Agricultural Water Management 132 (2014) 69-78

Contents lists available at ScienceDirect = cvgf‘i;“lM‘:n‘glgemem
NN\,
: N AUA
Agricultural Water Management NG
£

journal homepage: www.elsevier.com/locate/agwat

Simulating soil water regime in lowland paddy fields under different
water managements using HYDRUS-1D

4 =
@ CrossMark

Xuezhi Tan®?, Dongguo Shao®*, Huanhuan Liu?®

a State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan 430072, PR China
b Department of Civil and Environmental Engineering, University of Alberta, Edlmonton, Alberta, Canada T6G 2W2

ARTICLE INFO

Article history:

Received 27 April 2013

Accepted 13 October 2013
Available online 5 November 2013

Keywords:

Paddy soil

Soil water flow

Soil water pressure

Alternate wetting and drying (AWD)
Groundwater capillary rise
HYDRUS-1D

ABSTRACT

The widely adopted alternate wetting and drying (AWD) irrigation for rice production in lowland paddy
fields with shallow groundwater table is increasingly needed to quantify the soil water regime for
irrigation schedule design. Field experiments were conducted to compare the soil water flow between
paddy fields under AWD and continuously flooded irrigation (CFI), during the rice growing season in
2010-2011. Model simulations using HYDRUS-1D were also conducted based on the measured pressure
head distribution of soil profiles. Modeling results show that the pressure head derived from forward
simulation using the point estimated soil hydraulic parameters did not agree well with the measured
pressure head. However, from inverse modeling of saturated hydraulic conductivities of plow pan (mean
of 0.68 cmd~" in AWD plots and 0.54cmd~" in CFI plots), the HYDRUS-1D model can properly simulate
the water flow in multi-layer paddy soil flow, where the plow pan plays an important role in determining
the vertical pressure head distribution. The measured pressure head and simulated pressure head derived
from inverse modeling agreed well (NSE of 0.93-0.98) during the whole rice growing season. Measure-
ment and simulation results indicated that the practice of AWD decreased the percolation 38.2-40.3%
in 2010 and 23.3-27.2% in 2011, compared to that of CFI. It is also found that groundwater capillary rise
amounted to 26.1-27.4% in AWD plots, and 10.2-18.1% in CFI plots of respective water input (irrigation

and rainfall).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Rice is a large water consumer, but water for rice production is
increasingly becoming scarce and expensive due to the increasing
demand for water from the ever-growing population, competi-
tion for water from other sectors, such as urbanization, tourism,
industry and ecosystem services (Bouman and Tuong, 2001; Loeve
et al., 2007). Water-saving irrigation (WSI) methods, e.g. alter-
nate wetting and drying (AWD), saturated soil culture, aerobic rice,
have been widely adopted for rice production in Asia, where rice
accounts for 40-46% of the net irrigated area of all crops (Li and
Barker, 2004; Bouman et al., 2007b). The WSI methods do not
require rice fields to be continuously flooded. Farmers only irrigate
and re-flood their fields when field soil moisture or soil matric
potential is lower than the threshold value, below which rice yield
will decrease significantly.

Many reported studies suggested that WSI methods do not
reduce the rice yield, and sometimes it may improve rice root
and shoot growth, and enhance rice yield (Bouman et al., 2007b;
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Cabangon et al., 2004; Zhang et al., 2009). The success of WSI
implementation for reducing water input (rainfall and irrigation) is
mostly due to the decrease of water losses through seepage and per-
colation, since the hydrostatic pressure can be significantly reduced
compared to continuously flooded irrigation (CFI) field (Kukal et al.,
2005). Some research has been done to quantitatively assess dif-
ferent water outflows, i.e., evaporation, seepage and percolation in
lowland AWD paddy fields, but the water balance analysis of AWD
fields was usually assumed that there was no groundwater capil-
lary rise (also referred as upward water flux or groundwater inflow)
in fields under AWD (Luo et al., 2009). The reduction of seepage
and percolation benefiting from AWD practice was overestimated
(Cabangon et al., 2004; Bouman et al., 2007b; Peng et al., 2011).
The groundwater capillary rise is difficult to be measured and simu-
lated by simple soil water movement models, e.g. ORYZA2000 with
SAWAH (ten Berge et al.,, 1995; Bouman et al., 2001; Belder et al.,
2007), although it has been used to simulate the effects of ground-
water depth on yield-increasing interventions (Boling et al., 2007).
Admittedly, the infiltration of paddy fields also affects the ground-
water recharge and groundwater table fluctuation (Mishra et al.,
1990; Liu et al., 2005). The impacts of AWD on groundwater capil-
lary rise and rice yields were not well understood to improve AWD
practice.
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Under AWD practice, the soil water regime of paddy fields is
transformed from being saturated to being alternately saturated
and unsaturated. Thus, the soil water movement between paddy
fields under AWD and under CFI differs greatly. To reduce water
use without affecting rice yield by AWD, groundwater depth are
usually required to be extremely shallow (Belder, 2004; Bouman
etal.,,2007b).Tuong et al. (2005) suggested thatirrigation should be
based on a threshold soil matric potential at 10 cm depth of —20 kPa,
while Kukal et al. (2005) reported that irrigation should be con-
ducted when the soil matric potential at 15-20 cm depth is lower
than —16kPa. Luo et al. (2009) even suggested that the irrigation
scheduling criteria can be set as —30 kPa for average root zone soil
matric potential, whereas it can be set at —70kPa during the dry
years for aerobic rice. These critical soil matric potentials are all
derived from specific field experiments with different soil physical
properties. The relationship between groundwater depth and criti-
cal soil matric potential was not fully demonstrated for field water
management. With an irrigation criterion of soil matric potential,
the total amount of irrigation water input was a function of the
number of rainy days and evaporation during the rice season (Kukal
et al., 2005). From the simulation results of Boling et al. (2007),
the rice yields in fields under AWD, where groundwater depth is
deeper than 0.5 m, may be lower than the potential yields. How-
ever, many paddy fields, where the groundwater depth reach 60 cm
or more, and have reliable and timely irrigation water sources,
also adopted AWD successfully without affecting rice yields (Peng
et al.,, 2011). This may be due to the specific soil hydraulic prop-
erties and timely irrigation. It is needed to determine the critical
soil matric potential based on groundwater depth and field soil
properties.

