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ABSTRACT  The potential impact of drainage water management (DWM) on the nitrate 
load from subsurface drainage in the Hoagland watershed in west central Indiana was 
assessed using the DRAINMOD 6.0 model. The watershed was divided into 6460 grid 
cells of 180 x 180 m size and the drain spacing, soil parent material and cropping pattern 
in each of the grid cells were identified from the analysis of high resolution aerial 
photographs and from the GIS-based analysis of soil, crop land and land cover datasets. 
The DRAINMOD model was applied to each cell and the nitrate loss through subsurface 
drains was estimated for the conventional and DWM cases. The delivery ratio (DR), 
which is the fraction of the nitrate load delivered from the field edge to the watershed 
outlet, was estimated for each of the grid cells using measured nitrate attenuation rates 
and calculated travel times. A 44% reduction from the current average (1987-2006) 
annual nitrate load of 155 metric tons was predicted with the implementation of DWM in 
all subsurface drained fields in the watershed. The effects of multiple management 
scenarios of DWM implementation based on drain spacing, soil parent material, DR and 
distance from the ditches/streams were evaluated with respect to the percent reduction in 
annual nitrate load at the watershed outlet. The highest percent reduction in average 
annual nitrate load, on a per unit area basis, was predicted from implementation of DWM 
in the grid cells formed from the Eolian sand parent material (58%) followed by the cells 
with <35 m drain spacing (49 to 51%) and the cells formed from outwash parent material 
(47%). 
 
Keywords: Controlled drainage, DRAINMOD, DRAINMOD-NII, Nitrate load.  
 
INTRODUCTION Agricultural subsurface drainage has been an important water 
management practice in the Midwest since the early 1800s to convert poorly drained soils 
into highly productive crop land. Despite providing many agronomic benefits, subsurface 
drains act as conduits for the movement of nitrates and rapidly transport them to the field 
edge. Subsurface drainage systems in the Midwest have been recognized as a major 
source of nitrate in surface water, increasing nitrate concentrations above the U.S. 
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Environmental Protection Agency’s maximum contaminant level of 10 mg/l and 
contributing to hypoxic conditions in the Gulf of Mexico (Jaynes et al., 2008). 

Several strategies to reduce nitrate losses from subsurface drainage systems have been 
investigated over the past three decades. Controlled drainage, also referred to as managed 
drainage or drainage water management (DWM), has shown potential for reduction of 
nitrate losses from subsurface drainage systems in some locations (Kalita and Kanwar, 
1993; Evans et al., 1995; Fausey et al., 2004). Field trials of this practice in the Midwest 
are still underway. Modeling studies of prevailing Midwestern conditions have also 
indicated large reductions in drainage volume (Singh et al., 2007; Ale et al., 2009a) and 
nitrate load (Ma et al., 2007; Thorp et al., 2008; Luo et al., 2009; Ale, 2009) in the range 
of 20 to 58% with DWM. As many of these studies have been conducted at plot and field 
scales, the impacts of DWM at the watershed level have not been addressed. 

The field-scale water management model DRAINMOD has been widely used to model 
water table management practices. The latest nitrogen version of the model, 
DRAINMOD-NII has been recently evaluated for conditions in Iowa (Thorp et al., 2009), 
Minnesota (Luo et al., 2009), Illinois (David et al., 2009) and Indiana (Ale, 2009) and has 
shown potential for assessing the impacts of alternative drainage practices on reduction of 
nitrate load from subsurface drainage systems. Ale et al. (2009a) calibrated the 
DRAINMOD hydrology model for the drainage lysimeter plots at Purdue University’s 
Water Quality Field Station (WQFS) and proposed strategies for operation of DWM 
systems for conditions similar to west central Indiana (Ale et al., 2009b).  Later, Ale 
(2009) evaluated the DRAINMOD-NII model for the continuous corn (CC) and corn 
soybean (CS) rotation treatment plots at the WQFS for different levels of fertilizer 
application. The overarching goal of this study is to assess the potential impacts of DWM 
on reduction of nitrate load from the Hoagland watershed, a low-gradient agricultural 
watershed in west central Indiana, using the WQFS-calibrated DRAINMOD model of 
Ale et al. (2009a) and Ale (2009) and GIS analysis. Specific objectives are i) to estimate 
nitrate load from subsurface drainage systems in the Hoagland watershed under current 
conventional drainage, and ii) to assess the impact of DWM on reduction of nitrate loss 
from subsurface drainage systems under varied implementation options. 

