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Abstract: The consumption of rice, which recently increases globally, leads to requirement for 
planning sustainable water management for paddy cultivation. In this research, SWAT model was 
modified to evaluate sustainability of paddy cultivation. Modifications to simulate paddy 
cultivation are 1) to equip with a new water balance model of impounded fields, 2) to add an 
irrigation management option for paddy fields, which is characterized by flood irrigation managed 
by farmers on a daily basis, 3) to consider puddling operation that influences water quality and 
infiltration rate of soil. The enhanced model, named SWAT-PADDY, was applied to an agricultural 
watershed in Japan as a case study. The modified model succeeded in representing paddy 
cultivation in the study area. However, SWAT-PADDY underestimated base flow in irrigation 
period. The cause of this is inferred that the modified model doesn’t represent return flow of excess 
withdrawal of river water. In conclusion, addition of the models of impoundment and management 
practices in paddy fields to SWAT improved field scale simulation of water balance and irrigation 
in paddy fields. However, further improvement of the model on irrigation return flow process is 
needed to better predict hydrology of watersheds dominated by paddy irrigation. 
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1. Introduction 

Rice is said to be a staple food for more than half of the world’s population and supplies more 
dietary energy than the other crops [1]. A consumption of rice is increasing because of the population 
increasing in South, Southeast and East Asian countries and the area expanding of rice consumption 
to Africa [2, 3]. Increasing demand of rice requires the land productivity in paddy fields to be globally 
increased by 0.6 ton/ha during the next 10 years [4]. To increase land productivity, several ways are 
generally conducted; increasing harvesting times, improving crop yield potential by genetic 
modification, and applying more agrochemical, fertilizer and irrigation water. In addition, saving soil 
and cropland is also important to improve and sustain land productivity for future [5]. Most of paddy 
fields are cultivated under inundated condition by irrigation. To keep field inundated, paddy 
cultivation consumes and discharges much water. Therefore, paddy cultivation sometimes affects 
water resource sustainability through large amount of water use for irrigation and pollutant 
discharge from paddy fields [6-8]. To mitigate impact on water environment in a watershed 
containing paddy fields, a management plan of land use, irrigation and drainage should be 
programmed with considering their sustainability. In order to assess the sustainability of natural 
resources including land and surface or ground water, several hydrological models have been used 
including MIKE SHE [9, 10], HSPF [11, 12] and the other hydrological models [13, 14]. Soil and Water 
Assessment Tool (SWAT) is one of hydrological models to assess sustainability of land and water 
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resources in watershed scale with considering agricultural production [15, 16]. SWAT has been 
globally used for many objectives [17-19], including to make or evaluate irrigation plan [20, 21] and 
land management plan [22, 23] and to evaluate impacts of climate change on hydrological cycle [24, 
25]. Because several kinds of application software are available to prepare input data (ArcSWAT, 
http://swat.tamu.edu/software/arcswat/), check errors in a simulation (SWAT-Check, 
http://swat.tamu.edu/software/swat-check/), and calibrate parameters (SWAT-CUP, 
http://swat.tamu.edu/software/swat-cup/) for SWAT model simulation, the users of SWAT can easily 
apply the model. Therefore, it has a significant potential to help administrators to make sustainable 
management plans for watersheds with paddy fields. However, SWAT is not designed to model such 
an extraordinarily wet condition as seen in paddy fields [26, 27]. To represent impounded 
environment in paddy fields in SWAT simulation, the pothole model has been recommended to be 
used [28, 29]. However, the pothole model is originally developed to model the hydrologic 
characteristic of pothole landscapes that are common in the Corn Belt and Great Lakes in U.S. 
Sakaguchi et al. [30] pointed out unsuitability of the pothole model to simulate water balance in 
paddy fields. In order to model paddy fields in a SWAT simulation, the several researches were 
conducted. Xie and Cui [31] modified the existing pothole algorithm to simulate hydrological 
processes in paddy fields. Boulange et al. [32] developed PCPF-1@SWAT by combining a field scale 
model for estimating pesticide concentration in paddy water and surface soil (PCPF-1 [33]) with the 
modified pothole model to evaluate an impact of pesticide use in paddy fields in watershed scale. In 
the water balance computation, lateral seepage through embankment was considered in this model. 
Sakaguchi et al. [30] developed a paddy model based on the modified pothole. In this model, a new 
parameter, potential percolation rate of paddy fields, was added. This parameter was defined as a 
parameter which is determined through calibration process and includes lateral seepage and vertical 
percolation from paddy impoundment in one term. Therefore, the strong point in Sakaguchi’s model 
compared to PCPF-1@SWAT, which requires users to define two parameters to represent water loss 
from impoundment through paddy soil, is the less number of fitting parameters for paddy fields. 
Though those models showed acceptable simulation result in their research, the structures of those 
models are still based on the pothole model. However, the characteristics of potholes are conceptually 
different from paddy fields in aspects of hydrology and agricultural management. At first, a depth 
of impoundment in a paddy field is controlled by each farmer every day, considering growth of 
paddy crop and climate condition on that time. Next, a difference exists in the way to control soil 
water condition. Soil in pothole region is completely drained with tile drainage when a field is used 
for crop production [34]. However, soil is kept to be wet under paddy impoundment to stabilize 
water supply to paddy plants, to control dynamics of organic matter, to supply inorganic mineral 
salts contained in irrigation water, to control weed, to prevent damages by blight and harmful 
animals, insects, and other living things, and to maintain temperature [35]. For those reasons, 
hydrological characteristics in paddy fields are conceptually different from potholes. In addition, 
previous researches revealed that paddy fields sometimes discharge nutrient with a large amount of 
water [6, 36], and on the other hand, polluted irrigation water is purified in paddy fields as the effect 
of plant uptake, denitrification and cyclic water use in paddy fields district [37, 38]. Therefore, water 
management in paddy fields is significantly important to be considered when watershed 
management is planned in an area containing paddy fields [39]. For those reasons, paddy fields 
should be modelled in SWAT based on its own hydrological process. As objectives in this research, 
modification of SWAT2012 was conducted to simulate paddy fields water management, that are 1) 
to equip with a new water balance model including water impoundments in paddy fields, 2) to add 
an irrigation management option for paddy fields, which is characterized by flood irrigation with 
target ponding depths managed on a daily basis, 3) to consider puddling operation that influences 
discharge water quality and infiltration rate during growing periods. The modified model was 
named SWAT-PADDY. To examine the model performance, SWAT-PADDY was applied to an actual 
watershed containing paddy fields in Japan. 
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2. Materials and method 