Modeling of soil water movement is a possible way to assess
the groundwater contribution to decrease irrigation water input
in paddy fields under AWD. Because the saturated hydraulic con-
ductivity of plow pan is extremely lower than that of its upper and
lower soils, plow pan determines the vertical water movement and
soil matric potential distribution in paddy fields (Wopereis et al.,
1994; Chen and Liu, 2002). Conceptual models were popularly used
for water balances assessment for AWD paddy fields, although it
usually ignored groundwater capillary rise (Bouman et al., 2007a;
Inthavong et al., 2011; Khepar et al., 2000). Luo et al. (2009) applied
system dynamics approach to simulate time varying water bal-
ance in AWD paddy fields considering the groundwater capillary
rise. Mechanical models, e.g. SAWAH (ten Berge et al.,, 1995) and
FEMWATER (Chen et al., 2002), HYDRUS (Garg et al., 2009; Janssen
and Lennartz, 2009) have been preliminarily applied to analyze the
multi-layer soil water flow in paddy fields. However, the water
balance of paddy fields under different water management was
seldom examined using numerical models and taking groundwater
capillary rise into consideration.

Thus, the objective of this study is to measure the pressure
head distribution in the layered lowland paddy fields under AWD
and CFl, and to model water flow for water balance analysis.
The HYDRUS-1D model was used for simulating the soil water
flow based on measured soil hydraulic parameters and pressure
data.

2. Materials and methods
2.1. Field experiments

Field experiments on rice (Oryza sativa) were conducted for
two years (2010-2011) during the rice growing season, at an
experimental lowland paddy field (112°10’, 30°49’; elevation of
72m) of Zhanghe Irrigation District, which is located in Tuan-
lin, Hubei province and has been intensively researched on the

performance of water-saving irrigations in paddy fields (Belder,
2004; Cabangon et al., 2004). Two water treatments (AWD and
CFI), with four replications were laid out in a split-plot design
(Fig. 1). The concrete block levees divided the experimental plots
(9m x 8 m) and they were covered with galvanized plastic plain
sheet extending downward about 50 cm deep to minimize seepage
across plots.

The controlled thresholds of field water regime in different rice
growth stages for AWD irrigation are shown in Table 1, while paddy
plots under CFI were maintained ponded water during the rice
growing season, except in the growth stage of late tillering and
yellow ripening when rice needs little water. In CFI paddy fields,
irrigation was conducted immediately when there was no ponded
water in fields. The upper limit depth of ponded water for both
CFI and AWD paddy plots was 10 cm. At the rice growth stage of
late tillering and yellow ripening, all paddy plots were drained for
increasingrice yields as local farmers did (Mao, 2001; Li, 2001). Pre-
vious experiments proved that this AWD irrigation schedule can
maintain and sometimes increase the rice yields (Tan et al., 2013).
The same nitrogen and phosphorus fertilization was applied during
the experiments.

Soil profile of each experimental paddy plot was excavated for
soil cores sampling. Based on the in situ soil texture visual obser-
vation, as well as the soil property analysis, we divided up the
soil profile into three layers, i.e., cultivated horizon layer (CHL),
plow pan layer (PPL) and illuvial horizon layer (IHL) (Table 2). Dis-
turbed soil used for texture analysis was sampled at each layer
for each plot. The particle size distribution was determined by the
soil particle size and shape measurement system (AZ-S0300) from
the Ankersmid Ltd., Eyetech Series. At every layer of each plot,
three replicates of 250 cm? soil cores were horizontally evenly sam-
pled. These undisturbed soil cores samples were separated to three
groups for analysis of bulk density, saturated hydraulic conductiv-
ity and water retention characteristics, respectively. Bulk density
was determined with the familiar stove-drying method, and satu-
rated hydraulic conductivity was measured with the constant head
method. Soil water retention was determined with the Hyprop
System based on the simplified evaporation method (Peters and
Durner, 2008). With the measured core soil water potential and
soil water content, the Hyprop System optimized van Genuchten’s
0-h relationships which were used for HYDRUS-1D simulation and
will be described in the next section.

