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  A B S T R AC T  

 The objectives of this study were to develop a simulation model of bacteria concentra-
tions in a rice paddy where wastewater is reused, and to assess its applicability with the 
experimental fi eld data. The data were collected from an experimental plot, the Byeongjeom 
experiment plot, where some variables are periodically monitored, e.g., rainfall, irrigation dis-
charge, water quality, and coliform concentration. Three irrigation treatments were applied: 
groundwater (TR#1), wastewater (TR#2), and fi ltered wastewater with ultra-violet treatment 
(TR#3). The fi eld scale model for chemicals, runoff, and erosion from agricultural management 
system for rice paddy fi elds (CREAMS-PADDY) was used as a hydrologic model in the paddy 
plot, and a fi rst die-off function was applied for a model of bacteria concentration. Four years of 
daily hydrologic data were calculated by CREAMS-PADDY and its annual water balance was 
assessed in comparison of previous studies. Hydrologic result indicated that while the total 
water infl ow of about 1,730 mm was from precipitation (64%), and the remainder from irrigation 
(36%), total water outfl ow generally balanced infl ow, with about 35% of total outfl ow to surface 
drainage, 32% to infi ltration, and 39% to evapotranspiration. Developed bacteria model for a 
rice paddy fi eld was calibrated and validated. The model showed relatively good agreement in 
TR#2 between the observed and simulated data during the calibration and validation periods. 
The simulation result of TR#2 indicated that simulated average coliform data in 2003–2006 were 
4.3 × 104 MPN/100 ml, 5.6 × 104 MPN/100 ml, 3.8 × 104 MPN/100 ml, and 5.5 × 103 MPN/100 ml, 
respectively. The simulated result of TR#2 was consistent with the observed data, and demon-
strating the applicability of the model for the rice paddy. 
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  1. Introduction  

 In many countries, water shortage is currently a big 
problem and will be aggravated in the future because 
of increasing water demand [1]. Water demand in the 
Republic of Korea (ROK) increased by 35% during the last 
decade, and ROK will face a water scarcity by 2011 if no 

additional water resources are developed [2]. As agricul-
tural irrigation water is upwards of 48% of the total annual 
water use in the ROK, wastewater reuse for agriculture 
could be a key alternative irrigation water resource [3]. 

 Meanwhile, the application of wastewater could be 
limited by potential health problems [4]. Wastewater 
can contain pathogenic bacteria and can present seri-
ous health-related problems for people who have direct 
or indirect contact with it. Coliform bacilli counts are 

Desalination and Water Treatment
www.deswater.com
1944-3994 / 1944-3986 © 2010 Desalination Publications.  All rights reserved.
doi: 10.5004/dwt.2010.1893

19 (2010) 32–41
July



C.H. Seong et al. / Desalination and Water Treatment 19 (2010) 32–41 33

commonly used by public health offi cials as indicators 
to evaluate the potential presence of pathogens. The 
effects of the reclaimed wastewater irrigation on bacte-
ria thus need to be addressed and be estimated in order 
to make wastewater reuse sustainable. 

 By modeling bacteria from a wastewater reuse fi eld, it 
can help predicting breakout possibilities of waterborne 
diseases and take appropriate actions. The fate of coliform 
bacteria in a waterbody is usually considered in terms of 
die-off function, and many biotic and abiotic factors infl u-
ence coliform bacteria death rates, such as the presence of 
algal toxins, bacteriophages, and the levels of nutrients, 
pH, predation, temperature, salinity, and irradiance [5]. 
Generally, irradiance, temperature, and sedimentation 
are considered the most important factors [6]. Mathemati-
cal models for coliform bacteria have been developed 
from mass balance principles which involve factors such 
as loading, mass transport, and losses due to death and 
sedimentation [7–9]. Modeling of coliform mortality in 
ponds of wastewater treatment plants (WTP) has been 
conducted under a wide range of physical and operating 
conditions [10, 11]. Modeling coliform’s fate and transport 
in watersheds has also been conducted using watershed 
models such as the hydrological simulation program-
FORTRAN (HSPF) and the soil and water assessment 
tool (SWAT) [12, 13]. In a fi eld study, coliform bacteria in 
an agricultural fi eld plot where the manure applied was 
evaluated according to the timing of application, the rate 
of application [14, 15]. Although many studies to simu-
late coliform bac teria have currently been conducted, the 

applied model is not good enough for the paddy fi eld 
blocked by levees to maintain the fl ooding condition. 