2.1 Overview of SWAT model simulation 

SWAT is a semi-distributed and process-oriented ecohydrological model which computes water, 
nutrients and pesticide discharge from a watershed on a daily time step [15]. In the simulation, water 
and material balance, plant growth, and management practices are simulated in each hydrological 
response unit (HRU), which is generated by overlying maps of land use, soil, and slope. Then, outputs 
from HRUs are aggregated at each subbasin level and routed to downstream. This enables the model 
to represent hydrological characteristics of watershed efficiently with reasonable approximation. For 
the simulation, SWAT requires input data of weather, maps and schedule of management practices. 
Detailed description of the model is available in SWAT2009 theoretical documentation [29]. 

2.2 Development of SWAT-PADDY 

In previous researches, the pothole module was used to model impoundment in paddy fields 
[30-32]. However, computational algorithm of the pothole model is not targeted on hydrological 
process in paddy fields (Figure 1). This makes structure of the model complicated in SWAT, because 
the model has to represent two conceptually different processes in one module. This is not 
appropriate when considering the further model development for future. Therefore, the authors 
decided to developed more simple simulation scheme to model paddy fields in SWAT, which is 
suitable as a basis of the paddy-fields-directed model development in SWAT. A terrestrial process is 
modified as shown in Figure 2 for this purpose. Besides, agricultural management practices in paddy 
fields are different from the other farm land assumed in SWAT. Thus, new management options for 
paddy management are added to the scheduled management scheme in SWAT. 

2.2.1 Development of paddy impoundment module 

Hydrological process in paddy fields is different from processes in other land uses because 
rainfall on paddy fields and irrigation water are stored above the land surface as an impoundment 
during a paddy growing season [35]. In order to represent paddy impoundment in SWAT, new 
module for impoundment was developed based on the modified pothole model [30]. This module 
computes water storage in the form of depth though the modified pothole model computes water 
storage in volume. Water balance is calculated using equation (1). 