Before rice transplanting, piezometers and tensiometers were
installed in the center of each plot at soil depth of 18 and 33 cm
where the pressure gradients were very large, as well as soil depth
of 72 cm which was the deepest location that our tensiometers
could reach. In order to measure the depth of groundwater table,
each plot was drilled and embedded with PVC tube (4 cm in inner
diameter) to form groundwater table meter. Paddy ponded water
meters were also set up in each plot. The ponded water depths were
able to be controlled through gates constructed at plots drainage
outlets.

During the rice growing season in 2010 (June 3-September
25) and 2011 (June 9-September 28), the daily ponded water
depth and water table of each paddy plot was measured by water
level indicators and recorded manually. The daily soil pressure
head measured by tensiometers was recorded. If the soil was
saturated, the soil pressure head was measured by piezometers
and recorded manually. All these daily value were read at 2:00 pm
to ensure the consistency of data. The water components measured
includes rainfall, irrigation, and drainage. Irrigation was conducted
according to measured field water pressure head and irrigation
schedule. The amount of irrigation volume was 30 mm a time as
local farmers did, by controlling the pumping time with steady
pumping flow. It should be noted that there was no drainage water
observed at the outlets of both AWD and CFI paddy plots. The
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Fig. 1. Schematic of the field layout and locations of instruments.
Table 1
Controlled thresholds of field water regime in different rice growth stages for AWD irrigation.
Irrigation TG ET LT BH MR YR
Upper ponded water depth limited (cm) 10 10 10 10 10
Lower pressure head limited (cm)? 0 -50 -150 -100 -50 Drainage and naturally drying
Observed depth (cm) 18 18 18 33 33

TG, turning green; ET, early tillering; LT, late tillering; BH, booting and heading; MR, milk ripening; YR, yellow ripening.

2 Data show the pressure head at the observed depth where tensiometers located.

daily evapotranspiration was calculated by multiplying reference
evapotranspiration, derived from Penman-Monteith Equation, by
the rice coefficient (Allen et al., 1998). The meteorological data
were obtained from the Tuanlin Weather Station that is 100 m
away from the experimental paddy plots. The seasonal grain yields

2.2. Model simulation

Water flow was modeled using the HYDRUS-1D (Simunek et al.,
1998), in which water flow is described by the Richards equation:

at the harvest time were investigated in each year for all plots. In a0 d oh
. L . — == |Kh) | == +1 -S (1)
this paper, dates used in rice growing season were referred to as ot~ 0Z oz
days after transplanting (DAT).
Table 2
Basic physical properties of soils from paddy plots by core sample laboratory analysis.
Soil layer Texture pp(gecm~')  Parameters of the water retention equation Ks (cmd—1)
Sand (%) Silt(%) Clay (%) 6, (cm3cm=3) Os(ecm3cm3) a(cm1) n
Cultivated horizon layer (CHL) (0-18cm)  20.2 455 343 1.33(6.43)* 0.098 (42) 043 (32) 0.021(12) 131(10)  7.43(32)
Plow pan layer (PPL) (18-33 cm) 16.1 447 39.2 1.56(2.58)  0.069 (53) 0.38(28) 0.011(14) 123(11)  0.48(46)
Mlluvial horizon layer (IHL) (33-100cm) 364 37.2 264 143(2.79)  0.062(31) 0.41(25) 0.034(8) 1.41(8) 182 (11)

Pp, bulk density; 6, residual volumetric water contents; 6s, saturated volumetric water contents; « and n, fitting parameters of soil water characteristic curve; K, saturated

hydraulic conductivity.

2 Values in the parenthesis indicate the coefficients of variation (CV) expressed in percentage.
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where t is the time (d), # is the volumetric water content
(ecm3 cm~3), h is the soil water pressure head (cm), Z is the spatial
coordinate (cm) defined as positive upward, K(h) is the unsaturated
hydraulic conductivity function (cmd-1) and S is a sink term rep-
resenting water uptake by plant roots (cmd~1), which is the daily
evapotranspiration.

We used van Genuchten’s K-h and 0-h relationships for describ-
ing soil hydraulic properties of lowland paddy soils (van Genuchten,
1980):

Os — 0

Oh)=6+ ——— =, h=<0 2
(h) +[1+(ah)”] (2)

m 2
K(h) = K;SL(1 — (1 —S3/™)")

06,
0 — 0,

(3)

. 1
withm=1— Eandse =

where 6; and 6; denote the residual and saturated volumetric water
contents (cm3 cm~3), respectively; o (cm~1) and n (-) are fitting
parameters of soil water characteristic curve; I (-) is the pore
connectivity parameter (=0.5); and Se (=) is the relative satura-
tion. Marquardt-Levenberg type parameter estimation algorithm
is implemented in HYDRUS-1D for inverse estimation of these soil
hydraulic parameters.

