When air temperature rises above a snowmelt base temperature, snowmelt is
calculated by the water flow equation and heat flow equation as follows;

26w N p; 000 0 [D(B )GHW] 0K (6w) 3)
at ' p, 0t ozl V" oz 9z
9/ aT 00i
oT _ el o
Crat =3, (A az) PGy )

where z = vertical depth (cm); t = time (s); Ow = unfrozen water content (cm? cm3); 8i = ice content
(cm3 cm3); D(Ow) = water diffusivity (m? s'; K(@w) = unsaturated soil hydraulic conductivity (m s1);
P = density of water (kg m3); p; = density of ice (kg m3); T = temperature (°C); L = latent heat of
freezing (kJ kg1); C;, = volumetric specific heat of soil (cal m °C?); and A = thermal conductivity of
soil (cal mtst°C?)[27, 28].

2.5 Model Inputs

DRAINMOD requires information on drainage system design, soil physical properties, crop and
weather data (precipitation, and maximum and minimum temperature) to estimate drainage
outflow and WTD. The most important drainage parameters used in this DRAINMOD simulation are
listed in Table 1. The drain spacing and depth, distance from surface to impermeable layer,
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maximum surface storage, and Kirkham’s depth were measured in situ. The effective radius of the
drain tiles was 0.51 cm for a 0.1 m diameter corrugated pipe according to [1]. Drainage coefficient
was estimated according to the DRAINMOD manual [28] and modified according to the measured

drainage outflow. Based on these drainage system design parameters,

DRAINMOD can

automatically calculate the equivalent depth and Kirkham’s coefficient. Crop parameters such as
rooting depth, and the length of growing season were estimated by averaging different types of
forage mixtures since detailed crop parameters were not available for this novel forage mixture. Soil
hydraulic parameters were measured in situ. There are five layers of the soil profile at this field. Soil
saturated hydraulic conductivity (Ksat) (Table 2) and volumetric water content curve (Figure 4) for
individual layer are required as input data to DRAINMOD to produce the other soil data required.

Table 1 Model input parameters used in DRAINMOD.

Category Parameter Value Source
Drainage Depth of drain (cm) 100 Field measurement
Parameters  Spacing between drains (cm) 1000 Field measurement
Effective radius (cm) 0.51 [1]
Actual distance to 200 [1]
impermeable layer (cm)
Drainage Coefficient (cm/day) 1.7 [1]
Initial WTD (cm) 100 Assumption
Maximum surface storage (cm) 2.5 Assumption
Kirkham's depth (cm) 1 Assumption
Bottom width of ditch (cm) 60 Field measurement
Ditch side slope (H: V) 0.05 Field measurement
Down slope 2% Field measurement
Length of slope (cm) 22500 Field measurement
Soil Soil  thermal conductivity TKA=0.5, [1]
Temperature function TKB=1.51
Computational depth function ZA=2.5,7ZB=1.212 Default value
Average air temperature below 0 [1]
which precipitation is snow (°C)
Average air temperature above 2 [1]
which snow starts to melt (°C)
Snow melt coefficient 5 [1]
(mm/day)
Critical ice content (cm3/cm3)  0.25 [1]
Diurnal phase lag of air 8 [1]
temperature (h)
Soil temperature at the bottom 5.6 Calculated according to
of the profile (°C) weather data
Weather Thornthwaite latitude 47.31 Field measurement
Parameters Heat Index 22.8 Calculated according to

weather data
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1TKA, TKB: Soil thermal conductivity function; 2 ZA, ZB: Computational depth functions.

Table 2 Texture and saturated hydraulic conductivity (Ksat) of different soil layers at
experimental field on Brookfield Road, St. John's.