 

∆DEPimpnd = IR + Rday – Qsurf – EVimpnd - PERCday, (1) 

 

where ∆DEPimpnd is daily change of impounded depth (mmH2O), IR is daily irrigated water depth 
(mmH2O), Rday is daily precipitation (mmH2O), Qsurf is daily surface discharge (i.e. overflow from 
outlet weir) from paddy fields (mmH2O), EVimpnd is daily evaporation from water surface (mmH2O), 
and PERCday is daily water percolation to soil surface layer (mmH2O). Evaporation from water surface 
is calculated using equation (2) and (3). 
 

If LAI > LAIev, EVimpnd = ηE0 (1 – LAI / LAIev), (2) 

If LAI ≤ LAIev, EVimpnd = 0, (3) 

where η is the evaporation coefficient, E0 is potential evapotranspiration for a given day (PET; 
mmH2O), LAI is leaf area index of a crop grown in flooding, LAIev is the leaf area index at which 
evaporation from water surface does not occur. For the parameters of η and LAIev, the values of 0.6 
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and 4.0 were adopted respectively based on the previous research [30]. Computation techniques for 
Qsurf and IR are described in the following sections. In SWAT-PADDY, the method to compute 
percolation of water from impoundment to soil which is used in the original or modified pothole [28, 
31] was not adopted, because soil water content and saturated hydraulic conductivity of surface soil 
layers are only the elements to determine the percolation rate and this leads to much underestimation 
of percolation in paddy fields [27]. In actual paddy fields, there is a constant water loss as a seepage 
through bund of paddy field and vertical percolation even though surface soils are saturated and 
hydraulic conductivity is very low because of puddling operation. Thus, potential percolation rate 
(PERC0) from impoundment to soil layers is defined as the constant value as modeled in the previous 
research [30]. 

2.2.2 Modification of the operation scheme of irrigation and drainage for paddy fields district 

In paddy fields, impounded water depth is controlled by farmers based on a growth stage of 
paddy and a climate condition. Controlling impounded water depth is quite important for rice 
production [40]. In SWAT-PADDY, the water depth control method used in the past research [31] 

Figure 2. Schematic chart of the paddy model developed in SWAT-PADDY 

Figure 1. Schematic chart of pothole procedure in SWAT2012 
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was adopted. Three critical water depths, which are maximum flooding depth for surface discharge 
computation (DEPmax), irrigation trigger depth (DEPtrigger), and irrigation target depth (DEPtarget), were 
introduced in this method. Values of the critical water depths are variable and determined in the 
scheduled management on each day. Surface discharge is calculated using equation (4) and (5). 

 

If DEPimpnd > DEPmax, Qsurf = DEPimpnd – DEPmax, (4) 

If DEPimpnd ≤ DEPmax, Qsurf = 0, (5) 

 
where DEPimpnd is depth of impoundment on a given day (mmH2O), and DEPmax is maximum depth 
of impoundment (mmH2O). Demanded irrigation depth on a given day (IRdemand, mmH2O) is 
calculated using equation (6) and (7). 
 

If DEPimpnd < DEPtrigger, IRdemand = DEPtarget – DEPimpnd, (6) 

If DEPimpnd ≥ DEPtrigger, IRdemand = 0, (7) 

 
During rice cultivation, the value of IRdemand becomes large and one water resource is sometimes 

not enough to satisfy the demand. So, multiple kinds of water resources are used in paddy fields 
districts when the amount of available water from a resource is not enough [8, 41]. In a paddy fields 
district with well-developed irrigation system, including water withdrawal facilities and irrigation 
canals, a ratio of irrigation water amount from each resource can be assumed to be the same as the 
area of paddy fields and the ratio doesn’t fluctuate day by day. Therefore, we introduced a parameter 
of the main resource ratio, rmain with assuming double water resources for one district as shown in 
equation (8) and (9). 

 

IRdemand,main = rmain × IRdemand, (8) 

IRdemand,sub = ( 1 - rmain ) × IRdemand, (9) 

 
where IRdemand,main is irrigation demand for main water resource (mmH2O), and IRdemand,sub is irrigation 
water demand for sub water resource (mmH2O). 