For the simulation of soil water movement in paddy plots, 1 m
deep paddy soil domain was represented the soil columns of exper-
imental paddy plots since the groundwater depth was always lower
than 1 m. Moreover, Garg et al. (2009) used the 80 cm soil depth
domain and obtained the reasonable simulation results. For the
objectivity of evaluating the water balances of lowland paddy fields
with extremely shallow groundwater, the selected soil domain of
1 mdeepis enough to find the groundwater capillary rise. The initial
soil water condition of the soil domain was the soil water con-
tent, calculated from measured water pressure head based on van
Genuchten’s 0-h relationship, at the day before transplanting. The
lower boundary condition was the measured daily pressure head
derived from the water table depth, and the upper boundary condi-
tion was the atmospheric boundary condition with ponded water.
This atmospheric boundary condition consisted of rainfall, evapo-
transpiration and irrigation. In that irrigation was assumed to be
uniform rainfall. The left and right side boundaries of soil domain
were treated as no-flux boundaries, as the plastic sheet greatly pre-
vent lateral soil water flow between paddy plots and we expected
minimal lateral seepage during the period of experiment.

The simulation was carried out in two steps: (i) forward sim-
ulation for each plot using measured soil hydraulic parameters
which were listed in Table 2. (ii) Inverse estimation of the satu-
rated hydraulic conductivity of PPL using measured pressure head
and Marquardt-Levenberg type parameter estimation algorithm.
In order to full use of the measured soil hydraulic parameters
and decrease the uncertainties of parameter optimization, we just
selected the saturated hydraulic conductivity of PPL for calibration,
since PPL has extremely low saturated hydraulic conductivity and is
mostly hard to measure accurately. Moreover, the PPL largely deter-
mines the soil preferential water flow in paddy fields (Sander and
Gerke, 2007). Water pressure head values measured at 18, 33, and
72 c¢m soil depths were used as the auxiliary variable in the objec-
tive function. Hence, 48 set of time series data (3 depths, 8 plots,
and 2 growing seasons) for piezometric and tensiometers heads
were used to estimate saturated hydraulic conductivity of PPL. In
this inverse modeling process, saturated hydraulic conductivity of
PPL derived by the pressure head data in 2010 were used as input
to predict the pressure head during 2011 and vice versa.

Two statistical procedures were used to assess the level of agree-
ment between the simulated and observed data:

(i) Root mean square error (RMSE):

n

Z(Pl nol) (4)

i=1

RMSE =

11 ash-Sutclitfe mo eling ernciency Nash an utcliffe,
(i) Nash-Sutcliffe modeling efficiency (NSE) (Nash and Sutcliff
1970):
NSE=1— Lia(0i=P)
Z?:l(of - 0)2

where P; is the predicted pressure head corresponding to the
observed pressure head O; (cm), n is the number of data pairs, and
O is the observed average pressure head (cm).

(5)

3. Results and discussion
3.1. Soil properties and groundwater depth

Table 2 shows the mean values and variations for soil bulk den-
sity (pp), texture properties and parameters of the water retention
curves, as well as saturated hydraulic conductivities (Ks) measured
from different soil layers in experimental paddy plots by laboratory
analysis of core samples. The physical analysis indicated that PPL
had the highest p, with a range of 1.52-1.60gcm—3, and lowest
Ks with a range of 0.26-0.70 cmd~!, which was about only 6.5% of
that of CHL and 2.6% of that of IHL. Soils above and below PPL were
generally less compact. This is a common feature with the puddled
paddy soil profiles as the puddling operation promotes illuviation
of finer soil fractions to form a compacted layer (Tournebize et al.,
2006; Bouman et al., 2007b; Garg et al., 2009). The measured Ks
(0.48cmd1) of PPL is much higher than what Wopereis et al.
(1994) (0.036 cmd~1) and Chen and Liu (2002) (0.05 cmd~!) mea-
sured at specific paddy fields. However, it is lower than what Garg
etal. (2009) (1.3cmd~') measured. Table 2 also suggests that soils
of PPL and CHL have large variability of Ks, which shows the diffi-
culty to simulate soil water flow with unique Ks and the necessity
to calibrate it.

Analyzing the measured groundwater depth, we found that the
difference of measured groundwater depth between all plots was
extremely small as plots were next to each other and the area of
experimental paddy fields is small. Therefore, we ignored the dif-
ference of groundwater depth between AWD plots and CFI plots
for bottom boundary setting up for both forward simulation and
inverse modeling. The average groundwater depth during the rice
growing season was shown in Fig. 2. The groundwater depth ranged
from 66.4 to 93.6cm. It was slightly deeper than other reported
experiments (about 40 cm) (Belder, 2004; Cabangon et al., 2004;
Peng et al., 2011). Generally, groundwater of paddy fields in 2010
was deeper than that in 2011 because of the relative less rainfall
input in 2010. The water table did not always fluctuate with the
rainfall and irrigation, because sometimes it was controlled by the
water level in drainage ditch that passes through the experimental
paddy fields (Fig. 1).