 The objectives of this study were to develop a model 
that simulates the coliform concentration in a rice paddy 
fi eld irrigated with the reclaimed wastewater, and to 
test its applicability based on the data collected from an 
experimental plot. 

  2. Materials and methods  

  2.1. Study area  

 The experimental plot, the Byeongjeom paddy fi eld, 
is located near the Suwon wastewater treatment plant in 
Gyeonggi-do, South Korea. The average annual rainfall 
and evaporation of the study area are 1,259 and 1,091 mm, 
respectively. The annual temperature in this area was 
11.6°C, and the mean temperature during the irrigation 
periods was 16.7°C–25.2°C. The soil of the experimental 
fi eld is Gangseo series (coarse loamy, mixed, non-acid, 
mesic family of  Aquic Fluvaquentic Eutrudepts ) [16]. 

 For this experiment with wastewater reuse, three 
types of irrigation water were applied: groundwater 
(TR#1), wastewater (TR#2), and fi ltered wastewater 
treated with ultra-violet (TR#3). A randomized complete 
block design with split plot arrangements was applied, 
with three treatments and four replicates on 5 m × 5 m 
plots [17]. Basic hydrological data of the paddy plots, 
irrigation, precipitation, etc., were monitored using 
gauges. Monitoring of water quality on the  experimental 

    Fig. 1.  The study area and experimental plot. 
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irrigation. Table 1 shows optimal depth of paddy water 
according to rice growth stages. When rainfall exceeds 
the capacity of paddy fi elds, surface drainage occurs. 
Daily evapotranspiration in paddy fi elds was calculated 
using the FAO modifi ed Penman equation, with climate 
data from Suwon weather station. Infi ltration data were 
collected using the double-ring method on the experi-
mental paddy fi elds. 

  2.3. Coliform concentration modeling  

 Although the die-off rates of coliforms in the water-
body were affected by many factors, the multi-factor 
model was applicable only to pure bacterial strains 
under laboratory condition [19]. Temperature is the 
only environmental variable used to modify the die-off 
coeffi cient in the widely used watershed-scale-models 
that can simulate water quality, e.g., HSPF, SWAT, and 
a numerical one-dimensional model of reservoir water 
quality (CE-QUAL-R1). For calculating coliform con-
centration, the coliform module of CE-QUAL-R1 [20], 
which simulates vertical profi les of water quality in a 
reservoir, is used and is expressed as 
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 where  C  is coliform concentration,  V  is water volume, 
 Q  in ,  Q  P  and  Q  o  are infl ow, precipitation, and outfl ow,  K  is 
a mortality constant,  P  is a unitless temperature correc-
tion parameter,  Z  is water depth,  T  is temperature, and 
 t  is time. It is assumed that coliforms move through the 
waterbody into irrigation water; rainfall does not con-
tain coliforms; concentration of coliforms sink as time 
goes by in a blocked paddy; and the value of  P  is rela-
tively constant at 1.07 [21]. 

  3. Results and discussion  

  3.1. Water balance  

 Fig. 3 shows daily hydrologic data calculated by 
CREAMS-PADDY on the experimental plot in 2003–
2006. Daily paddy depth well refl ected optimal ponded 
water depth for the growth stage, and two surface drain-
ages over 150 mm occurred by heavy storms in 2006. 

plots was conducted every one or two weeks in the 
growing seasons in 2003–2006. Analysis of coliforms 
was performed by the National Instrumentation Center 
for Environmental Management in Korea (NICEM) and 
was processed with the P/A test method. 

 For this experiment, one-month-old rice seedlings 
( Chu-Chung ) were transplanted in May and harvested 
in October from 2003 to 2006. Fertilizers and insecticides 
were applied according to the traditional regional culti-
vation method. 

  2.2. Water balance in a rice paddy  

 The fi eld scale model for chemicals, runoff, and 
erosion from agricultural management system for rice 
paddy fi elds (CREAMS-PADDY) [18], which is modifi ed 
from the CREAMS model, was used for the hydrologic 
cycle in a rice paddy. The CREAMS-PADDY model was 
developed to provide fi eld-scale simulation of hydrology, 
erosion, and nutrient yield of a rice paddy. The hydrol-
ogy component of the CREAMS-PADDY model simu-
lates paddy fi eld water balance, which is calculated from 
variations in ponded water depth (WD), expressed as

 1WD WD IR PR (DR ET IN ),i i i t i i i−= + + − + +  (1)

 where WD is ponded water depth, IR is irrigation, 
PR is precipitation, DR is surface drainage through a 
weir, ET is evapotranspiration, and IN is infi ltration. 
The subscript  i  represents the  i th day, and Fig. 2 illus-
trates the hydrologic cycle in a paddy fi eld. 