Soil Layer Depth (cm)  Sand (%) Silt (%) Clay (%) Ksat (mm/h)
Ap 0-20 25 50 25 30.77

Bf 20-34 59 29 12 53.08

BC 34-70 76 22 2 162.82

Cxjl 70-100 66 32 2 153.70
Cxj2 100-135 63 31 6 112.95

Input data included: Hourly precipitation and daily maximum and minimum temperatures for
2017 and 2018, collected from Environment and Climate Change Canada and latitude of the location.
The PET was calculated by model based on Thornthwaite method using weather data and
geographic location with monthly correction factors. The monthly factors used were; 1 for
November to March, 3 for April and September, 2.2 for May, 1.5 for June, 1.1 for July and August,
and 1.85 for October. DRAINMOD can predict drainage under the option of soil freezing and thawing
condition, which requires; soil thermal conductivity coefficient, computational depth coefficient,
average air temperature below which precipitation is snow and above which snow starts to melt,
snow melt coefficient, critical ice content, diurnal phase lag of air temperature, and soil temperature
at the bottom of the profile. The values were obtained based on previous research by Dayyani et al.
[29] and historical weather data from Environment and Climate Change Canada. Weather data from
2016 was used as the warm-up period for the model in order to reduce initial system errors. All
other parameters were kept as default values.

A summary of related modeling studies is given in Table 3. All of them provides result of
hydrology such as daily drainage outflow and WTD but have different drainage design. The input
parameters of this study were based on the field measurement and the model parameters were the
same for all experimental plots.

0.700 Ap Bf Bc Cxjl —e—Cxj2
0.600

0.500
0.400
0.300

0.200

0.100 o

0.000
0 2000 4000 6000 8000 10000 12000 14000 16000

Pressure head (cm)

Water content (cm3/cm3)

Figure 4 Soil moisture characteristics curves of Podzolic soil [25]
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Table 3 Summary of modeling agricultural land drainage studies using DRAINMOD.

Annual

. Research Experiment Anm_xa.l . Average Study . Tile Tile Refer
Location . Precipitation Area Soil type Crop . Depth
Focus Period Temperature Spacing (m) ence
(mm) R (ha) (m)
(°C)
Site A - Rubicon Corn, alfalfa,
clover, and 13 1.0
5.9 sandy loam
Hydrology grass
Quebec, and 2002- Sainte Rosalie
600 6.8 clay loam, [6]
Canada surface 2006 . . Corn, barley
Site B-  Suffield clay
runoff 10 1.0
7.8 loam, and
Bedford sandy
clay loam
. Hydrology .
Manitoba 2010- 44x50 Fine sandy
Canada and po-tato 2012 533 3.8 m loam 15 1.06 [1]
crop yield
Carsamb Silty clay and
a, Turkey Hydrology 1991 950 14.4 5 loamy sand 25 1.0 [18]
TJ&Z Hyir:cliogy 1994- Debert (75%)
i . 1182 6.0 3.5 and Queens 12 0.8 [30]
Scotia, nitrogen- 1997 (25%)
Canada leaching °
Pagwash 52
Truro, Hydrology soils have 50—
Nova . 2003- 80 cm of
Scotia, and nitrate 2006 ) i 6 friable, coarse 12 0.8 [31]
loss
Canada loamy solum
over firm,
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coarse loam,

the lower soil
material
Typic
Haplaquent
Ottawa, Hydrology (Dalhousie
Ontario, and nitrate  1990-1994 1200 7.0 14 . Corn 15 1.0 [32]
Association,
Canada loss
Brandon
series) soil
Brookston
clay loam
o,
Ontario,  runoff and 1992-1994 - 5 1.6 mlxc_erd, ri:esm Ryegrass 7.5 0.6 [33]
Canada nitrate loss 'yp
Argiaquoll)
soil
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2.6 Methods of Evaluation

The evaluation for model predicting accuracy was done by graphical and statistical methods.
During graphical method, predicted and measured drain outflow were plotted together and the
agreement between these two would be vividly presented. The statistical analysis was calculated
the following parameters: root mean square error (RMSE), mean absolute error (MAE), and index
of agreement (I0A).

n
1
RMSE = HZ(Pi —0,)2 (7)
i=1
1P —0;
MAE — 1_1|(I; l)l (8)

2 inzl(Pi - 0;)?

I0A=1- — _
ZiL1(10; = O] + |B — 0])?

9)

Where O;and P; are it values of the observed and predicted values of drain outflow, O is the average
of observed values, and n is the number of values being calculated. According to Skaggs et al. [20],
the RMSE and MAE should be closer to zero to indicate better fit between measured and predicted
values. The best model would have IOA equal to 1 and smaller values mean inferior fit [1].