METHODOLOGY  
Study Site  The Hoagland watershed is located in White, Benton and Jasper Counties in 
west central Indiana (Figure 1). The watershed area is 209 km2 and it drains into Lake 
Shafer, a popular recreational lake. The watershed has a flat topography with less than 
0.5% average slope thus making it a potential site for implementation of DWM. About 
89% of the watershed area is naturally very poorly, poorly or somewhat poorly drained 
and about 92% of the area is under row crop agriculture, mostly with CS rotation. The 
area of the watershed drained by subsurface systems is about 46% (Naz et al., 2009). 

Model Description  The DRAINMOD model is a field-scale, process-based hydrologic 
model that is capable of simulating water table management systems such as subsurface 
drainage, DWM and subirrigation. The latest version (6.0) of the DRAINMOD model 
that combines the original hydrology model with the nitrogen model DRAINMOD-NII in  
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Figure 1. The location map of the Hoagland watershed. 

a new user interface was used in this study. DRAINMOD-NII simulates soil C and N 
dynamics in drained agricultural lands for a wide range of soil types, management 
practices, and climatic conditions. The detailed descriptions of the hydrology and 
nitrogen models can be found in Skaggs (1991) and Youssef et al. (2005), respectively. 

Model Inputs  Model inputs are briefly described here. A detailed description of these 
inputs can be found in Ale (2009). 

Weather inputs  The daily precipitation, daily maximum and minimum temperature data 
for the Hoagland watershed for the period from 1980 to 2006 were obtained from a 
gridded data set generated by interpolating, to the nearest 1/8th degree latitude and 
longitude, daily values measured at the National Climatic Data Center stations located 
within or nearby the watershed (Sinha, 2008). 

Drainage system inputs  In order to estimate drain spacing across the watershed and to 
use a distributed approach for model application, the Hoagland watershed was divided 
into 6460 180 m x 180 m square grid cells. Based on the estimated drain spacing of each 
grid cell (Naz et al., 2009; Ale, 2009), the subsurface drained grid cells were categorized 
into four drain spacing classes of d1 (within the range of 12 to 25 m), d2 (25-35 m), d3 
(35-55 m) and d4 (55-80 m) with equivalent drain spacings of 20, 30, 45 and 65 m 
(middle value in the spacing range adjusted to the nearest multiple of 5), respectively 
(Ale, 2009). The estimated areas that fall under d1, d2, d3 and d4 classes were 1.4, 10.8, 
24.3 and 9.5% of the total watershed area, respectively. A drainage coefficient of 2 cm/d 
was used for the all the subsurface drained grid cells. A wide spacing of 150 m and a 
drainage coefficient of 0.001 was used for the undrained grid cells (d0 drain spacing 
class) in order to reduce drainage volume to a negligible value. It is assumed that the 
water from these undrained cells reaches receiving waters either as surface runoff or as 
lateral seepage. The drain depth was taken as 90 cm, as recommended for most of the 
soils found in the watershed. The depth to restrictive layer varied according to the soil 
parent material and was changed in the inputs accordingly (Ale, 2009).  
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Crop inputs  Ten different cropping patterns (c0 to c9) were identified in the watershed 
according to the 2001 National Land Cover Database (NLCD) and 2001 to 2003 National 
Agricultural Statistics Service (NASS) crop land data layers (Table 1). A shallow rooted 
turfgrass was assumed to be grown in the urban grid cells in order to take into account the 
evapotranspiration from green space in the urban areas. The impervious surfaces in the 
urban grid cells were not accounted for, however. 

