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The 
HYDRUS (2D/3D) modeling tool was used to simulate water 
flow through subsurface-drained sandy loam soil under potato 
(Solanum tuberosum) cultivation in Southern Manitoba. The 
model was used to simulate water flow through a 2-D model 
domain of dimensions, 15 m width × 2.5 m depth. The model 
was calibrated and validated with field data measured during the 
growing season of year 2011 at the Hespler Farms, Winkler, 
Manitoba. Field measurements, including soil water content and 
watertable depth, for two test plots under subsurface free 
drainage were used for the calibration and validation. Weather 
data were also obtained to estimate reference crop 
evapotranspiration, which was used as input data in the model. 
Based on the reference crop evapotranspiration, and crop 
coefficient of the potato crop, the actual crop evapotranspiration 
was estimated and compared to the simulated actual crop 
evapotranspiration results. The results showed that the model was 
able to account for 50% to 78% of the variation in the estimated 
actual crop evapotranspiration. With respect to water flow 
through the soil, the observed soil water content and the 
simulated soil water content were compared using graphical and 
quantitative analysis. Based on the coefficient of determination 
(R2), the model accounted for 68% to 89% variation in the 
observed data. The intercept of the regression line varied from 
0.01 to 0.08, and the slope, 0.75 to 0.99. The Nash–Sutcliffe 
modeling efficiency coefficient (NSE) varied from 0.62-0.89, the 
Percent bias (PBIAS) values varied from -1.99% to 1.16%. The 
root mean square error-observations standard deviation ratio 
(RSR) values varied from 0.33 to 0.61. The values for the 
evaluation parameters show that the model was able to simulate 
the water flow through the soil profile reasonably well. 
Keywords: evapotranspiration, HYDRUS (2D/3D), sandy loam 
soil, soil water content, subsurface drainage. 
L’outil de modélisation HYDRUS (2D/3D) a été utilisé pour 
simuler l’écoulement hydrique à travers un loam sableux drainé 
par des drains souterrains en culture de pommes de terre 
(Solanum tuberosum) dans le sud du Manitoba. Le modèle a été 
utilisé pour simuler l’écoulement de l’eau à travers une parcelle 
de 15 m de largeur × 2,5 m de profondeur. Le modèle a été 
calibré et validé avec des données mesurées au champ durant la 
période de végétation de l’année 2011 à la ferme Hespler, 
Winlker, Manitoba. Les mesures prises aux champs, incluant la 
teneur en eau du sol et la profondeur de la nappe phréatique pour 
les deux parcelles à l’essai drainées par drains souterrains, ont été 
utilisées pour la calibration et la validation. Les données 
météorologiques ont été obtenues pour estimer 
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l’évapotranspiration de référence de la culture, et cette valeur a 
servi de paramètre pour le modèle. En tenant compte du 
coefficient de culture et de l’évaporation de référence de la 
culture, l’évapotranspiration réelle de la culture a été estimée et 
comparée aux résultats simulés d’évapotranspiration de la 
culture. Les résultats montrent que le modèle était capable 
d’estimer 50 % à 78 % de la variation de l’évapotranspiration 
réelle de la culture. Pour ce qui est de l’écoulement de l’eau à 
travers le sol, la teneur en eau observée et la teneur en eau 
simulée ont été comparées en utilisant des analyses graphiques et 
quantitatives. Selon le coefficient de corrélation (R2), le modèle 
estimait de 68 % à 89 % des variations des données observées. 
L’ordonnée à l’origine de la ligne de régression variait entre 0,01 
et 0,08 et la pente était comprise entre 0,75 et 0,99. Le coefficient 
NSE variait de 0,62 à 0,99 et les valeurs PBIAS s’échelonnaient 
entre -1,99 % et 1,16 %. Les valeurs RSR variaient entre 0,33 et 
0,61. Les valeurs pour les paramètres d’évaluation démontrent 
que le modèle était capable de simuler raisonnablement bien 
l’écoulement de l’eau à travers le profil de sol. Mots clés: 
évapotranspiration, HYDRUS (2D/3D), loam sableux, teneur en 
eau du sol, drainage souterrain. 

