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ABSTRACT 

NEGM, LAMYAA MOHAMED TAYSIR. Modeling Hydrology, Nitrogen Dynamics, 

and Crop Growth for Artificially Drained Cropland. (Under the direction of Dr. 

Mohamed Youssef, and Dr. R. Wayne Skaggs). 

 

Artificial drainage has helped in converting millions of hectares of flooded wetlands and 

swamps to highly productive soils. However, agricultural drainage effluent enriched with 

nutrients has resulted in severe ground and surface water contamination. Process-based 

simulation models of agricultural systems have been valuable tools for assessing the 

long-term impacts of different management practices on land productivity and water 

quality at both field and watershed scales. Upon entering the 21st century, however, more 

threats and challenges are confronting food security, land and water resources, in addition 

to the increasing concerns about climate change and global warming. This emphasizes 

the critical need for developing whole-system models which can help the design of 

effective water and nutrient management practices that reduce nitrogen (N) drainage 

losses and maintain high agricultural productivity under the anticipated scenarios of 

climate change and water availability. Most of the available models; however, emphasize 

certain processes in the agronomic ecosystems.  

DRAINMOD and DRAINMOD-NII are widely used field-scale models for simulating 

the hydrology and water quality in artificially drained soils under wide variations of 

environmental conditions and management practices. However, they lack a mechanistic 

crop model that accounts for the effects of variations in seasonal weather conditions and 

soil nutrient status on crop phenological development and growth rate.  

DRAINMOD-W, a DRAINMOD-based watershed-scale model, uses flow-based site 

specific regression equations to estimate edge of field loads that neglects the effects of 
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nutrient and farming practices on N exports from fields to streams. In addition, 

DRAINMOD-W simulates N in-stream transformations using a fixed first-order decay 

equation ignoring the effects of spatial and temporal variability in stream characteristics 

on nutrient removal rate. 

The first part of the current study focused on the development of a whole-system model 

for crop production on drained fields by integrating the deterministic widely-used crop 

growth modules of the DSSAT model (namely CERES-Maize and CROPGRO) with the 

hydrologic model, DRAINMOD, and the soil carbon and nitrogen model, DRAINMOD-

NII on a daily time step. The second part of the current study focused on modifying the 

field and in-stream water quality components of DRAINMOD-W to produce a watershed 

scale model that is capable of modeling the hydrology and nitrogen fate and transport in 

artificially drained watersheds. Based on data availability, each model development was 

followed by a testing phase with different levels of detail to ensure that model integrity 

and simulation quality were properly maintained. 

The modified version of the field scale DRAINMOD/DRAINMOD-NII, named 

DRAINMOD-DSSAT herein, was evaluated using a 10-yr (1996 – 2005) data set 

collected from an artificially drained agricultural field located near Story city, Iowa, that 

planted to corn-soybean rotation with corn receiving low, medium, and high N fertilizer 

rates. The model was calibrated using data set collected from the high-N treatment, and 

validated for the other two treatments. For all treatments, predicted annual and monthly 

drainage flows, as well as annual and monthly nitrate (NO3-N) losses, were in very good 

agreement with respective measured values. Predicted and measured crop yields were in 

a very good agreement in most of the plot years. N removal in crop grains was adequately 
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predicted; however, there were a consistent over-prediction of corn grain N receiving 

high N fertilization. Chapter 1 provides a detailed description of DRAINMOD-DSSAT 

and reports the model testing using the Iowa data set. 

DRAINMOD-DSSAT was further evaluated using a 6-year (1985-1990) data set 

collected from a subsurface drained agricultural field at the Southeast Purdue 

Agricultural Center (SEPAC), Indiana. Subsurface drains were installed at three different 

spacings (5, 10, and 20 m). During the simulation period, the study site was planted to 

continuous corn receiving a high rate pre-plant N-fertilization. Data collected from the 

20-m spacing plot was used for model calibration, and data sets collected from the other 

two plots were used for model validation. Predicted annual and monthly sub-drainage 

flows were in a very good agreement with measured volumes for both calibration and 

validation treatments. As well, the model was able to provide good predictions for 

monthly and annual nitrate losses. DRAINMOD-DSSAT was able to accurately predict 

the patterns of variation in corn yields in response to the variation in seasonal weather 

conditions, as well as the variation in soil water and nutrient regimes between different 

plots within each year. DRAINMOD-DSSAT testing using the Indiana data set is 

presented in Chapter 2 of this dissertation. 

At the watershed level, modifications related to the in-stream processes component of 

DRAINMOD-W introduced a mathematical model that uses the mass transfer coefficient 

concept and considers the effects of stream water temperature and flow depth on nitrate 

removal from stream networks. In addition, the model was supported by a new 

mathematical formula to estimate daily stream water temperature as a function of daily 

air temperature. The modified model has been tested using a well documented 14-month 
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data set (June 1998-July-1999) collected from a stream reach in a watershed in eastern 

North Carolina. Over the 14-month period, stream hydraulics and nitrate transport were 

well predicted by the model. Monthly net removal rates were adequately represented by 

the model. Net removal rate over the whole period was predicted with - 0.18% error. The 

modification and testing of the in-stream processes component of DRAINMOD-W are 

presented in Chapter 3. 