2.2.3 Adding puddling operation to scheduled management 

 To keep water above land surface, farmer has to manage the hydraulic conductivity in paddy 
soil to be low. An operation of puddling, which means mixing soil and impounded water before 
transplanting, is conducted for this purpose [42-44]. In puddling operation, farmers break soil 
aggregations and fill crack in plow sole with small soil particles, and this leads to low conductivity 
of plow sole. Therefore, hydraulic conductivity of surface soil in a paddy field is low in rice growing 
season. In addition, this makes surface soil saturated with water, and leads to reduced condition in 
paddy soil. Reduced soil environment promotes denitrification, which is related to nitrogen loss in 
paddy soil. In this sense, modelling puddling operation in SWAT is important when the model is 
used in a paddy fields watershed. In SWAT-PADDY, equation (10), originally from the previous work 
in APEX modification for paddy fields [45], is computed when puddling is operated. 
 

Ksat,wet = coeffpudd × Ksat,dry (8) 

 
where Ksat,wet is saturated hydraulic conductivity after puddling (mm/hr), coeffpudd is puddling 
coefficient less than 1, and Ksat,dry is an original value of hydraulic conductivity (mm/hr). Users can set 
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the depth of plow sole and this equation is 
applied to the layer including plow sole and 
the overlying layers. After paddy cultivation 
finishes, users can operate “break puddle” to 
return the value of hydraulic conductivity to 
the original (Ksat,dry). In addition to changing 
soil physical property, puddling often causes 
water pollution when farmers drain water 
just after the management is operated, which 
contains much sediments and nutrients 
resuspended by mixing surface soil and 
impounded water. To represent this, the 
resuspension after puddling is also modeled 
in this puddling scheme based on the tillage 
algorithm existing in SWAT2012. The basic 
idea of this is conceptually the same as the 
modification in APEX [45]. 

2.3 Study area for evaluation 

The SWAT-PADDY is tested in the 
Upper Kashima River watershed in 
Imbanuma Lake basin, Chiba Prefecture, 
Japan. The area of research site is 117 km2. 
The watershed is covered mainly by andosol 
soil, which is made from volcanic ash and is 
very permeable [46]. Therefore, surface 
runoff is not significant in this area, and 
groundwater discharge is dominant for river 
flow. In this watershed, lowland area is used 
for paddy fields and it occupies 9% of the 
watershed. The largest land use in this 
watershed is farmland excluding paddy 
fields and it is located on the hill area (Figure 
3; Table 1). This number shows that the 
portion of paddy fields is not so high, but it 
has a large impact on the watershed 
hydrology because paddy fields are located 
along the river. In addition, 2000~3000 
mmH2O water is withdrawn from using 
pump facilities. This value is much larger 
than average annual precipitation 
(approximately 1400 mmH2O) and the main 
source of irrigation water, which accounts for 80 % of total irrigation water use, is Kashima River 
itself. Therefore, paddy irrigation has an impact on water environment through both irrigation and 
drainage practices. Thus, considering paddy fields in hydrological simulation is much important for 
the management of this watershed. We set a hydrologic investigation point in the middle of Kashima 
River and observed river flow rate in the period of 2012 ~ 2014 though we stopped monitoring in 
January ~ March because paddy fields are not cultivated in that period, and the data in October ~ 
December 2013 is lost because of a big typhoon event happening in October 13th 2013. In addition, we 
observed irrigated water amount and water flow in paddy drainage channel in the period of June 4th 
~ August 31st in 2015, and estimated actual ET by the FAO56 method [47], whose ability is confirmed 

Figure 3. Land use distribution in the study 
area 

Table 1. Land classification in the study area 

Land use Area (%) 
Rice 8.98 
Farm land 
(excl. rice) 38.08 

Forest 
28.61 

Barren land 
5.79 

Residential area 15.24 
Others 0.09 
Water surface 0.16 
Golf field 3.05 
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in the similar environment  [48]. The source of weather data used to estimate water balance in paddy 
fields was the same as that used in the simulation. 