INTRODUCTION 
Soil water content plays a key role in planning and 
carrying out field operations. For instance, soil water 
content determines the suitability of the soil to allow field 
operations without damaging the soil structure. Scarcity or 
excess soil water content at the various stages of plant 
growth can affect physiological processes such as root 
respiration and plant water uptake, which will lead to 
lower crop yield.  
 Obtaining field information on soil water content to 
design and improve soil water management systems can 
take a long period. Several measurement techniques for 
soil water content measurement in the field are available. 
These techniques are categorized into classical methods 
such as neutron scattering and gravimetric methods; and 
modern sensor methods such as time domain 
reflectometry, frequency domain reflectometry and 
capacitance methods (Evett 2003; Kahimba 2008). These 
techniques are limited spatially and temporally, making it 
difficult and expensive for measurement at multiple 
locations. 
 Modeling field hydrological processes in conjunction 
with field research is vital for improving soil water 
dynamics for field operations. Modeling can extend the 
field studies to a wider area. Several models are available 
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for simulating soil water content. However, they are one-
dimensional, which simplifies the flow through the soil 
profile. Some of the common one-dimensional models 
include DRAINMOD (Singh et al 2006; Cordeiro 2014), 
RZWQM (Singh et al. 1996; Shrestha and Datta 2015) and 
HYDRUS 1D (Tafteh and Sepaskhah 2012). The objective 
of the present study was to evaluate the performance of 
HYDRUS (2D/3D) model in predicting soil water content 
by simulating water flow through a subsurface-drained 
sandy loam soil under potato (Solanum tuberosum) 
cultivation in Southern Manitoba. The HYDRUS (2D/3D) 
is a Windows-based computer program that simulates 
water flow through two- and three-dimensional variably 
saturated porous media by solving the Richards equation. 
Detailed description of the model is available in Šimůnek 
et al. (2012 (a), 2012 (b)). 
Field study 
Field characteristics Field measurements of soil water 
content and groundwater level used in the present study for 
calibration and validation of the HYDRUS (2D/3D) model 
were done in a potato farm during the growing season 
(May to September) of 2011. The Hespler Farms 
commercially operated the experimental site. It is located 
in the south of Winkler (49o 10`N Lat., -97o 56`W Long., 
272-m elevation) in the Rural Municipality of Stanley.  

The climate of the study area is cool sub-humid 
continental, which makes it suitable for cultivating wide 
range of agricultural crops (Smith and Michalyna, 1973). 
During the growing season, May is the coldest month with 
a daily average temperature of 12.9°C and July is the 
warmest month with a daily average temperature of 20.1°C 
(Environment Canada 2016). The study area receives an 
annual average precipitation of 533.3 mm of which the 
growing season receives 341.5 mm precipitation in the 
form of rainfall (Environment Canada 2016).  

The study site has a “nearly level” topography with 
the slope of the field ranging from 0.5 – 2%. The major 
soil type in the study area is the Reinland series, which is 
made up of “imperfectly drained” Gleyed Carbonated 
Rego Black soils (Smith and Michalyna, 1973). The soil 
textural classification at the site is sandy loam with 
average textural fractions of 70% sand, 19% silt and 11% 
clay. This classification was based on soil samples 
obtained up to 1.2 m depth of the soil profile. There is an 
impermeable layer of clay located at 6 m below the soil 
surface (Cordeiro 2014). 

The entire field was 5.16 ha with dimensions 300 m × 
172 m. The field was divided into two subsections by a 4-
m wide alleyway running in the north-south direction. 
Each subsection of the field with the dimensions of 300 m 
× 84 m had 12 sub plots. The dimensions of the sub plots 
were either 50 m × 44 m or 50 m × 40 m. The two sides 
were switched during subsequent seasons to allow for crop 
rotation between potato and corn (Zea mays). In 2011, 
potato was cultivated on the western side and corn on the 
eastern side. In the present study, soil characteristics for 
the plots under potato cultivation were used. 
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There were four watertable management systems 
practiced on the farm. That is subsurface free drainage 
with overhead irrigation (travelling gun) (FDIR), 
controlled drainage with sub-irrigation (CDSI), no 
drainage with overhead irrigation (NDIR) and no drainage 
with no irrigation (NDNI). Each water management was 
applied to three plots on each half of the field. Based on 
the sequence of numbering of the plots in the field, the 
simulation exercise was done for two plots, that is plot 16 
and plot 18 under the FDIR plots on the western side of 
the alleyway.  
Field data collection Field data including groundwater 
level, soil water content and weather parameters were used 
to calibrate and validate the simulation results. The data 
used for the simulation was from June 3 - August 26, 2011 
for calibration and August 27- September 24, 2011 for 
validation. Detailed description of field data collection is 
available in Satchithanantham (2013). However, a 
summary of the data collection procedure is presented in 
this section. Groundwater level was monitored at three-
hour interval with water level sensors (Solinst Leveloggers 
Junior 3001, Solinst Canada, Ltd., Georgetown, Ontario, 
Canada) hung inside of piezometers of 41.3 mm internal 
diameter and 2.51 m length schedule 40 steel pipe. The 
piezometers were installed in manually augered holes to a 
depth of 2.2 m from the soil surface at the center of each 
plot. The screened part of the piezometer was 1.6 m from 
the bottom of the piezometer. The top 0.3 m of the 
piezometer was above the soil surface to prevent runoff 
entry. The three-hour data obtained were averaged for 
daily groundwater level and used as input in the simulation 
exercise. 