3.2. Grain yield and water productivity

Water productivity (kg grainm=—3 water) was calculated as
grain yields divided by total water input that includes rainfall
and irrigation. Grain yields ranged from 6044 to 7864kgha!,
while water productivity from 0.80 to 1.24kg grainm~3 water
input (Table 5). Although the AWD practice decreased grain yields,
on average, by 9.6%, it increased water productivity by 32.2% in
two experimental years, compared to CFI practice. These results
were slightly different from our previous experimental results that
showed there were no significant grain yield variations with AWD
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Fig. 2. Groundwater table of experimental paddy field in 2010 and 2011.

practice compared with CFI practice (Tan et al., 2013). This was
caused by the deep groundwater as depth of water table was
15-40cm (Tan et al., 2013) in previous experiment while 66-94 cm
in this experiment (Fig. 2). It indicates that relatively shallow water
tableis of greatimportance to the success of the AWD practice with-
out affecting the crop yield, which was also found by Belder et al.
(2005).

3.3. Simulation of soil water regime

Because of little water input to AWD plots during the last few
days (DAT=80-103) in 2011 (Fig. 3), the pressure head of soil
depth of 18 cm amounted almost —2000 cm as simulated, which
extremely lower than usual pressure head and cannot be accurately
measured by our tensiometers. In order to eliminate the huge effect
of these extremely low values on the statistics of model perfor-
mance, we neglected the pressure head values of these last seven
days for modeling and statistical analysis.

Using the measured values of hydraulic parameters of each
paddy plot (Table 2), the water movement during the rice growing
season was simulated respectively. By comparing measured and
simulated pressure heads of soil depth of 18, 33 and 72 cm, Table 3
shows the statistics of agreement. The model performance for CFI
plots was better than that for AWD plots as the RMSE of AWD plot
was averagely 1.16 times of that of CFI plots, and NSE of AWD plot
was 9.6% lower than that of CFI plots on average. This difference is
also reflected by other modeling results, such as that done by Garg

Table 3

etal.(2009)and Sander and Gerke (2009). Thus, the point estimated
soil hydraulic properties did not represent the plot due to landscape
heterogeneity and preferential flow. The RMSE of pressure head
ranged 1.80-9.43 cm with the mean of 5.17 cm, and the NSE ranged
0.56-0.94 with the mean of 0.80, which was largely lower than that
of simulations Wang et al. (2010) conducted using HYDRUS-1D. The
worst goodness-of-fit between measured and simulated pressure
data occurred at soil depth of 33 cm in AWD plots.

As the measured pressure head values of Plot 2 (AWD) and Plot 6
(CFI) closest approach to the respective mean values of all four plots,
the measured and simulated pressure head in 18, 33 and 72 cm at
Plot 2 and Plot 6 was selected to show in Fig. 3. Comparison of
these two pressure head processes indicate that the high pressure
head occurred during the ponded days was always underestimated,
while the extremely low pressure head in drying days was usually
overestimated at soil depth of 18 cm in AWD plots both in 2010
and 2011. In CFI plots, the positive pressure head at soil depth of
18 cm was usually overestimated before the rice growth stage of
late tillering (DAT =1-30). In that time, the decrease of measured
pressure head sometimes was not found by forward simulation.
Therefore, it is motivated to conduct inverse modeling for water
balance analysis.

Calibrated by the 48 sets of pressure head time series data,
we estimated the respective saturated hydraulic conductivity of
paddy plots. Fig. 3 shows simulated pressure values from inverse
modeling for soil depth of 18, 33 and 72 cm and Table 3 shows
the model performance of inverse modeling. The optimized K;

Model performance statistics for predicted pressure head in experimental AWD and CFI paddy plots.

Year Treatment Pressure head
RMSE? (cm) RMSE" (cm) NSE? NSEP
2010 AWD 6.82 + 1.62°¢ 222+ 043 0.80 + 0.06 0.95 + 0.02
CFI 342 +£1.18 1.56 + 0.62 0.86 + 0.08 0.96 + 0.02
2011 AWD 7.32 £2.11 2.15+0.53 0.72 £ 0.16 0.96 + 0.02
CFI 313 +£133 1.73 £ 0.77 0.82 + 0.08 0.95 £ 0.01

3 Model performance from forward simulation with measured mean saturated hydraulic conductivity.
b Calibrated performance from inverse modeling with the optimized saturated hydraulic conductivity.