3. Results

The field was allocated to conduct research on four forage treatments with triplicate plots.
Treatments 1, 2, 3 and 4 were respectively planted and managed as conventional grass plots,
improved grass plots, conventional forage plots, and improved forage plot. It was observed that the
performance of the model for each treatment were different which is shown on a time series plot
of measured and predicted values (Figure 5). In this study, the DRAINMOD model predicted WTD
and drain outflow based on the equivalent soil and crop parameters for four treatments. However,
there were various factors affecting drain flow such as crops types, management methods, slope
and landscape. Results of the DRAINMOD model evaluation in predicting drain outflow showed that
there was an acceptable agreement between predicted and observed drain outflow with an IOA of
0.559 and a MAE of 0.301 cm overall. The WTD was successfully simulated through the year, which
is beneficial for farmers to optimize irrigation and enhance yield of crops not only for rainfall season
but also for the snow melting period. Since it was the first attempt in Newfoundland, the objective
was to verify the practicability of DRAINMOD simulation in agricultural drainage. With detailed
landscape, soil and crop data, better accuracy will be achieved with improved model calibration
followed by validation using more observed data.
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Figure 5 Comparison of measured and predicted drain outflow (cm) averaged across
replicates for each experimental treatment: (a) comparison graph of 2017; (b)
comparison graph of 2018.

During spring, snowmelt and rainfall were both contributing to the increase of drain outflow.
Snowmelt estimation depends on the change of air temperature. The ratio of snowmelt and rainfall
led to the uncertainty of drain outflow drainage prediction. From Figure 5 (a), the model was under-
predicting during spring for Treatment 1, 2 and 3 but over-predicting for Treatment 4 in 2017. There
was no observation during summer, as the soil was dry due to the high ET. A heavy rainfall event
followed in September, but the model was able to predict the timing for all treatments since the
volume was distributed differently potentially because of the uneven landscape. However, the
overall drain outflow agreed with the predicted value during this rainfall event. In winter of 2017,
the model was over-predicting for all treatments, especially Treatment 3 which measured the least
drain outflow. On the other hand, in 2018, the observed drain outflow was lower than predicted
values during spring time. There was a sudden snowmelt event at the end of January which triggered
drainage flow, when DRAINMOD successfully predicted the drain outflow for Treatment 1 and 4.
Generally snowmelt happened in April and led to significant drainage as the soil was already
saturated by snowmelt. In this case, DRAINMOD was accurately predicting the drainage flow event
for Treatment 2 from April to June.
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Figure 6 shows the daily measured and predicted drain outflow during 2017 and 2018. The
measured drain outflow was predicted more accurately in 2017 than 2018 from January to April.
Because the heat index and snowmelt divided temperature data were different from year to year,
however, the model was using the same parameters for both years when simulating. In 2018, the
model was able to predict the flow event after snowmelt. Nevertheless, the model still requires
calibration and modification on prediction during winter when soil is frozen.

40 7 0.0
35 1 1o
3.0 1 20
- ]
g 25 303
B 1303
= ] =
é 2.0 { 40 E
| ] |
& 4 5
E1s | Js02
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3 ]
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Figure 6 Total measured and predicted drain outflow (cm) and rainfall (cm) in 2017 and
2018.

The data were filtered by the total measured drainage outflow. Only the dates with positive
drainage were selected to conduct statistical analysis. The summary of statistical analysis for
drainage outflow of 2017 and 2018 are given in Table 4. The RMSE was 0.627 cm for all four
treatments in 2017 and 0.501 cm in 2018, which is mainly due to the uncertainty when simulating
drainage during winter when soil is frozen. The I0A ranged between 0.416 to 0.588 for different
treatments and the highest result reached to 0.600 for overall treatments in 2017. From the result
of 2018, I0A was 0.559 for all treatments which slightly lower than result of previous year.
Treatment 3 recorded the least IOA due to lack of days with drain outflow observed. RMSE fell into
small range from 0.529 to 0.658, which indicated less variation between treatments. Throughout
the two years of observation, IOA was 0.559 with MAE of 0.301 cm. The result was considered to
have acceptable accuracy for the DRAINMOD model. Since the model was the first attempt in
Newfoundland there was a lack of background information for detailed calibration. The uneven
landscape of each plot resulted in variation of drainage distribution. Besides, this model did not
input distinguishing parameters for different crops and management methods which is highly
recommended for future research.

Table 4 Summary of statistical analysis for daily drain outflow prediction by DRAINMOD.