Soil inputs  The soils in the watershed were categorized into 10 different groups based on 
the soil parent material (Figure 2a, Table 1), as soil hydrologic characteristics depend 
more on the soil parent material than on the texture (King and Franzmeier, 1981). The 
soil parent material information for the 72 soil series found in the watershed was 
extracted from the Official Soil Description (OSD) of each soil series. The soil moisture 
characteristics and lateral saturated hydraulic conductivity for the majority of the soil 
parent material classes were taken from published articles, reports and web resources. 

Nitrogen processes inputs  In the case of corn and soybean, the same values that were 
used for plant N input parameters such as nitrogen, carbon and lignin contents of plant 
roots and shoots, root-to-shoot ratio and harvest index for the medium fertilizer 
application treatments in the WQFS study (Ale, 2009) were used in the watershed 
simulations. The medium fertilizer application rates for corn at WQFS are the same as the 
Purdue University recommended rates for an anticipated yield of 11700 kg/ha (Vitosh et 
al., 1995). In the simulations, a single dose of Urea Ammonium Nitrate was applied in the 
spring at a rate of 179 and 157 kg-N ha-1 to corn in CC and CS rotations, respectively. 

Table 1. Cropping patterns considered and the soil types identified in the watershed. 

Crop 
code 

Cropping pattern Percent 
area 

Soil 
code

Soil parent material Percent 
area 

c0 Corn – soybean 
rotation 

51.5 s0 Lacustrine-1 (Lacustrine; Silt 
loam/silt clay loam layers) 

30.7 

c1 Continuous corn 0.6 s1 Lacustrine-2 (Outwash/organic 
over lacustrine) 

5.6 

c2 Corn – corn – 
soybean rotation 

3.5 s2 Till-1 (Till/outwash over till; 
loam layers over clay loam) 

17.6 

c3 Soybean – soybean 
– corn rotation 

5.0 s3 Till-2 (Loess over till; silt loam 
layers over loam layer) 

2.7 

c4 Continuous 
soybean 

0.6 s4 Till-3 (Loess over till/till; silt 
loam layers over clay loam) 

6.6 

c5 Pasture – corn – 
corn rotation 

2.1 s5 Till-4 (Loess over till; silt loam 
layers over silty clay loam layer) 

2.5 

c6 Pasture – soybean 
– corn rotation 

10.3 s6 Outwash-1 (Outwash; sandy 
loam layers over sand layer) 

22.4 

c7 Pasture – soybean 
– soybean rotation 

6.0 s7 Outwash-2 (Outwash; loam/fine 
sand/fine sandy loam layers) 

6.4 

c8 Continuous 
pasture/grassland 

13.3 s8 Outwash-3 (Loess/loess over till 
over outwash) 

2.5 

c9 Continuous 
turfgrass 

7.1 s9 Eolian sand (Eolian or Eolian 
sand; sand or fine sand layers) 

3.0 

Total  100.0   100.0 
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Additional N was applied as liquid starter fertilizer with all corn plantings at a rate of    
22 kg-N ha-1. No fertilizer was applied to soybean crop. All corn and soybean treatments 
were disked twice and cultivated in the spring. Additionally, all corn treatments were 
chisel plowed in the fall. 

For pasture and turfgrass, the nitrogen related parameters were obtained from a published 
application of DRAINMOD-N II to grassland (Bechtold et al., 2007). Nitrogen inputs, 
calibrated for the medium fertilizer application rate CS rotation treatment at WQFS (Ale, 
2009), were used for cropping patterns that include soybean (c0, c2, c3, c4, c6 and c7). 
Inputs used for medium fertilizer application rate CC treatment at WQFS were used for 
all other cropping patterns. For pasture simulations, 100 kg-N was applied in two doses 
(about 2/3rd in the spring and the remaining in the fall) and for turfgrass, about 160 kg-N 
was applied in three approximately equal doses in spring, early fall and late fall as 
recommended in the Purdue Extension publications. 