Volumetric soil water content was measured at three-
hour interval in the field. The moisture content was 
measured using EC-5 probes (Decagon Devices, Inc., 
Pullman, Wash). These probes were installed at five 
different depths (0.2, 0.4, 0.6, 0.8, and 1.0 m) on each plot. 
The three-hour data obtained were averaged for daily soil 
water content and used as input in the simulation exercise.  

Weather data were collected using a Watchdog 
Weather Station (WatchDog 2900ET, Spectrum 
Technologies, Inc., Plainfield, IL, USA) located onsite. 
The onsite station was supplemented by the weather data 
obtained from weather station located about 2 km east at 
the Canada-Manitoba Crop Diversification Centre, 
Winkler. The weather data collected were precipitation, 
temperature, wind speed, relative humidity and solar 
radiation. The weather data collected were used to estimate 
the reference crop evapotranspiration (ETo) using the 
Penman-Monteith equation (Allen 1998). 
Partitioning of reference crop evapotranspiration In the 
simulation exercise, the reference crop evapotranspiration 
was partitioned into reference evaporation and reference 
transpiration values. These values were entered as separate 
model input in the HYDRUS (2D/3D) model. The average 
leaf area index (LAI) of reference grass of assumed height 
(h) 0.12 m (FAO 2016) was used as the coefficient to 
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divide the reference crop evapotranspiration into reference 
transpiration and reference evaporation. The LAI of the 
reference grass was estimated as 2.88 from equation (1). 
 LAI = 24 h             (1) 

Equations (2a) and (2b) were used to estimate the 
reference evaporation and reference transpiration 
respectively (Qiao 2014). 

Reference evaporation = ETo ×e-k×LAI  (2a)            (2a) 

Reference transpiration = ETo ×!1- e(-k×LAI)!  (2b) 
where k is the coefficient governing radiation extinction 
by the canopy of the reference grass, usually ranging from 
0.5 to 0.75 (Šimůnek et al. 2009). In the present study k = 
0.5 was used to indicate that only half of the grass actively 
contributed to the surface heat and vapour transfer (Allen 
1998). 
Estimation of actual crop evapotranspiration Actual 
crop ET (ETc) was estimated based on the crop coefficient 
(Kc) of the potato crop, and the reference crop 
evapotranspiration (ETo) as shown in equation (3). The 
crop coefficient values for potato during the different 
growth stages were calculated based on the growing 
degree days using a method proposed by Ojeda-
Bustamante et al. (2004) (in Satchithanantham 2013).  

ETc = Kc ×ETo      (3) 
In the HYDRUS (2D/3D) model, the actual crop ET is 
determined based on pressure head and potential root 
water uptake. The pressure head is related to the soil water 
content. This eliminates the use of crop coefficient to 
determine the actual crop evapotranspiration in the model. 
The HYDRUS (2D/3D) simulates root water uptake using 
water stress response function proposed by Feddes et al. 
(1978) (in Šimůnek et al. 2012 (a)) or the S-shape function 
by van Genuchten (1985) (in Šimůnek et al. 2012 (a)). In 
the present study, the water stress response function by 
Feddes et al. (1978) was used to determine the root water 
uptake S(h), which is determined in the model by equation 
4 (Šimůnek et al. 2012 (a)). 

S(h) = α(h) Sp      (4) 
where Sp is the potential root water uptake rate, which is 
the potential volume of water that can be removed from a 
unit volume of soil per unit time (Soylu et al. 2011). The 
Sp is equivalent to the reference crop evapotranspiration 
when integrated over the rooting depth of the actual crop 
based on the assumption that the soil surface is fully 
vegetated (Soylu et al. 2011). The water stress response 
function α(h), is a dimensionless function, which accounts 
for soil water limitation in the root water uptake process as 
a function of pressure head (Soylu et al. 2011; Šimůnek et 
al. 2012). It ranges from zero to one (Šimůnek et al. 2012 
(a)). The water stress response function used by the Feddes 
model is as presented in Figure 1. In the Feddes model (as 
demonstrated in Figure 1), water uptake is assumed to be 
zero when the pressure head is less or equal to pressure 
head at permanent wilting point (h4) and also near 
saturation (h1) (Feddes et al. 2001). This is because at or 
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below permanent wilting point, plants cannot extract water 
from the soil whereas at saturation there is limited root 
respiration, which hinders root water uptake (Feddes 2001; 
Smedema et al. 2004). When the term α(h) is one (for 
pressure head from h2 to h3), root water uptake is not 
constrained by soil water, which allows for maximum 
water uptake (Feddes et al. 2001; Soylu et al. 2011).  
Effective precipitation The precipitation amount during 
the experimental period was reduced to account for 
precipitation interception by the crop canopy. The actual 
interception by the crop canopy was estimated using 
equation (5a) (Qiao 2014), where LAI reported in the 
literature for the various growth stages of potato crop was 
considered and the maximum interception rate was 
assumed to be 20%. The intercepted fraction of the 
precipitation was assumed to not reach the soil profile. 
Hence, the remaining precipitation was used as the 
precipitation input for the model. The effective 
precipitation was estimated by using equation (5b) (Qiao 
2014). 
 