¢ Values after the plus/minus is the standard deviation of four replicate plots.
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Fig. 3. Measured, forward simulated and inverse modeling pressure head at the soil depth of 18, 33 and 72 cm in paddy fields under AWD (Plot 2) and CFI (Plot 6) during the

rice growing season of 2010 and 2011.

values of PPL were 0.66, 0.68, 0.69 and 0.69cmd~! for AWD plots
(mean of 0.68 cmd~1), and 0.53, 0.53, 0.54, and 0.55 cmd~! for CFI
plots (mean of 0.54 cmd~!). The simulated pressure head processes
from inverse modeling (Fig. 3) both in 2010 and 2011 were greatly
improved through inverse modeling of Ks values, compared to that
of forward simulation. This improvement was especially evident
at soil depth of 18 and 33 cm. The RMSEs decreased 59.3% and
NSE increased 19.9% on average by inverse modeling, compared
to the former forward simulation. Although Garg et al. (2009) and
Sander and Gerke (2009) suggested to use dual-porosity model for
capturing the characteristics of pressure head in paddy field with
preferential flow, from our inverse modeling of saturated hydraulic
conductivity of PPL, the single-porosity model included in HYDRUS-
1D can properly to simulate the water flow in multi-layer paddy
soil flow where the PPL plays an important role in determining
the vertical pressure head distribution. The average NSE reached
0.93-0.98, which indicates that the simulation results from inverse
modeling are reasonable for water balance analysis.

The difference of calibrated saturated hydraulic conductivity
between AWD and CFI plots may be associated with the impact of
AWD on the increasing of preferential soil flow in lowland paddy
fields. The occurrence and disappear of cracks with different sus-
ceptibilities to swelling and shrinkage caused dynamical change of
hydraulic conditions in paddy fields as a results of AWD (Garg et al.,
2009; Sander and Gerke, 2007). However, as the landscape het-
erogeneity may also cause vary soil hydraulic properties between

experimental paddy plots, and there was no enough evidence for
preferential flow in experimental paddy fields, the relationship
between calibrated saturated hydraulic conductivity and prefer-
ential flow caused by AWD practice cannot be addressed in this
study.

3.4. Pressure distribution and water balance

The statistical values of measured pressure were shown in
Table 4. During paddy experiments in both 2010 and 2011, pres-
sure head at 18, 33 and 72 cm soil depths fluctuated depending on
the water input (Fig. 3). There were great variations in AWD and
CFI plots with respect to pressure head distribution and tempo-
ral change pattern. The pressure head generally changed with the
rainfall and irrigation. When rainfall and irrigation flooded paddy
fields, the pressure head increased, although the amplitude of vari-
ation decreased from top to bottom in soil profile. The pressure
head in the CHL was most sensitive with the rainfall and irrigation,
since these water inputs were firstly perched at CHL by PPL and
then slowly infiltrated downward to bottom soil or was lost by
evapotranspiration.

Generally, the pressure head of all paddy fields soil was nega-
tive, showed by the mean value of all three measured soil depth,
which means that soil were unsaturated during the rice growing
season both in CFI and AWD plots. The pressure head of AWD plots
varied greatly compared to that of CFI plots both in 2010 and 2011,
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Table 4
Statistics of measured pressure head in experimental AWD and CFI paddy plots.

Year Treatment Soil depth (cm) Mean (cm) Standard deviation (cm) Minimum (cm) Maximum (cm)
18 ~31.8 + 8.3 44.8 + 102 —223.9 + 463 227428
AWD 33 ~40.7 +28 125 + 2.1 —61.7 + 123 ~116+38
72 ~93+13 56+ 1.7 ~21.0+24 6.0+ 1.1
2010 18 ~38+16 227 + 24 ~97.8+87 201408
CFI 33 -313+42 129 +37 —647 +17.6 ~123+39
72 ~81+06 49409 ~193+22 43407
18 ~86.1 £ 208 219.8 + 48.7 ~968.0 + 82.9 230+ 24
AWD 33 ~365+3.7 144 +33 ~57.9 + 116 93422
72 ~50+ 04 52+ 14 141+ 14 96+ 13
2011 18 20+18 152 £12 _484 + 68 211+ 06
CFl 33 -309 + 124 12,6 + 48 _53.1+19.7 ~118+25
72 ~46+06 49409 ~138+09 82+ 1.1

2 Values after the plus/minus is the standard deviation of four replicate plots.

especially at soil depth of 18 cm. Owing to the timely irrigation,
the pressure in the 18 cm of CFI paddy plots was always larger
than —25cm in rice growing season except the last 10 naturally
drainage days. The range of pressure head at soil depth of 18 cm in
AWD plots was significantly larger than that in CFI plots, shown by
the minimum and maximum pressure head in Table 4. The AWD
practice just significantly affected the pressure head in soil depth
of 18 cm, so it is important to observe the top soil pressure head
for AWD irrigation in paddy fields. There were greater variations of
measured pressure head in four AWD plots at soil depth of 18 cm,
compared to that of 33 and 72 cm, while there were greater vari-
ations of measured pressure head in four CFI plots at soil depth of
33 cm, compared to thatof 18 and 72 cm. This was the coupled effect
of hydraulic properties of soil layers and soil water flow directions
(capillary rise or downward percolation). Because of less water
input to AWD plots after growth stage of late tillering (DAT = 25-30)
in 2011, the mean pressure head at soil depth of 18 cm was lower
than thatin 2010. However, the mean pressure head at soil depth of
33and 70cmin 2011 was almost the same as thatin 2010, owing to
the contribution of shallow water table and groundwater capillary
rise.