 

 

Figure 2  a) The soil parent material map of the Hoagland watershed and b) the variation 
in the estimated delivery ratios across the watershed. 

CIGR XVIIth World Congress – Québec City, Canada – June 13-17, 2010 5 



Model hydrology calibration The DRAINMOD hydrology was evaluated by comparing 
the measured streamflow (Rice, 2003) with the sum of predicted drain flow, runoff and 
lateral seepage during the water year 2001. The changes made in the hydrology from the 
calibrated model of Ale et al. (2009a) are i) inclusion of lateral seepage component, 
which was not considered in the WQFS study in view of the lysimeter plots ii) reduction 
of hydraulic conductivity of the restrictive layer from 0.013 to 0.001 cm/h (Adeuya, 
2009) to improve drain flow predictions, and iii) change of surface storage and 
depression storage values from 1.0 and 0.5 cm to 0.75 and 0.25 cm, respectively to 
improve crop yield predictions. In addition, the monthly evapotranspiration factors were 
reduced by about 12% to better represent site conditions, crop excess water stress factor 
date windows were shortened and the excess water stress factors were normalized to sum 
up to 1.0 in order to improve the crop yield predictions to match with the reported 
average (1980-2006) yields for White County.  

Distributed Modeling Approach  A distributed modeling approach was used to apply 
the field-scale DRAINMOD model at the watershed-scale. From the five drain spacing, 
10 soil parent material and 10 cropping pattern classes, a total of 500 DRAINMOD 
projects were created and run for both conventional drainage and DWM. Each of the 
6460 grid cells of the watershed falls under one of these 500 combinations. Predicted 
edge-of-field nitrate loads from subsurface drains under conventional and DWM cases 
were assigned to each cell depending on the combination to which it belongs. In-stream 
attenuation rates of nitrate were obtained from nutrient injection studies conducted in the 
tributaries of the Hoagland stream (Figure 1) (Merriman, 2008). The delivery ratio (DR), 
the fraction of the nitrate load delivered from the field edge to the watershed outlet, was 
estimated for each grid cell based on the nitrate uptake in the streams and the travel time 
to the watershed outlet (Figure 2b). The contribution of each cell to the nitrate load at the 
watershed outlet was estimated as the product of the edge-of-field nitrate load and the DR 
(Ale, 2009).  

The operational strategy suggested by Ale et al. (2009b) was used for the DWM 
simulations (Table 2). As was done by Ale (2009), the nitrate load estimates with DWM 
during the winter control period were revised by replacing the predicted DWM nitrate 
concentrations during this period with predicted conventional drainage nitrate 
concentrations as the predicted DWM nitrate concentrations were unrealistically high. 
For all the simulations, the model was run for the period from 1980 to 2006; the first 
seven-year period was considered as a spin up period and excluded from the analysis. 

DWM implementation options considered  The potential reductions in nitrate loads 
with DWM were assessed under different implementation options such as implementing 
DWM in i) cells with different drain spacings, ii) cells that are formed from different soil 
parent material (Figure 2a), iii) cells within different DR ranges (Figure 2b), and iv) cells 

Table 2. Drainage water management operational strategy (Ale et al., 2009b) 

Parameter Crop season control Winter control 
Raise the outlet 20 days after planting November 1 
Lower the outlet 85 days after planting March 31 
Control height 30 cm above the drain  

(60 cm from the surface) 
Outlet at the surface 
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Table 3. The observed (Rice, 2003) and predicted stream flows for the Hoagland ditch 
during the 2001 water year. 

Stream flow (cm) Stream flow (cm) Month 
Observed Predicted 

Month 
Observed Predicted 

October 0.22 0.45 April 6.07 3.83 
November 0.55 1.24 May 0.68 0.51 
December 1.63 0.69 June 5.85 3.95 
January 2.28 0.39 July 1.76 1.59 

February 10.38 11.23 August 0.06 0.65 
March 1.87 3.41 September 0.05 0.59 

   Water year total 31.40 28.53 
 
within a specified buffer distance from the streams and ditches in the Hoagland 
watershed. 