2.4 The application and calibration of SWAT2012 

Model input files were generated using ArcSWAT 2012 with following data: 
 

1. Digital Elevation Model (10 m mesh, [49]) 
2. Land use (100 m mesh [50]) 
3. Soil map by Japan Soil Association [51] with vertical data from SolphyJ [52] 
4. Weather data gained at the weather station in Sakura, Chiba, and Tsukuba [53] 

 
With these data, 227 HRUs are defined in 11 subbasins. A management schedule in paddy fields is 
determined based on the local standard of fertilizing [54], the guideline for paddy management [55] 
and the field scale monitoring conducted at an actual field located near the outlet of watershed in 
2015. In addition, both river and deep aquifer are used as irrigation sources in this region. However, 
the number of available sources for SWAT2012 is only one. Groundwater is chosen for the irrigation 
water source in the calibration of SWAT2012 because water withdrawal from deep aquifer is income 
for the watershed in water balance aspect though river water use is cyclic use of water within a 
watershed. To widen the model capability globally, SWAT allows users to choose several methods to 
compute each hydrological process. In this research, the authors chose plant-evapotranspiration-
related estimation method of retention 
parameter used for surface runoff 
computation [56] and Priestley-Taylor 
method [57] to compute potential ET to 
represent hydrological characteristics of 
the watershed. Though Penman-Monteith 
method [58] is widely used in SWAT 
application, Priestley-Taylor method can 
also be used when the model is applied in 
wet condition, as seen in rice cultivated 
region, and it requires less climatic data 
input [29]. Thus, this method is more 
suitable than another when considering 
SWAT-PADDY application to the 

Figure 4. Water depth management schedule used in the simulation 

Table 2. Inputted schedule of paddy 
management 

Date Management 
Apr. 24th Basal fertilizer 
Apr. 28th Puddling 
May 1st Trans-planting 
Jun. 9th Mid-summer drainage 

Jun. 23rd Start impounded 
Jul. 1st Ear manuring 

Jul. 31st Intermittent irrigation 
Aug. 25th Drained 
Sep. 10th Harvest/Break Puddle 
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southeast and south Asian countries where data availability is comparably poor and demand for 
hydrological models increase rapidly these days. For this reason, Priestley-Taylor method was chosen 
for the model evaluation in this research. To evaluate performance of the model, the hydrological 
parameters were calibrated in watershed scale using SWAT-CUP with the original SWAT2012 at first 
and then SWAT-PADDY was applied with the parameters gained in calibration. 

2.5 The setting and evaluation of SWAT-PADDY 

In the application of SWAT-PADDY, the water depth and agricultural management were 
defined as shown in Figure 4 and Table 2, respectively. The value of PERC0 was set to 10 as 
recommended and observed in the same region [59, 60]. To examine the performance of puddling 
model introduced in SWAT-PADDY, five values were inputted to the parameter, coeffpudd; 1, 0.1, 0.01, 
0.001, and 0.0001. For the evaluation, we chose a paddy HRU which is defined as the combination of 
paddy field, gleysol, and gentle slope in the lowest subbasin. In the HRU scale, simulated ET was 
compared with ET value estimated by FAO56 method. The simulated values of surface runoff using 
SWAT and SWAT-PADDY were compared each other. And then, performance of the two models 
were compared by the simulation result of river flow and water balance in the paddy HRU. 

3. Results 

3.1 The calibration of SWAT2012 

The parameters to compute hydrologic cycle in this watershed were calibrated using observed 
river flow data in daily time step by SUFI-2 [61] method in SWAT-CUP. After 7 iterations (1 iteration 
equals 1500 times simulations), we got the best parameter set. Table 3 shows the calibrated values of 
hydrological parameters and the rank of sensitivity. In SUFI-2 method, parameter sensitivity is 
determined by computing multiple regression system [62]. In this process, we got the rank of 
parameter sensitivity in the final iteration as shown in Table 3. When seeing the P-Value of each 
parameter gained from t-test, the sensitivity of ALPHA_BF is considerably significant. This means 
groundwater process in this watershed gives a large impact on river flow compared to the other 
processes. In addition, the value of ALPHA_BF is calibrated to the significantly low value to represent 
much stable baseflow in Kashima River. Based on the result of calibration, the watershed was 
characterized as very flat and groundwater discharge takes a very long time to reach river flow. With 

Parameters Type Original Range 
min. 