 According to the regional traditional cultivation 
method, optimal paddy water depth as maintained with 

Table 1
Optimal ponded water depth in the paddy fi eld according to growth stage.

Growth stage Root setting Tiller  Elongation Heading Ripening

Days after transplanting (day) 0–10 11–35 36–40 41–60 61–80 81–110
Ponded water depth (mm) 60 40 0 60 60 40

  Fig. 2.  Hydrologic cycle in a rice paddy. 
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in this study, the amount of irrigation did not surpass 
consumed water use for the rice paddy (evapotranspira-
tion plus infi ltration), and rainfall was used effectively 
because of the high drainage outlet. 

    3.2. Coliform monitoring results  

 Fig. 4 and Table 4 show total coliforms of irrigation 
water monitored between 2003 and 2006. In irrigation 
water, total annual average of coliform concentration 
of TR#1, TR#2, and TR#3 were 1.3 × 10 2  MPN/100 ml, 
1.6 × 10 5  MPN/100 ml, 2.4 × 10 3  MPN/100 ml and total 
standard deviation (SD) of TR#1, TR#2, and TR#3 were 
2.3 × 10 2  MPN/100 ml, 2.9 × 10 5  MPN/100 ml, and 2.3 × 10 3  
MPN/100 ml, respectively. The monitoring results in the 
irrigation water show that the coliform concentration of 
TR#2 was about 10 2 –10 3  times greater than the one in 
TR#1 and TR#3. Except for the coliform concentration 
of TR#3 in 2003, that of TR#1 and TR#3 were relatively 
lower than 1.0 × 10 3   MPN/100 ml, which meets the 
WHO recommendations for unrestricted irrigation [28]. 

 Table 2 shows the annual water balance of the 
experimental paddy fi elds during the irrigation period. 
The results show rainfall of 1,174–985 mm (average 
1,099 mm),  ET  of 709–627 mm (average 680 mm), and 
infi ltration of 555–538 mm (average 548 mm). Average 
infl ow ( precipitation plus irrigation) to the paddy fi eld 
was 1,730 mm, and about 35% of this was lost to surface 
drainage. The drainage ranged from 662–557 mm (aver-
age 616 mm). Average uncounted amount of infl ow 
water was 116 mm when the water balance was calcu-
lated during the study period. 

   The water input to the paddy during the irrigation 
period varies from 500–800 mm and reaches more than 
3,000 mm [22, 23]. Despite of the similar amount of rain-
fall in other regions of Korea, the amount of irrigation 
in the experimental plot was different to other cases 
e.g., 1,250 mm [24], 1,497 mm [25], and 282 mm [26]. 
Nevertheless, the average drainage amount from the 
study fi eld was relatively lower than other regions 
reported in the previous studies [24–27], due to the high 
elevation of levees in the study paddy fi eld. In addition, 

  Fig. 3.  Daily hydrologic data on the experimental plot in 2003–2006 . 
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Table 2
 Water balance of the treatment plots during the irrigation period .

Year Infl ow (mm) Outfl ow (mm) Uncounted (mm)

PR IR DR ET IN

2003 1,101 595 628 627 555 114
2004 985 739 557 706 551 89
2005 1,174 601 618 680 549 72
2006 1,134 588 662 709 538 188
Average 1,099 631 616 680 548 116

PR, precipitation; IR, irrigation; DR, surface drainage; ET, evapotranspiration; IN, infi ltration.

  Fig. 3.  (continued) 

Table 3
Comparison of water balance of paddy fi elds in Korea.

Reference Water balance (mm)

PR IR DR ET

[24] 1,289 1,250 1,329 532
[27] 1,231 816 1,027 451
[25] 1,183 1,497 1,618 594
[26] 1,030 282 886 330

PR, precipitation; IR, irrigation; DR, surface drainage; 
ET, evapotranspiration.