RESULTS AND DISCUSSION 
Model Hydrology Calibration  Predicted stream flow during the 2001 water year was in 
good agreement with the observed stream flow (Rice, 2003) as indicated by monthly 
statistical performance measures of Nash-Sutcliff efficiency of 0.84, percent error of -9.2, 
coefficient of deviation of 0.85 and correlation coefficient of 0.92  (Table 3). The 
predicted average soybean relative yield (70.2%) matched well with the reported average 
(1980-2006) relative yield (69.9%) for White County, but the average corn relative yield 
(61.3%) was under-predicted as compared to the reported average relative yield (74.7%).  

Nitrate Load from Subsurface Drainage Systems: The estimated average (1987-2006) 
annual nitrate load from subsurface drainage systems at the watershed outlet under 
conventional drainage ranged from 1.6 to 55.8 kg/ha with an average of 16.1 kg/ha (Table 
4). Higher nitrate loads were predicted in the eastern part of the watershed and in some 
pockets in the north western part of the watershed (Figure 3a) where the predominant soil 
parent material is outwash (Figure 2a). The higher hydraulic conductivity and coarser 
texture of these soils contributed to the greater drain flow and associated nitrate loss. The 
predicted total nitrate load from the subsurface drained fields in the Hoagland watershed 
was 155 and 88 metric tons under conventional and DWM practices, respectively, 
indicating the potential for a 44% reduction in nitrate load with the implementation of 
DWM in all the subsurface drained grid cells in the watershed (Table 4, Figure 3b). 

 

Table 4. The predicted average (1987-2006) annual nitrate load from subsurface drainage 
systems in the Hoagland watershed 

Parameter Conventional 
drainage 

Drainage water 
management 

Percent 
reduction 

Range of nitrate load (kg/ha) 1.6 – 55.8 0.33 – 29.0 - 
Average nitrate load (kg/ha) 16.13 9.10 43.6 

Total nitrate load (metric tons) 155.1 87.5 43.6 
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Figure 3. Simulated nitrate load from subsurface drainage systems in the Hoagland 
watershed under a) conventional drainage and b) drainage water management. 

Nitrate load reduction under different DWM implementation options  As the drain 
spacing increased from 20 m (d1) to 45 m (d3), the average annual (1987-2006) nitrate 
load at the watershed outlet from each drainage class under conventional drainage 
decreased from 18.7 to 15.6 kg/ha (Figure 4a). Interestingly, the average annual nitrate 
load from the cells in the d4 (65 m) class was slightly higher than the cells in the d3 class. 
A similar trend was predicted for the nitrate load under DWM and the percent reduction 
in nitrate load with DWM. As the spacing increased, reduced drainage efficiency resulted 
in less drain flow and hence less nitrate load. However, at wider spacings, the spacing has 
a smaller relative effect on drain flow volume. In addition, the average crop yield for the 
d4 cells is less by about 10% when compared to the average crop yield for the d3 cells 
due to water related stresses and with the same amount of fertilizer applied for both the 
cases, less N was utilized by the crop and more N was available for leaching from the d4 
(wider) cells and hence more nitrate loss was predicted in drain flow from these cells.  

 

     

    

Figure 4. Average (1987-2006) annual nitrate load from subsurface drainage systems as 
affected/influenced by a) drain spacing in the watershed, b) soil parent material among  

CIGR XVIIth World Congress – Québec City, Canada – June 13-17, 2010 8 



the cells that fall under d3 drain spacing class, c) delivery ratio and d) the buffer distance 
from the Hoagland ditch and its tributaries. 

The average annual nitrate load at the watershed outlet as well as the percent reduction in 
nitrate load with DWM from the soils formed from the Eolian sand and outwash parent 
materials was much higher (58 and 47% reduction, respectively) when compared to those 
formed from lacustrine (40%) and till (34%) parent materials (Figure 4b). The Eolian 
sand and the outwash soils were more responsive to subsurface drainage and DWM 
because of their higher hydraulic conductivity and coarser texture. 