   (5a) 

 
 
        (5b)  

Simulation of water flow through the soil 
Soil Profile and drain tile representation The HYDRUS 
(2D/3D) model allows two- and three- dimensional 
modeling of water flow through the soil profile. In this 
study, the 2-D mode was used to simulate the water flow 
in the vertical profile. Also, consideration of the computer 
memory and simulation run times made the 2-D mode 
more appropriate. 

The model was used to simulate water flow through a 
2-D model domain of 15 m width × 2.5 m depth. This 
cross-section corresponded to the position of the drain tile 
with reference to the no flow boundaries in the dynamics 
of flow to the drain tile (Smedema et al. 2004); and depth 

Fig. 1. Water stress response function used by the 
Feddes model (Adapted from Šimůnek et al. 
(2012a)). 
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below the seasonal watertable fluctuations. The soil profile 
was divided into four layers known as “surfaces” in the 
model. The first layer was from the soil surface to 0.4 m 
depth; the second layer was from 0.4 m to 0.6 m depth; the 
third layer was from 0.6 m to 1m depth; and the fourth 
layer was from 1 m to 2.5 m depth. These layers allowed 
for simulating water flow through the upper layer, which 
was frequently disturbed by field operations; mid layer, 
where there was maximum root water uptake by the potato 
crop; and deeper layers to accommodate the flow 
dynamics beneath the drain tiles.  

Based on the created soil profile, a triangular finite 
element (FE) mesh was created to serve as a basis for 
calculations for each layer. The stretch factor in the 
vertical direction for the FE mesh for each layer is 
presented in Table 1. Stretching factor less than one was 
used so that the nodes in the vertical direction were denser 
than in the horizontal direction. The model domain had 
31257 nodes. The mesh refinement was 0.05 m. As part of 
the triangular FE mesh, the drain tile was represented in 
the model domain as a hollow hole centered at a depth of 
0.9 m. The drain tiles in the field were standard corrugated 
pipes with diameter of 10.16 cm. This diameter was 
represented with an effective diameter of 1.02 cm with full 
permeability through the pipe walls to overcome the 
partial permeability of the standard corrugated pipes 
(Fipps et al. 1986; Qiao 2014). 
Initial conditions The HYDRUS (2D/3D) provided an 
option of setting the initial conditions in terms of pressure 
head or water content. In the present study, the volumetric 
soil water content determined at the various depths at the 
beginning of the experimental period in the field was used 
as the initial condition for the layers in the model domain. 
The summary of the initial conditions for the layers are as 
presented in Table 2. 
Boundary conditions The 2-D soil profile created had 
four external boundaries, which were the soil surface, the 
left side, the right side and the bottom. There was also an 
internal boundary due to the hollow circular opening of the 
drain tile. The schematic of flow to a typical drain tile and 
the created model domain with the boundary conditions 
are presented in Figures 2(a) and 2(b), respectively. The 
soil surface used an atmospheric boundary, which 
processed daily atmospheric inputs of precipitation, 
evaporation and transpiration. The left and right sides of 
the domain had no-flux boundary condition. The drain tile 
was located between two adjacent drain tiles; hence it was 
assumed that water did not flow horizontally across the left 
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and right boundaries (Smedema et al. 2004). The boundary 
condition at the bottom of the model domain was set to no-
flux condition. This is because the watertable depth in the 
study area during the simulation period was within the 
model domain. Also, there is non-existence of 
groundwater regional flow in the study area. A seepage 
face was specified as the boundary condition for the drain 
tile. 
Soil hydraulic parameter estimation In the HYDRUS 
(2D/3D) model, the two-dimensional form of the Richards 
equation for simulating water flow through variably 
saturated porous media is as shown in equation (6). 