   Table 5 shows the total coliforms in ponded paddy
water in 2003–2006. The average coliform concentration 
in the ponded paddy water were 2.0 × 10 4  MPN/100 ml 
in TR#1, 8.2 × 10 4  MPN/100 ml in TR#2, and 2.2 × 10 4  
MPN/100 ml in TR#3, and the total annual SD of that 
were 2.3 × 10 4  MPN/100 ml in TR#1, 1.1 × 10 5  MPN/100 ml 
in TR#2, and 2.9 × 10 4  MPN/100 ml in TR#3. Although 
there were great differences in coliform concentration of 
irrigation water between TR#2 and other treatments, the 
average coliform concentration of TR#2 in the ponded 
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  Fig. 4.  Total coliforms in irrigation water in 2003–2006. TR#1, groundwater; TR#2, wastewater; TR#3, fi ltered wastewater 
treated with ultra-violet. 



C.H. Seong et al. / Desalination and Water Treatment 19 (2010) 32–4138

Table 4
 Monitoring results of total coliform counts in irrigation water .

Year Total moliforms 
(MPN/100ml)

Treatment

TR#1 TR#2 TR#3

2003

Mean 111 192,636 7,836
min >2 1,700 400
Max 400 1,300,000 17,000
SD 143 375,873 6,398
samples 11 11 11

2004

Mean 179 424,150 2,754
min >2 200 >2
Max 1,100 1,700,000 5,000
SD 351 637,840 1,808
samples 14 12 13

2005

Mean 45 74,847 11
min >2 700 >2
max 210 300,000 23
SD 58 95,908 9
samples 15 15 15

2006

Mean 162 33,117 321
min >2 1,450 >2
max 1,396 141,360 3,873
SD 376 38,528 989
samples 16 16 15

Total

Mean 125 164,099 2,352
min >2 200 >2
max 1,396 1,700,000 17,000
SD 232 289,037 2,301
samples 56 54 54

TR#1, groundwater; TR#2, wastewater; TR#3, fi ltered 
wastewater treated with ultra-violet; SD, standard deviation

Table 5
Monitoring results of total coliform counts in paddy ponds.

Year Total coliforms 
(MPN/100 ml)

Treatment

TR#1 TR#2 TR#3

2003

Mean 15,763 63,638 37,213
Min 1,700 200 700
Max 40,000 220,000 170,000
SD 13,574 74,323 55,754
Samples 8 8 8

2004

Mean 8,300 120,842 21,755
Min >2 400 400
Max 50,000 900,000 90,000
SD 15,403 256,977 27,836
Samples 11 12 11

2005

Mean 7,858 25,004 2,533
Min 70 40 17
Max 30,000 80,000 13,000
SD 12,643 28,291 4,250
Samples 9 9 9

2006

Mean 43,023 100,374 26,399
Min 100 7,330 300
Max 173,290 241,960 98,040
SD 49,972 81,188 27,219
Samples 11 11 11

Total

Mean 19,522 82,209 21,800
Min 70 40 17
Max 173,290 900,000 170,000
SD 22,898 110,195 28,765
Samples 39 40 39

TR#1, groundwater; TR#2, wastewater; TR#3, fi ltered 
wastewater treated with ultra-violet; SD, standard deviation

water was only 0.4 × 10 times higher than that of other 
treatments. 

    3.3. Coliform simulation results  

 Model calibration was conducted by adjusting the 
decay die-off parameter,  K , with coliform concentration 
data for 2003 and 2004. According to a review by Ref. [21], 
the  K  value ranges from 0.1 to 2 d –1 . The calibration was 
carried out manually by changing K by 0.1, evaluating 
the model results with visual comparison of the coliform-
concentration-graph and scatter plot with simulated and 
observed data. The fi nal calibrated K was 0.3, and Fig. 5 
and Table 6 show calibration results. Daily simulated 
data and observed data is shown in Fig. 5a. Fig. 5b shows 
ranges of simulated data of TR#2, including two days 
before and after the observation. In Fig. 5c, scatter plot is 
shown with observed and simulated data. 

 The results of calibration showed that the root mean 
square error (RMSE) of TR#2 were 3.8 × 10 4  MPN/100 ml 
in 2003 and 6.5 × 10 4  MPN/100 ml in 2004, which was 
about half of the level of observed average coliforms. As 
shown in Fig. 5, calibrated result of TR#2 was relatively 
consistent with the observed data. A visual compari-
son of the simulated and observed coliform concentra-
tion graph indicated that the model was simulating the 
paddy of TR#2 satisfactorily. 