A higher average nitrate load at the watershed outlet and the percent reduction in nitrate 
load with DWM were predicted in the cells with higher DR (Figure 4c). As the DR 
increased from <0.75 to 1.0, the average annual (1987-2006) nitrate load increased from 
9.9 to 23.1 and 5.8 to 13.0 kg/ha under conventional and drainage water management, 
respectively. The percent reduction in nitrate load with DWM is more or less the same   
(~ 44%) for the cells with DRs of 0.75 and above, however. The average (1987-2006) 
annual nitrate load under conventional and DWM practices and the percent reduction in 
nitrate load with DWM were almost the same for all the buffer sizes of 180 m (one cell) 
to 720 m (four cells) from the streams and ditches in the watershed (Figure 4d), 
indicating that the subsurface drained fields near the streams and ditches in the watershed 
are uniformly distributed. 

CONCLUSIONS The simulated average (1987-2006) annual nitrate load from 
subsurface drained fields in the Hoagland watershed under current conventional and 
hypothetical DWM practices was about 155 and 86 metric tons, respectively indicating 
the potential for a 44% reduction in nitrate load with the implementation of DWM in all 
the subsurface drained fields. The highest percent reduction in average annual nitrate load 
was predicted from implementation of DWM in the grid cells formed from the Eolian 
sand parent material (58%) followed by the cells with <35 m drain spacing (49 to 51%) 
and the cells formed from outwash parent material (47%). These percent reductions are 
on a per unit area basis and the percent reductions in the total nitrate load at the watershed 
outlet would depend on the percent watershed area covered by each option, however. 

Acknowledgements. This material is based on the work supported by the CSREES, 
USDA, under Agreement no. 2004-51130-02222, and the National Research Initiative, 
Water and Watersheds, USDA, under Agreement no. 08-35102-19259. 
 
REFERENCES 
Adeuya, R. 2009. The impacts of drainage water management on water table depth, drain 

flow, and yield. Ph.D. Dissertation. Purdue University, West Lafayette, IN. 
Ale, S. 2009. Impact of drainage water management on watershed nitrate load in west 

central Indiana. Ph.D. Dissertation. Purdue University, West Lafayette, IN. 
Ale, S., L.C. Bowling, S.M. Brouder, J.R. Frankenberger and M.A. Youssef, 2009a. 

Simulated effect of drainage water management operational strategy on hydrology and 
crop yield for Drummer soil in the Midwestern United States. Agric. Water Manage. 
96(4): 653-665. 

Ale, S., L.C. Bowling, J.R. Frankenberger, S.M. Brouder and E.J. Kladivko, 
2009b. Climate variability and drain spacing influence on drainage water management 
system operation. Vadose Zone Journal. In Press (doi:10.2136/vzj2008.0170). 

CIGR XVIIth World Congress – Québec City, Canada – June 13-17, 2010 9 



Bechtold, I., S. Köhne, M.A.Youssef, B.Lennartz, and R.W. Skaggs. 2007. Simulating 
nitrogen leaching and turnover in a subsurface-drained grassland receiving animal 
manure in Northern Germany using DRAINMOD-N II. Agric. Water Manage.93:30-44 

David, M.B., S.J. Del Grosso, X. Hu, E. P. Marshall, G.F. McIsaac, W.J. Parton, C. 
Tonitto, and M.A. Youssef. 2009. Modeling denitrification in a tile-drained, corn and 
soybean agroecosystem of Illinois, USA. Biogeochemistry 93:7-30. 

Evans, R.O., Skaggs, R.W., Gilliam, J.W., 1995. Controlled versus conventional drainage 
effects on water quality. J. Irr. & Drain. Engg. ASCE 121 (4): 271–276.  