 ∂θ
∂t

= ∂
∂xi
K !!KijA!

∂h
∂xj
+Kiz

A)! -S                 (6) 

where θ is the volumetric soil water content, h is the 
pressure head, S is the sink term, which represents the 
volume of water removed per unit time from a unit volume 
of soil due to plant water uptake, xi is a spatial coordinate, 
t is time, KA

ij are components of a dimensionless 

Fig. 2. Schematic of (a) typical flow to drain tile (b) 
boundary conditions used in created model 
(not drawn to scale). 

Table 1.  Stretching factor for FE mesh for each 
surface in the vertical direction. 

Layer (m) Stretching factor 
0.0 - 0.4 0.98 
0.4 - 0.6 0.98 
0.6 - 1.0 0.98 
1.0 - 2.5 0.63 

Table 2.  Initial soil water content for layers. 

Layer (m) Initial moisture content (m3m-3) 
Plot 16 Plot 18 

0.0-0.4 0.29 0.15 
0.4-0.6 0.32 0.14 
0.6-1.0 0.38 0.25 
1.0-2.5 0.34 0.34 
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anisotropy tensor and K is the unsaturated hydraulic 
conductivity function, subscripts i and j represent two 
directions, x shows the horizontal coordinate and z for the 
vertical coordinate. 
 The model used the soil-hydraulic functions proposed 
by van Genuchten (1980) and Mualem (1976) to describe 
the soil water retention curve, θ(h), as shown in equation 
(7), and the unsaturated hydraulic conductivity function, 
K(h), as shown in equation (8). 

θ(h) = !θ!
!!!!!

[!!|!!|!]!
, h < 0

θ!, h ≥ 0
  (7) 

 

K(h) =  K!S! 
! !1 − (1 − S!

!/!)!!
!
          (8) 

where  m =1- 1
n

 ,   n >1 ; S!  =
θ - θr
θs- θr

;  θr [-] and θs [-] 
denote the residual and saturated water content, 
respectively; α [L-1] is the  reciprocal of the air-entry 
value; Ks [L T-1] is the saturated hydraulic conductivity, n 
[-] is the pore-size distribution index, Se [-] is the effective 
water content; and l [-] is the pore-connectivity parameter 
with an estimated value of 0.5, resulting from averaging 
conditions in a range of soils (Mualem 1976). 

As depicted by equation (7) and (8), to accurately 
describe the hydrological processes in the soil profile, the 
soil water retention and unsaturated hydraulic conductivity 
data must be acquired. However, these data were not 
determined experimentally in the present study. Hence, the 
inverse modeling option in the model was used to 
determine the soil hydraulic parameters during the 
calibration process. Detailed description of the inverse 
modeling procedure in determining the hydraulic 
parameters is available in Šimůnek et al. (2012 (b)). The 
inverse modeling is a widely used tool for determining 
unknown causes on the basis of observation of their 
effects, as opposed to modeling of direct problems whose 
solution involves finding effects on the basis of a 
description of their causes (Hopmans et al. 2002). This 
approach has been widely adopted for characterizing flow 
through porous media (Hopmans et al. 2002). The 
hydraulic parameters determined include the residual soil 
water content (θr), saturated soil water content (θs), 
parameters α and n, and saturated hydraulic conductivity 
(Ksat).  
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Measured soil water content, groundwater level, 
actual precipitation, reference evaporation and reference 
transpiration data for the 2011-growing season, from June 
3 to August 26, 2011, were used as input data for the 
inverse modeling. During the calibration process, the 
calibration parameters were optimized until the predicted 
results were acceptable based on statistical and graphical 
evaluation. The calibrated values for θr, θs α, n and Ks 
estimated from the inverse modeling for the soil layers are 
shown in Table 3 and Table 4 for plots 16 and 18, 
respectively. 
Evaluation of model performance The performance of 
the model to accurately simulate water flow through the 
soil profile was assessed by using graphical comparison of 
both simulated and observed soil water content values at 
five different observation depths (0.2, 0.4, 0.6, 0.8, and 1.0 
m), the coefficient of determination (R2) between 
simulated and observed data, slope and intercept of 
regression line, the Nash–Sutcliffe modeling efficiency 
coefficient (NSE), percent bias (PBIAS), and the root 
mean square error - observations standard deviation ratio 
(RSR). The NSE, PBIAS, and RSR values were estimated 
using equations 9, 10 and 11, respectively (Moriasi et al. 
2007). 

NSE = 1 − !∑ ! yi
obs ! yi

sim!
2n

i=1

∑ !yiobs ! ymean!
2n

i=1
!    