Range 
max. 

Best Rank P-
Value 

CN2.mgt R 36 ~ 86 1.04 1.07 38.12 ~ 91.05 2 0.17 
SOL_AWC.sol R 0.09 ~ 0.25 1.35 1.43 0.13 ~ 0.35 7 0.55 
ALPHA_BF.gw V 0.005 0.00 0.02 0.08 × 10-2 1 0.00 
GW_DELAY.gw V 5 36.83 39.39 38.22  10 0.91 
ESCO.hru V 0.95 0.98 1.00 1.00  6 0.29 
EPCO.hru V 1.00 0.71 0.76 0.73  8 0.74 
SURLAG.bsn V 4 14.77 16.75 16.67  5 0.23 
RCHRG_DP.gw V 0.02 0.10 0.12 0.11  9 0.88 
ALPHA_BF_D.gw V 0.9 0.12 0.19 0.15  4 0.22 
CNCOEF.bsn V 0.5 0.52 0.55 0.52  3 0.19 
Further information about each parameter can be found in the theoretical documentation (Neitsch et al., 
2011). The column "Type" shows whether the value was replaced (V) or multiplied (R) to the original value. 
The values stored in the column "Range min. (max.)" is replaced or multiplied to the values stored in 
"Original". The column "Best" stores the best parameter set used in the model evaluation described in the 
following part. The column “Rank” shows rank of parameter sensitivity. 

 

Table 3. The list of calibrated parameters and sensitivity 
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the best parameter set gained in calibration process, Nash Sutcliffe model efficiency (NSE) [63] of the 
river flow simulation (Figure 5) was 0.63, which means “satisfactory” for hydrological simulation 
[64]. Therefore, this parameter set was chosen to be used for the test of SWAT-PADDY. 

3.2 Test of soil moisture simulation with puddling operation 

In order to represent a saturated soil condition in paddy soil, puddling management was added 
in SWAT-PADDY. To check the model performance and to identify the value of coeffpudd, the different 
values were inputted to the model. Figure 6 shows the soil water content simulated with each 
coefficient value. In this graph, soil water content in irrigation periods increases as the coefficient 
becomes lower and there was not so much difference between the simulation results with coeffpudd = 
0.001 and coeffpudd = 0.0001. Therefore, the value of 0.0001 is considered to be extraordinarily low for 
the model and the value of 0.001 was adopted for the case study. Figure 7 shows the fluctuation of 
degree of saturation in each layer of the soil in the paddy HRU with coeffpudd = 0.001. In this research, 
plow sole was set in the second layer. Thus, the first and second layers got saturated after puddling 
operation. This graph suggested the puddling was operated successfully in SWAT-PADDY. 

3.3 Evaluation of ET simulated in SWAT-PADDY 

The ET estimated with FAO56 is compared to the ET simulated with SWAT2012 and SWAT-
PADDY (Figure 8). The slope of regression line of SWAT-PADDY is apparently closer to 1 than that 
of SWAT2012. This means ET is estimated better with SWAT-PADDY. In addition, the data were 
separated into two parts based on the cumulative simulated ET; i.e. the former part (less than 300 

Figure 5. Daily hydrograph simulated with SWAT2012 model compared with the observed 
river flow 
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mmH2O) and the latter part (more than 300 mmH2O). Comparing the regression lines, the slope of 
latter part was 0.9358 and was closer to 1 than the former part, whose slope was 0.6013. This suggests 
that the ET was better estimated after rice growing up.  

3.4 Test of irrigation component 

Figure 9 shows the monthly irrigated water amount of the observation and the simulation results 
with SWAT2012 and SWAT-PADDY. The graph suggested irrigation management simulated with 
SWAT-PADDY represent the better simulation than SWAT2012. The reasons of this are considered 

Figure 6. Daily soil water content in a paddy field HRU with different coeffpudd value 

Figure 7. Daily fluctuation of degree of saturation of soil layers in a paddy HRU simulated with 
SWAT-PADDY
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to be improvement of water balance calculation 
and ET estimation, and that SWAT-PADDY can 
operate irrigation using both river and deep 
aquifer though only one source, i.e. deep aquifer 
in the case study, can be used in the simulation 
of SWAT2012. In this graph, the simulation error 
exists especially in June. The cause of this is 
considered to be that we inputted general 
management schedule in this area, not the local 
and observed management data. Therefore, field 
observation should be continued to make more 
accurate management input data. 