The soil in depth of 72 cm was almost saturated both in AWD
and CFI paddy plots as it approached to the water table. Garg
et al. (2009) reported that the pressure head of soil depth of 60 cm
reached 60 cm because of the extremely low water table and the
low saturated hydraulic conductivity (1.2cmd~!) of plow pan soil
in their experimental fields. However, Tournebize et al. (2006) mea-
sured and simulated the pressure head in soil depth of 85 cm and
showed that it ranged from —75 to —200cm, simply because of
the deep water table and the high saturated hydraulic conductivity
(13.2cmd~1) of plow pan. In their modeling simulation, the bottom
boundary of paddy fields was regarded as free drainage boundary.
Thus, the water table in paddy fields and saturated hydraulic con-
ductivity of plow pan is significant for pressure head distribution
in soil profiles.

Fig. 4 shows the changes of vertical simulated pressure head
distribution in Plot 2 which was induced by large (5.02 cm) rain-
fall in DAT =50. Usually, the soil below 60 cm was nearly saturated
and varied little during the rice growing season, which was differ-
ent from the result of Tournebize et al. (2006), since groundwater
depths in their experimental fields were extremely deep. The rain-
fall and irrigation did not significantly affect pressure head in IHL.
The pressure head of CHL and PPL increased significantly with dif-
ferent degrees from DAT=49-50. After rainfall at DAT=50, the
vertical pressure distribution typically reflected the importance of
PPL for soil water regime in flooded paddy fields, where perched
water formed above the PPL while soil under or in the PPL was
unsaturated. Our measured and simulated pressure head distri-
bution and soil water regime were similar to what Ye (1991)

calculated based on the analytical equation for structured paddy
multi-layer soil with PPL. The two turning points existed near the
interface of soil layers, which indicates that identification of the
thickness and location of plow pan is important for paddy soil water
flow analysis.

From the inverse modeling simulation, Fig. 5 shows bottom flux
at soil depth of 1m in paddy fields under AWD (Plot 2) and CFI
(Plot 6), in which the negative value represents the percolation
while the positive value illustrates the groundwater capillary rise.
Groundwater moved upward by capillarity and transpiration suc-
tion during the dry days, mostly happened at the rice growth stage
of late tillering, booting and heading. Because of the high water
table at DAT=15-35 in 2011 (Fig. 2), the daily groundwater capil-
lary rise was higher than that in 2010 at both AWD and CFI plots,
although the surface soil pressure head of two years were similar
(Fig. 3). However, the number of days that existed groundwater
capillary rise in this period of 2010 was more than thatin 2011 due
to the dry soil water regime in fields. Also, the daily groundwater
capillary rise in AWD plots was larger than that in CFI plots, which
was more evident in 2010. The amount of days when groundwa-
ter flow happened in AWD plots (27 d) was twice more than that
in CFI plots (12d). The percolation variations between AWD and
CFI plots were significant, especially during the DAT=50-101, as
the soil was controlled to be drier and have lower pressure gradi-
ent for percolation in AWD plots following experimental irrigation
schedule.
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Fig. 4. Simulated vertical pressure head distribution variations in AWD (Plot 2)
before and after heavy rainfall in DAT =50 of 2010.
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Fig. 5. Bottom water flux at soil depth of 1 m in paddy field under AWD (Plot 2) and CFI (Plot 6) during the rice growing season of 2010 and 2011. The negative value represents

the percolation while the positive value illustrates the groundwater capillary rise.

Fig. 6 schematically shows the water balance components in
the paddy plots. The water balances in paddy plots during the rice
growing season were estimated based on the following equation:

ASWS =R+1+GWR—ET — P (6)

Evapotranspiration
Rainfall & Irrigation

4

Evapotranspiration

Plow pan

Juonenyyuy |

< Tluvial Horizon *

T R e e T T e,

5 percoldtion- ¢ < Capillary‘rise L f
H

Fig. 6. Schematic diagram of water balance components in paddy fields.

where ASWS is the change of soil water storage from rice trans-
planting to harvesting (mm), which is the soil water consumption
during the rice growing season. R and [ is the measured rainfall
and irrigation (mm), respectively. GWR is the groundwater capil-
lary rise (mm), and P is the percolation (mm). The amount of these
two components is the simulation results as above mentioned. ET
is the evapotranspiration (mm), which was estimated by multiply-
ing reference evapotranspiration derived from Penman-Monteith
equation by the rice coefficient (Allen et al., 1998), based on mete-
orological data.