          (9) 
 

PBIAS = !
∑ (yi

obs ! yi
sim)× 100n

i=1
∑ (yi

obsn
i=1 )

!     

        (10) 
 

RSR = RMSE
Standard deviation

 =  
!!∑ !yiobs!yisim!

2n
i=1 !

!!∑ !yiobs!ymean!
2n

i=1 !
    (11) 

where, 
 yi

obs = the ith observation for the constituent being 
evaluated,  

yi
sim  = the ith simulated value for the constituent being 

evaluated,  
ymean  = the mean of the observation data for the constituent 

being evaluated and n is the total number of 
observations. 

Table 3. Soil hydraulic parameters estimated from 
inverse modeling for Plot 16. 

Depth 
(m) 

θr 
(m3m-3) 

θs 
(m3m-3) α n Ks  

(m day -1) 

0-0.4 0.06 0.40 0.078 1.293 1.66 
0.4-0.6 0.04 0.42 0.019 1.576 1.21 
0.6-1 0.04 0.42 0.019 1.576 1.21 
1-2.5 0.04 0.43 0.048 1.173 3.50 

 

Table 4. Soil hydraulic parameters estimated from 
inverse modeling for Plot 18. 

Depth 
(m) 

θr 
(m3m-3) 

θs 
(m3m-3) α n Ks  

(m day -1) 

0-0.4 0.04 0.41 0.423 1.368 3.70 
0.4-0.6 0.04 0.41 0.016 1.487 1.41 
0.6-1 0.04 0.41 0.016 1.487 1.41 
1-2.5 0.04 0.41 0.024 1.239 3.50 
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Simulation of crop evapotranspiration 
Soil water loss to crop ET causes significant changes in the 
soil moisture dynamics especially in the top 1.0 m depth of 
the soil profile (Smedema et al. 2004). Consequently, a 
modeling tool capable of simulating crop 
evapotranspiration is vital for accurate prediction of soil 
water content. In the present study, the water stress 
response function by Feddes et al. (1978) (in Šimůnek et al 
2012 (a)) was used to determine the crop ET in the model. 
The HYDRUS-simulated results for the actual crop ET 
was compared to the estimated field actual crop ET. The 
visual comparison between the estimated and HYDRUS-
simulated actual crop ET for plots 16 and 18 are presented 
in Figures 4(a) and 4(b). Included in the figures is the 
volumetric soil water content (SWC) averaged over 0.6 m 
depth of the soil profile. The averaging was done over 0.6 
m depth based on the assumption that maximum water 
uptake for potato crop occurs in the top 0.6 m of the 
rooting depth. 

As mentioned earlier, in the HYDRUS (2D/3D) 
model, root water uptake is a function of the reference 
crop ET, and the pressure head, which depends on water 
availability in the soil. The trend observed in the 
HYDRUS-simulated actual crop ET values in Figures 4(a) 
and 4(b) shows that during periods of relatively high water 
content, the crop ET was high, and vice-versa.  That is 
increasing water content increased crop ET, and vice-
versa. Also depicted in Figure 4, the model overestimated 
the crop ET in the early vegetative growth stage, 
underestimated during the tuber initiation stage and the 
early part of the tuber bulking stage, then overestimated 
again in the maturation stage. This observation was 
attributed to the absence of the crop coefficient in 
estimating the crop ET in the model. At the early stage, the 
potato crops have shallow roots, which implies low crop 
ET (as depicted by the trend in the estimated actual crop 
ET). During the tuber initiation and tuber bulking growth 
stage through to the early period of maturation stage, there 
is an increased root development and groundcover for 
increased crop ET (as depicted in the trend for the 
estimated actual crop ET). The reverse of this observation 
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RESULTS AND DISCUSSION 
Sources of water in the soil profile 
Figure 3 shows the variation in groundwater level in 
relation to precipitation and irrigation, over the 
experimental period. The experimental period covered the 
four growth stages of potatoes, which are vegetative, tuber 
initiation, tuber bulking, and maturation. Precipitation and 
irrigation amount over the experimental period was 242 
mm and 54.6 mm, respectively. At the beginning of the 
experimental period, soil water content was replenished by 
rainfall, which recharged the groundwater. The 
groundwater level rose to about 0.5 m from the soil surface 
after a rainfall event of 49 mm on June 22. Subsequently, 
the groundwater level declined continuously below the 
drainage base of 0.9 m irrespective of subsequent recharge 
events.  