3.5 Evaluation of water balance simulated by 
SWAT-PADDY 

Figure 10 shows the water balance of 
surface impoundment of paddy fields simulated 
with SWAT-PADDY in 2015. The graph showed 
that the ground surface of paddy 
field was kept to be impounded, 
surface discharge occurred only 
when it had much precipitation, 
percolation rate was constant as 
the value of PERC0 (= 10), and 
evaporation stopped after LAI 
grew up in middle July. Those 
tendencies are reasonable as a 
model of paddy fields. In addition, 
Figure 11 shows the comparison of 
water balances of a paddy HRU in 
2015 simulated with SWAT2012 
and SWAT-PADDY, respectively. 
When comparing the graphs in 
Figure 11, there is an apparent 
difference in surface discharge. In 
the SWAT2012 simulation, surface discharge occurred only when precipitation more than 80 mmH2O 
was observed. However, surface discharge occurred more frequently in the simulation of SWAT-
PADDY and this is more reasonable as the simulation result. In addition, the simulated value of ET 
is underestimated by SWAT2012 because SWAT2012 cannot represent an extraordinary wet 
condition of paddy surface soil. Those results suggested that SWAT-PADDY better represents the 
hydrological characteristic of paddy field than SWAT2012. 

The observed and simulated water balance in the Upper Kashima River Basin is summarized in 
Table 4. This table shows simulated and observed water balance in paddy fields in daily average. As 
explained in 2.3, the period of observation is different from the simulation period. This causes the 
difference of precipitation between the observation and the simulation though using the same data 
source. In Table 4, the observed data shows extraordinarily high values for irrigation and water yield. 
This suggests that paddy cultivation consumes much more water than the crop requires. The values 
of every water balance element simulated with SWAT-PADDY increased because of modified 
irrigation method and paddy module introduced to SWAT-PADDY. Comparing the ratio of 
output/input (i.e. c / (a + b) in Table 4), the ratios were 0.74, 0.27, and 0.47 for the observation, the 
SWAT2012 simulation, and the SWAT-PADDY simulation, respectively. Thus, the ratio of return 
flow of irrigation is underestimated in the simulation. 

Figure 8. Comparison of ET simulated 
using SWAT2012 / SWAT-PADDY with 
ET estimated by FAO56 

Figure 9. Monthly irrigated water depth for a paddy 
district in the observation and simulation with SWAT2012 
and SWAT-PADDY
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3.6 Comparison of river flow simulated with SWAT2012 and SWAT-PADDY 

Figure 12 shows the hydrograph simulated with SWAT-PADDY comparing with SWAT2012. 
NSE of the simulation was 0.40, which is lower than that of the original model (0.63). This means the 
applicability of SWAT-PADDY is less than SWAT2012. When the hydrograph of SWAT-PADDY is 
compared with SWAT2012, base flow in irrigation period is significantly underestimated in SWAT-
PADDY simulation. 

4 Discussion 

4.1 Water balance model for paddy impoundment 

The result shows that the water balance model for paddy impoundment developed in SWAT-
PADDY succeeded in combining hydrological processes in paddy fields with SWAT hydrological 
simulation though some inconsistencies were found between the modified and the original 
algorithms. However, the authors found that SWAT-PADDY cannot represent the return flow of 
excess irrigation water withdrawal which is significant in irrigation and drainage system of the well-
modernized paddy district. The cause of this is that lateral flow was scarcely occurred in the 
simulation and most of percolated water was discharged through groundwater process, which is 
hydrologically characterized as “very slow” to represent much stable flow rate in Kashima River. In 
addition, surface flow was occurred only when it rained much. Therefore, water discharge from the 
paddy HRU was mostly estimated to be in slow speed through a groundwater process in the 
simulation. However, drainage system is well developed in modernized paddy district, which 
increases water discharge through lateral flow process and seepage through a ridge of paddy field, 
and quickly transfers discharged water to river [42]. Thus, river flow is kept in high rate though large 

Figure 10. Daily water balance of surface impoundment in paddy fields simulated with SWAT-
PADDY 
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amount of water is withdrawn for irrigation. Base flow in irrigation period was apparently 
underestimated by SWAT-PADDY because the model couldn’t have simulated the quick return flow 
process through drainage system though large amount of water was withdrawn for paddy irrigation. 
Therefore, this should be solved by modelling drainage system in paddy fields district in SWAT. 