The water balances of paddy plots under AWD and CFI were
shown in Table 5. Because paddy soil was almost saturated with
ponded water before the rice transplanting and very dry at the
day of harvest, we regarded the differences of soil water storage
between before rice transplanting and after rice harvesting as soil
water consumption. There was large difference between AWD and
CFI paddy plots in terms of year and water balance components.
Water inputs in AWD plots (597.4 mm in 2010 and 576.5mm in
2011) were largely lower than that in CFI plots (897.4 mm in 2010
and 816.5mm in 2011). Since the rainfall of 2010 was 38.4% lower
than that of 2011, the irrigation volume of 2010 was 62.5% in AWD
plots and 43.8% in CFI plots higher than that of 2011, respectively.
The AWD plots saved 330 mm in 2010 and 240 mm irrigation water,
compared to CFI plots.

The percolation of AWD plots was also 38.2-40.3% in 2010 and
23.3-27.2%in 2011 lower than that of CFI plots on average (Table 5).
Note that the percolation losses (353-718 mm) were very large
and usually even larger than the consumptive water use (ET). To
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Table 5
Water balance components, grain yields and water productivity in paddy plots.
Year Treatment Irrigation? Rainfall? Evapotranspiration® Groundwater Percolation® Soil water Grain Water
(mm) (mm) (mm) (mm) capillary (mm) consumption yields® productivity
rise¢ (mm) (mm) (kgha™1) (kg grain m—3
water input)
2010 AWD 390.0 207.4 412.1 162.6 + 45.6¢  408.1 + 55.2 60.2 £ 9.6 6849 + 632 1.15 + 0.09
CFI 690.0 207.4 412.1 106.3 + 29.4 674.5 + 38.8 829+ 94 7536 + 328 0.84 + 0.04
2011 AWD 240.0 336.5 3353 152.1 £ 336 530.0 &+ 39.1 136.8 £ 5.5 6628 + 584 1.15 + 0.09
CFI 480.0 336.5 3353 1452 £ 124 695.7 + 22.7 69.3 + 10.3 7368 + 405 0.90 + 0.05

2 Measured values form in situ measurement.

b Calculated by multiplying reference evapotranspiration derived from Penman-Monteith equation by the rice coefficient(Allen et al., 1998), based on meteorological data.

¢ Derived from model simulation.
d Values after the plus/minus is the standard deviation of four replicate plots.

decrease this percolation, the designed irrigation schedule may be
improved by increasing the critical soil matric potential for trigg-
ering irrigation, if the rice yields a not influenced significantly.
These percolation losses were also larger than that of our previous
measured (258-496 mm) in other paddy fields with heavier clay
soil (Tan et al., 2013). The percolation can be reduced by increas-
ing plowing to compact the soils of plow pan and decreases their
hydraulic conductivities. Admittedly, the effectiveness of improv-
ing irrigation schedule and strengthening plowing on reducing
percolation needs further investigations. However, the water use
efficiency, defined as the ratio of the amount of evapotranspiration
to that of water input, was 40.8-46.2% in CFl plots and 57.2-69.3% in
AWD plots, and the daily percolation was 6.68-6.92 mm in CFI plots
and 5.08-5.21 mm in AWD plots, which was within the range of
reported values (Bouman and Tuong, 2001; Bouman et al., 2007b).

The groundwater capillary rise in 2010 varied greatly between
AWD and CFI plots, while it was almost the same in 2011 in AWD
and CFI plots. This was caused by the shallower groundwater depth
and similar soil water regime of AWD and CFI plots in wet year of
2011. The amount of groundwater capillary rise was 26.1-27.4%
in AWD plots, and 10.2-18.1% in CFI plots of amount of respective
water input. The net percolation, which is equal to the percolation
minus the groundwater capillary rise, per day was 2.3-3.8 mmd-!
in AWD plots and 5.3-5.7 mmd~! in CFI plots. Thus, the increase of
groundwater capillary rise and decrease of percolation contributed
to the water saving in AWD plots, compared to CFI plots.

4. Conclusions

In order to better understanding soil water regime in lowland
paddy fields under AWD and CFJ, field experiments were conducted
to measure soil hydraulic properties and pressure head distribu-
tion. Model simulations with HYDRUS-1D were also carried out
based on the measured pressure head distribution of soil profiles.
The point measured soil hydraulic properties were not satisfied to
describe the soil water flow in paddy fields. The inverse model-
ing indicated that measurement of soil pressure head distribution
over a growing season could provide soil hydraulic parameters for
predicting soil water regime in lowland paddy fields under AWD,
coupled with the model simulation. Thus, it is helpful to specifi-
cally design irrigation schedule of AWD for lowland paddy fields
with different soil properties.

This study also demonstrates that the designed irrigation sched-
ule of CFlin our study was significantly over-irrigated, compared to
that of AWD. Measurement and modeling results showed that the
practice of AWD largely decreased the irrigation water compared
to CFIL. This was mostly due to the reduction of percolation and
increase of groundwater capillary rise. The contribution of ground-
water capillary rise for water saving irrigation should be considered
in designing of irrigation schedule as the amount of groundwater
capillary rise in AWD plots amounts to 26.1-27.4% of water input.

In lowland paddy fields, the shallow groundwater water table and
dry environment of surface soil was helpful to upward movement
of soil water and increasing the groundwater capillary rise.
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