Statistic

Year No. of days with drain outflow (days)
RMSE (cm) MAE (cm) 10A
Treatment 1 0.828 0.498 0.588 68
2017 Treatment 2 1.125 0.648 0.507 67
Treatment 3 0.770 0.524 0.534 48
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Treatment 4 0.637

All treatments 0.627
Treatment 1 0.658
Treatment 2 0.529

2018 Treatment 3 0.611
Treatment 4 0.589

All treatments 0.501
Overall 0.570

0.404
0.345
0.400
0.276
0.333
0.353
0.255
0.301

0.416
0.600
0.475
0.401
0.354
0.553
0.445
0.559

78
107
52
95
39
56
101
208

Figure 7 shows the predicted water depth generated by DRAINMOD and plotting with daily
rainfall data. During the spring, the highest WTD started to decrease until the rainfall season began.
Started from June, WTD gradually increased and reached to 156.9 cm on August 7™. The range of
WTD was around 140 cm to 160 cm during rainfall season. In 2018, the WTD predicted by
DRAINMOD was more fluctuated due to the particular drought period in March and extreme high
rainfall event on May 30 (Figure 7(b)). The peak of the line reached to 165.5 cm on September 8t
and had the same range as 2017 during the rainfall season. DRAINMOD can simulate WTD not only
for the rainfall season but also for the snow melting period, which is beneficial for farmers to
optimize irrigation and enhance yield of crops. Singh et al. [11] investigated the impact of different
drainage designs for lowa’s tile landscapes. Research results indicated that a drainage intensity (0.46
cm day ) with drain depth (1.05 m) and drain spacing (25 m) is good enough to maximize crop
production and minimize nitrate nitrogen loss.
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Figure 7 Predicted WTD (cm), ET (cm) and rainfall (cm): (a) time series graph of 2017; (b)

time series graph of 2018.
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4. Discussion

The results presented above provide a clear insight into tile drainage outflow under Podzolic soil
conditions, St. John’s, NL. Data gathered from the tipping bucket with the help of data loggers were
used for statistical analysis when assessing the accuracy of model predicted values. Other data such
as weather conditions, soil and crop were incorporated in the model. The forage field subsurface
outflow performance expressed through RMSE, MAE and IOA emphasizes the strength of the model
simulation in the boreal environment. Generally, there was a good agreement between observed
and predicted drain flow volumes collected from the forage field. In 2017, the model was under
predicted three treatments of the forage field whereas the treatment four was over predicted.
Chikhaoui et al. [34] stated about over estimation of subsurface drainage is mainly due to lack of
consideration for macropore flow in the model. Similarly, DRAINMOD over predicted the peak
values of huge drainage events [22]. The average absolute deviation represents the predicted value
is different from the measured value on an average. Satchithanantham and Ranjan [1] evaluated
drainage flow and WTD at Manitoba under cold climatic conditions. It was reported that the
statistical analysis and visual comparisons using DRAINMOD predicted both WTD and flow rate with
reasonable accuracy. Poor simulations were reported in DRAINMOD modeling under spring
snowmelt conditions due to exceptionally high flows observed in the Pike River watershed,
Montreal, Quebec [6]. Research conducted at a commercially operated farm at Manitoba indicates
higher PET than the precipitation during the growing season [1].

Although the similar trends happened in 2018 model simulation, but the model predicted well
during the snow melt event. The predicted and measured results of drainage for all plots based on
treatments (Figure 5(a) & 5(b)) show a good agreement between predicted and observed values.
One of the reasons behind behaviour could be that the observed outflows were measured by using
tipping buckets and the limitation of tipping frequency might have caused flow volume under-
estimated. In 2017, a higher drain outflow was observed during spring when the snowmelt
happened and resulted a saturated soil profile and shallow water table. On the other hand, there
was no observed flow during summertime potentially due to the high ET from the soil profile. Any
rain occurred during this time was stored in the soil profile rather than deep drainage. There was
another heavy precipitation caused high outflow during the winter. Luo et al. in 2001 reported that
the DRAINMOD predicted the timing of most of the flow events whereas winter flow predictions
showed decreased trend and the spring flow indicated increased trend [16]. These changes in
prediction is probably due to pattern of precipitation is unusual in Truro and the same trend applies
to Newfoundland weather pattern. In the study of Satchithanantham and Ranjan [1], there was no
flow observed in winter because the ground was frozen and prevent infiltration. According to the
temperature line graph on Figure 8, the average temperature was above 0 °C from October to
December while it was below 0 °C from January to April, which means the DRAINMOD can
effectively estimate the drain outflow at the scenario of soil freezing and thawing. In 2018, there
were only a few dates with observed high drainage outflows. Even though the overall model was
over-estimating the outflow, the timing of peak was matched when extreme rainfall event
happened. MACRO, Toot Zone Water Quality Model and HYDRUS-ID/2D are the frequently used
models for predicting soil water movement but these models have limitations to apply to smaller
fields due to lack of information on climate and soil for each small plot separately [35].
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Figure 8 Mean monthly temperature and precipitation of 2017 and 2018.