Dry period, from July 20 to August 30, coincided with 
the tuber initiation stage through tuber bulking stage of the 
potato crop. Rainfall amount of 32.2 mm occurred during 
that period. Moisture availability during the tuber initiation 
and bulking stages are critical for optimum yield (Rowe 
1993). Hence, irrigation was done to meet the crop water 
demand. The irrigation events were monitored with 
tensiometers installed up to 1 m depth of the soil profile at 
0.2 m intervals. Irrigation events occurred whenever the 
installed tensiometers at any of the top 0.6 m depth 
readings were drier than that corresponding to -25 kPa. 
During the experimental period, irrigation was applied 
through five irrigation events to replenish the losses from 
evapotranspiration. No supplemental irrigation was applied 
during the maturation stage since potatoes do not need as 
much water during the maturation stage (Rowe 1993). The 
total amount of irrigation water applied was about 50% 
less than the average annual moisture deficit of 90 mm due 
to significant moisture contribution from groundwater and 
rainfall. In the present study, groundwater contribution to 
soil water content was not evaluated due to unavailability 
of data to do full water balance. Previous studies at the 
experimental site also demonstrated that groundwater 
contributes to soil water to meet crop water demands 
(Abbas and Sri Ranjan 2015; Cordeiro et al. 2015).  

Fig. 3. Groundwater level distribution in relation to rainfall and irrigation. 
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was seen in the trend for the HYDRUS-simulated crop ET. 
The HYDRUS-simulated actual crop ET was 
overestimated whenever there was increase in the soil 
water content and vice-versa as shown in the vegetative 
and maturation growth stages.  

14

The correlation between the HYDRUS-simulated and 
estimated actual crop ET for the various growth stages for 
plots 16 and 18 are presented in Figure 5 and Figure 6, 
respectively. The correlation between the HYDRUS-
simulated and estimated actual crop ET confirms the trend 

Fig. 4.  Visual comparison between estimated and HYDRUS-simulated actual crop ET (a) Plot 16 (b) Plot 18. 

Fig. 5. Plot 16 - Correlation between HYDRUS-
simulated and estimated daily actual crop 
evapotranspiration for the various growth 
stages of the potato crop. 

Fig. 6. Plot 18 - Correlation between HYDRUS-
simulated and estimated daily actual crop 
evapotranspiration for the various growth 
stages of the potato crop. 
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observed in Figure 4. The model performance increased 
with increasing root development and ground cover (from 
tuber initiation to tuber bulking stage) and then declined as 
the ground cover decreased during the maturation stage. 
Notwithstanding, values of R2 greater than 0.5 indicate an 
acceptable model performance (Moriasi et al.  2007). The 
model accounted for 50% to 78% of the variation in the 
estimated data for the actual crop ET. Hence, simulation of 
the actual crop ET by the model was acceptable.  
Simulation of soil water content 
Figure 7 and Figure 8 show the graphical presentation of 
the simulated and observed soil water content for plots 16 
and 18, respectively. Soil water distribution at five 
observation depths, that is 0.2 m, 0.4 m, 0.6 m, 0.8 m, and 

16

1.0 m are shown in the figures. Water content up to 1.0 m 
depth was of interest in this study since water content 
changes in the top 1.0 m depth of the soil profile are 
significant (Smedema et al. 2004). As shown in Figures 7 
and 8, the simulated results for both the calibration period 
and validation period reasonably followed the trend 
depicted in the observed results for both plots.  

In addition to the visual presentation, statistical 
analysis of the model performance was performed to 
ascertain the effectiveness of the HYDRUS (2D/3D) 
model to simulate soil water content at the study site. The 
statistical parameters used were the coefficient of 
determination (R2), slope and intercept of best fit, the 
Nash–Sutcliffe modeling efficiency coefficient (NSE), 

Fig. 7. Visual comparison between observed and 
simulated soil water content data for Plot 16. 

Fig. 8. Visual comparison between observed and 
simulated soil water content data for Plot 18. 
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Percent bias (PBIAS), and root mean square error-
observations standard deviation ratio (RSR). In general, 
the statistical analysis for the model performance for the 
calibration period was better than the validation period. 
This was attributed to larger sample size for the calibration 
than the validation. Also, since the soil hydraulic 
parameter values were optimized during the calibration but 
not during validation, the performance of the model for the 
calibration period was expected to be better than the 
validation period. The correlation (R2) between the 
simulated and observed soil water content data is 
presented in Figure 9. Values of R2 range from 0.0 to 1.0 
with values greater than 0.5 indicating acceptable model 
performance (Moriasi et al. 2007). The correlation 
between the simulated and observed results was strong for 
both plots for both calibration and validation. The model 
accounted for 68% to 89% of the variation in the observed 
data, which is an acceptable performance of the model 
(Moriasi et al. 2007). The slope and y-intercept of the best-
fit was used to determine how well the simulated data 
matched observed data for the model domain. The slope of 
best fit for both plots were close to 1.0 and the y-intercept 
for both plots were close to 0.0 for both calibration and 
validation. Slope of the best fit being closer to 1.0 
indicated a strong relationship between simulated and 
observed values. A y-intercept close to 0.0 was an 
indication that the simulated and observed data were 
reasonably aligned (Moriasi et al. 2007). 