4.2 Management operation for paddy cultivation 

In SWAT-PADDY, there are two modification points to model paddy cultivation in SWAT; 1) 
irrigation scheme was modified to model paddy water management and 2) puddling operation was 
added to the options of agricultural management. Modified irrigation function enables the model to 
simulate irrigation water use more accurately than the original. Puddling operation reduced the 

Table 4. Daily average values of water balance elements observed or simulated in paddy fields 
(mm/day) 

Elements Observation SWAT2012 SWAT-PADDY 
Precipitation (a) 4.68 5.82 5.82 
Irrigation (b) 23.03 3.84 6.85 
ET 4.61 2.42 3.12 
Water yield (discharged 
water amount in drainage 
channel in observation) (c) 

20.52 2.63 5.96 

Surface and lateral discharge  0.46 1.88 
Groundwater recharge  2.43 5.41 
Groundwater discharge  1.90 4.09 

Figure 11. Daily water balances in a paddy HRU simulated with SWAT2012 (a) and SWAT-
PADDY (b) 
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hydraulic conductivity of paddy soil and it allows the model to reduce vertical water flow in the 
surface soil layers and then to represent saturated soil condition under impoundment. This is much 
important when SWAT-PADDY is used to evaluate water pollution in the watershed including 
irrigated paddy fields district because nitrate in irrigation water decreases through denitrification in 
reduced conditions [38]. However, there is a requirement for further effort to model paddy 
cultivation in SWAT. In an actual paddy cultivation, puddling changes hydraulic conductivity of 
surface soil and it contributes to improve ability of paddy soil to retain water above ground surface. 
In SWAT-PADDY, percolation rate is defined as the constant value and soil hydraulic conductivity 
doesn’t effect it. Thus, percolation and puddling operation is not correlated in the current simulation 
scheme. To simulate the impact of land management on water requirement for paddy cultivation, the 
way to determine percolation rate should be formulated considering hydraulic of the soil and 
hydraulic condition of paddy soil. 

4.3 Contribution of SWAT-PADDY on sustainable water use in paddy cultivation 

Irrigation is one of the most important factors for paddy cultivation as water scarcity affects the 
production of rice largely. Farmers irrigate much more water than the crop requires because it takes 
much labor to manage water depth strictly and this sometimes leads to water scarcity in the paddy 
field region. In addition, irrigation requires energy input in lowland area where large scale paddy 
fields are located. Therefore, to increase rice productivity in whole region scale with saving water 

Figure 12. Daily hydrograph simulated with SWAT-PADDY 
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and energy consumption, irrigation should be planned with considering various aspects of crop 
production, including productivity, lower input, and sustainability of water resources and 
environment. SWAT-PADDY will help decision makers to plan irrigation based on hydrological 
condition of their region and to clarify the effect of changing management practices to water 
consumers, i.e. farmers. 

5 Conclusion 

In this research, discharge processes and management practices in a paddy field were newly 
modeled in SWAT (SWAT-PADDY). As the result, the authors succeeded in developing reasonable 
paddy model in SWAT and combining paddy cultivation with SWAT simulation. As a case study, 
SWAT-PADDY was applied to an actual watershed containing paddy fields. The authors found that 
SWAT-PADDY succeeded in representing the hydrological characteristics of an irrigated and 
impounded paddy field. However, the further improvement is required for watershed scale 
simulation, which is that quick return flow of irrigated river water through modernized irrigation 
and drainage system is not well modeled in SWAT-PADDY and this caused apparently low base flow 
in the river in irrigation period. Thus, this research succeeded in making a progress in paddy 
modeling using SWAT and clarify the further improvement point for paddy modeling. 
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