DRAINMOD has been evaluated in the past by many researchers in different countries [2, 6, 11,
36]. Most of the researchers reported that the model simulation had a major influence on soil
characteristics, rising and falling water tables, drain spacing and proper identification of input
parameters. This study was conducted in an uneven field with a varying slope and therefore the
model predictions have a different degree of agreement as compared to the measured values.

In 2017, Treatment 1 and 2 observed drainage outflow as twice as that in Treatment 3 and 4. It
is mainly because the uneven landscape, the amount of drainage depends on where the plots were
located. The plots with higher elevation and steeper slope are expected to have lower drainage
outflow. The variation of observed outflow in different plots leads to the over-prediction of model.
Moreover, the data used in the DRAINMOD model represents the average slope of the whole field.
This could have caused some errors in the predicted values due to the uneven slope within each
individual plots. To solve this issue, the slope and landscape details of each plot are needed for
model input. Then, each plot can be simulated individually to obtain better model results. Although
DRAINMOD predicted reasonably well, especially snowmelt period, still certain limitations exist in
overall effectiveness. One other reason might be Podzolic soil’s poor drainage characteristic [6].
Partial winterkill of the alfalfa makes it difficult to predict if there were plot differences in crop water
uptake. Moreover, the frequent freeze-thaw cycles at Newfoundland may change the pattern of
subsurface drainage and surface runoff behaviour [37]. Subsequently, freeze-thaw events release
melted water to tile drains through infiltration and percolation [38]. Therefore, the performance of
the model seems to be satisfactory and has the ability to simulate the outflow for Podzolic soil [26]
in Newfoundland.

5. Conclusions

DRAINMOD is a field scale model widely used in simulating hydrology for poorly drained soil or
agricultural lands. This study is the first attempt in Newfoundland. St. John’s is located on the Avalon
Peninsula in Eastern Newfoundland with a rolling landscape and predominantly poorly drained
Podzolic soils. This study used DRAINMOD to simulate WTD and subsurface tile drainage outflow on
replicated experimental plots growing four types of forage mixtures in 2017 and 2018. The
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simulated WTD ranged from 140 cm to 160 cm during rainfall season. Besides, DRAINMOD can
simulate WTD for snow melting periods, which is valuable for farmers to optimize irrigation. The
performance of the model was statistically evaluated by RMSE, MAE and IOA. The RMSE was 0.627
cm for all four treatments in 2017 and 0.501 cm in 2018. RMSE of 2018 fell into a small range from
0.529 to 0.658, which indicated less variation between treatments. The IOA ranged between 0.416
to 0.588 for different treatments and the highest result reached to 0.600 for overall treatments in
2017. From the result of 2018, IOA was 0.559 for all treatments. Throughout the two years of
observation, IOA was 0.559 with MAE of 0.301 cm. Generally, the DRAINMOD was able to predict
drain outflow patterns with reasonable accuracy. During the rainy winter season, drain outflow was
over-predicting because of errors associated with the tipping bucket used to track drainage flow.
The uneven landscape might have contributed to the over-prediction of the model as well. However,
the model successfully simulated drain outflow during the spring snow melting period. This period
is critical for farmers for planning seeding and irrigation at the beginning of the growing season. The
result of this study could be applied to different drainage design parameters to optimize the
agricultural drainage systems and efficient water management decisions in Newfoundland. Better
accuracy will be achieved with improved model calibration followed by validation using more
observed data together with using detailed landscape, soil and crop data.
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