The estimated values for the NSE, PBIAS and RSR 
for both plots for the calibration and validation are 
presented in Table 5. Also included in the table are the 
corresponding values for acceptable model performance. 
The NSE was used to determine the relative magnitude of 
the residual variance compared to the observed data 
variance (Moriasi et al. 2007). Its value ranges from −∞ 
and 1.0, with NSE equal to 1.0 being the optimal value. A 
model is considered to have an acceptable performance 
with NSE values between 0.0 and 1.0 (Moriasi et al. 
2007). Values less than 0.0 indicates that the mean 
observed value is a better predictor than the simulated 
value, which makes the performance of a model 
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unacceptable (Gupta et al. 1999). As shown in Table 5, the 
NSE value was acceptable and close to 1.0 for calibration 
and validation for both plots. The model performance was 
satisfactory since the NSE values for calibration and 
validation periods were greater than 0.5.  

Percent bias (PBIAS) analysis was done to study how 
much the simulated data deviated from the observed data 
(Gupta et al. 1999). The optimal value of PBIAS is 0.0, 
with low-magnitude values indicating accurate model 
simulation. Positive values of PBIAS indicate model 
underestimation bias, and negative values indicate model 
overestimation bias (Gupta et al. 1999). As presented in 
Table 5, the PBIAS values for both calibration and 
validation for both plots were within ±10%, which 
indicates a very good model performance (Moriasi et al. 
2007). 

The residual error in the data was assessed using 
standardized root mean square error (RMSE) known as the 
RMSE-observations standard deviation ratio (RSR) 
proposed by Moriasi et al. (2007). The RMSE was 
standardized with the observation data standard deviation. 
The RSR value ranges from zero to a large positive value 
(Moriasi et al. 2007). The RSR value of zero indicates that 
RMSE or residual variation is zero. This implies the model 
simulates perfectly. A lower RSR value implies a lower 
RMSE value and a better model performance. RSR value 
less than 0.5 is considered very good. Values at 0.6 and 0.7 
are considered good and satisfactory, respectively. The 
RSR values for Plot 16 were 0.49 and 0.61 for the 
calibration and validation, respectively; and that for Plot 
18 were 0.33 and 0.39 for the calibration and validation, 
respectively. These RSR values indicated that the model 
performance varies from satisfactory to very good. 

Table 5. Summary of estimated values for evaluation 
parameters. 

Parameter Calibrated Validated Acceptable 
values Plot 16    

NSE 0.76 0.62 0.0-1.0 
PBIAS 1.16% -0.34% ±10% 
RSR 0.49 0.61 0-0.7% 

Plot 18    
NSE 0.89 0.84 0.0-1.0 
PBIAS 0.61% -1.99% ±10% 
RSR 0.33 0.39 0-0.7% 

 

Fig. 9. Correlation between observed and simulated soil 
water content data. 
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CONCLUSION 
The HYDRUS (2D/3D) model was used to simulate water 
flow through a subsurface drained sandy loam soil under 
potato cultivation in Southern Manitoba. Graphical 
comparison and quantitative statistics including R2, slope 
and intercept of best fit, NSE, PBIAS, and RSR were used 
to assess the performance of the model. The ability of the 
model to account for root water uptake was also used to 
assess the model performance. The graphical comparison 
showed that the simulated soil water content data followed 
the trend in the observed data reasonably well. The 
correlation (R2) between the simulated and observed soil 
water content data varied from 68% to 89%, which was 
greater than 0.5 as the threshold for good performance of a 
model. The intercept of the best fit varied from 0.01 to 
0.08, which were close to 0.0. The slope of the best fit 
varied from 0.75 to 0.99, which were close to 1.0. The 
NSE varied from 0.62 to 0.89, which made the 
performance of the model satisfactory. PBIAS values 
varied from -1.99% to 1.16%, which were within the 
acceptable range of ±10%. The RSR values varied from 
0.33 to 0.61, which were also in the acceptable range for 
model performance. The model was able to account for 
50% to 78% of the variation in the estimated actual crop 
ET, which indicated a satisfactory model performance. 
From the graphical and quantitative analysis, the 
HYDRUS (2D/3D) model was able to simulate water flow 
through the subsurface drained sandy loam soil under 
potato cultivation located in Southern Manitoba 
reasonably well. 
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