 On the other hand, the simulation result of TR#1 
and TR#3 did not refl ect the observed data and were 
relatively small, from one 20th to one 500th to the values 
in the observed data. This can be caused by the contri
bution of naturally present bacteria in soil that increased 
the total number of coliforms of the observed data. 
Additional research is needed to identify and defi ne 
bacteria phases of TR#1 and TR#3 by considering other 
factors in the future. 
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  Fig. 5.  Result of model calibration for coliform concentration in TR#2 in 2003 and 2004. TR#2, wastewater. 

Table 6
Model calibration results of coliform concentration in 2003 
and 2004.

Year Treatment Average (MPN/100 ml) RMSE 
(MPN/100 ml)

Simulated Observed

2003
TR#1 30 15,763 5,138
TR#2 43,267 63,638 37,976
TR#3 1,773 37,213 22,244

2004
TR#1 97 8,300 5,079
TR#2 55,562 120,842 64,974
TR#3 863 21,755 10,009

TR#1, groundwater; TR#2, wastewater; TR#3, fi ltered 
wastewater treated with ultra-violet.

 Using the calibrated parameters, coliform bacte-
ria simulation was validated for two years with the 
collected data. Figure 6 presents simulation results 
of the total coliform concentration in ponded paddy 
water of TR#2 in 2005 and 2006. As shown in table 7, 
RMSE of TR#2 was 1.7 × 10 4  MPN/100 ml in 2005 and 
1.5 × 10 4  MPN/100 ml in 2006. The simulation result of 
TR#2 was more consistent with observed data in 2005 
than that in 2006, while observed data of TR#2 in 2006 
were, on average, about 25 times higher than the simu-
lated data. The values of simulation of TR#1 and TR#3 
in 2005 and 2006 on average were one 10,000th values of 
the observed data. 
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  4. Conclusions  

 This study developed a simulation model of bacte-
ria concentration for wastewater reuse in a rice paddy 
and assessed its applicability with four years of data col-
lected from an experiment plot. 

 CREAMS-PADDY model was used for daily hydro-
logic data of the experimental paddy plot. More than 
half of the total water infl ow of about 1,730 mm was 
from precipitation, and the remainder from irrigation. 
Water outfl ow generally balanced infl ow, with about 
35% of total outfl ow to surface drainage, 32% to infi ltra-
tion, and 39% to evapotranspiration. 

 Monitored annual averages of coliform data in 
irrigation water were 1.3 × 10 2  MPN/100 ml in TR#1, 

  Fig. 6.  Result of model calibration for coliform concentration in TR#2 in 2005 and 2006. TR#2, wastewater. 

Table 7
 Model verifi cation results of coliform concentrations in 2005 
and 2006 .

Year Treatment Average (MPN/100 ml) RMSE 
(MPN/100 ml)

Simulated Observed

2005
TR#1 18 7,858 4,753
TR#2 37,365 25,004 16,927
TR#3 3 2,533 1,580

2006
TR#1 18 44,328 4,278
TR#2 5,499 100,607 15,234
TR#3 12 26,804 1,422

 TR#1, groundwater; TR#2, wastewater; TR#3, fi ltered 
wastewater treated with ultra-violet. 
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1.6 × 10 5  MPN/100 ml in TR#2, and 2.4 × 10 3  MPN/100 ml 
in TR#3. In the ponded paddy water, annual average of 
coliforms concentration of TR#1, TR#2, and TR#3 were
2.0 × 10 4  MPN/100 ml, 8.2 × 10 4  MPN/100 ml, and 2.2 × 10 4  
MPN/100 ml, respectively. Even though the total coli-
forms in the irrigation water between TR#2 and other 
treatments had a signifi cant difference, the total coli-
forms of the ponded water of paddy were shown in 
similar level for all treatments. 

 Developed bacteria model for a rice paddy fi eld 
was calibrated and validated. Model calibration 
results showed that simulated average coliform data
of TR#2 were 4.3 × 10 4  MPN/100 ml in 2003 and 
5.6 × 10 4  MPN/100 ml in 2004. In the validation, 
simulated average coliform in 2005 and 2006 were 
3.8 × 10 4  MPN/100 ml and 5.5 × 10 3  MPN/100 ml, resp  -
ctively. The simulated results of TR#2 refl ected relatively 
well the observed data, and a fi rst-order die-off function 
was found to be applicable to the fates of coliforms in 
paddy fi elds. 
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