Fausey, N.R., K.W. King, B.J. Baker, and R.L. Cooper. 2004. Controlled drainage 
performance on Hotyville soil in Ohio. In: Drainage VIII Proceedings of the eighth 
International symposium. R. Cooke, ed. ASAE Publication No. 701P0304, 84-88.  

Jaynes, D.B., T.C. Kasper, T.B. Moorman, and T.B. Parkin. 2008. In situ bioreactors and 
deep drain-pipe Installation to reduce nitrate losses in artificially drained fields. J. 
Environ. Qual. 37:429-436. 

Kalita, P.K., and R.S. Kanwar, 1993. Effect of water table management practices on the 
transport of nitrate-N to shallow groundwater. Trans. ASAE 36:413-422. 

King, J.J. and D.P. Franzmeier. 1981. Estimation of saturated hydraulic conductivity from 
soil morphological and genetic information. Soil Sci. Soc. Am. J. 45:1153-1156.  

Luo, W., G..R. Sands, M. Youssef, J.S. Strock, I. Song, and D. Canelon, 2009. Modeling 
the impact of alternative drainage practices in the northern Corn-belt with 
DRAINMOD-NII. Agric. Water Manage. 97:389–398. 

Ma, L., R.W. Malone, P. Heilman, D.B. Jaynes, L.R. Ahuja, S.A. Saseendran, R.S. 
Kanwar, J.C. Ascough II. 2007. RZWQM simulated effects of crop rotation, tillage, 
and controlled drainage on crop yield and nitrate-N loss in drain flow. Geoderma 
140:260–271.  

Merriman, K.R. 2008. Nutrient dynamics of agricultural drainage ditches in the Hoagland 
ditch watershed in northern Indiana. M.S. Thesis. Purdue University. 

Naz, B.S., S. Ale, L.C. Bowling, 2009. Detecting subsurface drainage systems and 
estimating subsurface drain spacing in intensively-managed agricultural landscapes. 
Agric. Water Manage. 96: 627-637. 

Rice, N.J. 2003. Sources and variability of E.coli in an agricultural watershed. M.S. 
Thesis. Purdue University, West Lafayette, IN. 

Sinha, T. 2008. Climate change impacts on the hydrologic role of seasonal soil frost in the 
northern Midwestern United States. Ph.D. Dissertation. Purdue University, West 
Lafayette, IN. 

Skaggs, R. W., 1991. Drainage, In: Hanks, J., Ritchie, J. (Eds.), Modeling Plant and Soil 
Systems, Agronomy Monograph No. 31, American Society of Agronomy, Madison, 
WI, pp. 205-243. 

Singh, R., M.J. Helmers, W.G. Crumpton, and D.W. Lemke. 2007. Predicting effects of 
drainage water management in Iowa’s subsurface drained landscapes. Agric. Water 
Manage. 92:162-170.  

Thorp, K.R., D.B. Jaynes, and R.W. Malone. 2008. Simulating the long-term performance 
of drainage water management across the Midwestern United States. Trans. ASABE. 
51:961-976.  

Thorp, K.R., M.A. Youssef, D.B. Jaynes, R.W. Malone, and L. Ma. 2009. DRAINMOD-
N II: Evaluated for an agricultural system in Iowa and compared to RZWQM-DSSAT. 
Trans. ASABE 52:1557-1573. 

Vitosh, M.L, J.W. Johnson, and D.B. Mengel. 1995. Tri-state Fertilizer Recommendations 

CIGR XVIIth World Congress – Québec City, Canada – June 13-17, 2010 10 



CIGR XVIIth World Congress – Québec City, Canada – June 13-17, 2010 11 

for Corn, Soybean, Wheat and Alfalfa. Extension Bulletin E-2567. Michigan State 
University, East Lansing, MI. 

Youssef, M.A., Skaggs, R.W., Cheischeir, G.M., Gilliam, J.W., 2005. The nitrogen 
simulation model, DRAINMOD-N II. Trans. ASAE 48:1–16. 


	RESULTS AND DISCUSSION