The second level of DRAINMOD-W model modifications allows for estimating edge-of-

field nitrogen loads with the physically-based model, DRAINMOD-NII.  The modified 

model features were demonstrated through a simple case study that utilized limited data 

and surveys collected from a North Carolina Lower Coastal Plain watershed. Neither 

water yields nor nitrate load measurements at the watershed outlet were available. 

Previous DRAINMOD-W and DRAINMOD-NII applications in addition to available 

measurement from adjacent or enclosed sub-watersheds were utilized to justify model 

parameterization and predictions. Future work should focus on rigorously testing the 

modified DRAINMOD-W model using a more complete data set. The integration of 

DRAINMOD-NII into DRAINMOD-W is described in Chapter 4 of the dissertation.   
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CHAPTER 1: Development and Application of the DRAINMOD-DSSAT Model for 

Simulating Hydrology, Soil Carbon and Nitrogen Dynamics, and Crop Growth for 

Drained Agricultural Land. 

ABSTRACT 

DRAINMOD and DRAINMOD-NII can simulate hydrology and carbon (C) and nitrogen 

(N) dynamics of drained agricultural fields. However, they lack a mechanistic crop model 

that accounts for the effects of variations in seasonal weather conditions and soil nutrient 

status on crop phenological development and growth rate. The current study aimed to 

improve crop growth simulations in the model by integrating a set of deterministic crop 

modules (CERES-Maize and CROPGRO) adapted from the DSSAT 4.0 crop model, into 

the existing DRAINMOD structure, on a daily time step. In the modified model, 

DRAINMOD and DRAINMOD-NII provide the crop growth models with required daily 

climatic data, soil temperature, soil water content, and available soil N for plant uptake; 

whereas the crop models feedback simulated daily changes in rooting depth, plant N 

uptake, and crop biomass related variables for residue recycling. DRAINMOD-DSSAT 

was tested using a corn-soybean production system on a subsurface drained field in Iowa, 

with corn receiving low, medium, and high N fertilization rates. The model was 

calibrated using the data set collected from the high-N treatment, and validated for the 

other two treatments. Annual and monthly subsurface drainage patterns were predicted 

with modeling efficiencies (NSE) of 0.91 and 0.81, respectively for all treatments. NSE’s 

for annual NO3-N losses were 0.91, 0.95, and 0.93 for the high, medium, and low N-
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treatments, respectively. Predicted and measured crop yields were in very good 

agreement with an absolute percent error less than 7% in 22 of the 30 simulated plot 

years (3 plots x 10 years), and less than 13% in 28 plot years. Nutrient stresses were 

reasonably estimated by the model for different N treatments. Water related stresses were 

relatively small in most years. N removal in crop grains was reasonably predicted; 

however, there were consistent over-predictions of corn grain N for plots receiving high 

N fertilization.  

Overall, the current evaluation ensured a proper daily integration of DRAINMOD, 

DRAINMOD-N II, and the DSSAT crop modules. It also demonstrated the capability of 

the new model to simulate water and nitrogen balances and crop growth in response to 

nutrient management practices under well drained conditions. Future research is needed 

to test the model performance when crops are exposed to excess soil water (waterlogged) 

conditions. 

Key words: DRAINMOD, DRAINMOD-NII, DSSAT, CERES-Maize, CROPGRO, N fertilizer rate. 

 

1. INTRODUCTION 

Artificial drainage has helped in converting millions of hectares of flooded wetlands and 

swamps to highly productive soils (Skaggs et al, 2005; Madramootoo et al., 2007). 

However, agricultural drainage effluent enriched with nutrients has resulted in severe 

ground and surface water contamination (David et al., 1997; Jokela et al., 1997; Burkart 

and James, 1999; Gilliam et al., 1999, Madramootoo et al., 2007). Numerous studies have 

focused on the design of effective water and nutrient management practices to reduce 
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nitrogen (N) drainage losses while maintaining high agricultural productivity (Dinnes et 

al., 2002; Skaggs et al., 2005). Field experiments can assess short-term effects and 

outcomes of different conservation practices on agronomic systems; however, for the 

long term, the experimental approach becomes time consuming and prohibitively 

expensive. Computer modeling provides a time and cost effective alternative that can 

extrapolate the findings of site-specific, short-term experiments to a wide range of site 

conditions over a longer time scale (Thorp et al., 2007 and 2008; Ale et al., 2008 and 

2010; Luo et al., 2010). Furthermore, agricultural system models can efficiently 

contribute to policy making and environmental conservation planning.  

During the past few decades, several process-based models have been developed to 

simulate the soil-water-plant system with focus on particular components of the system. 

Examples of these models include DRAINMOD (Skaggs, 1978, 1991) for drainage 

design and water management, RZWQM (Ahuja et al., 2000) for water quality, REMM 

(Lowrance et al., 2000) for riparian buffers, ADAPT (Alexander, 1988) for pesticide 

movement in agricultural drainage, and DSSAT (Jones et al., 2003) for crop growth and 

development. These models have made valuable contributions towards improving the 

understanding of the driving factors, controlling mechanisms, and key processes in 

complex highly-dynamic ecosystems. However, the ongoing deterioration of water 

quality and shortage in water supply, the need for increasing food and feed production, 

the emerging need for bio-fuel production, as well as the growing concerns about the 

impacts of predicted climate change on agro-ecosystems, necessitate the development of 

robust whole-system models. These models can be used as tools for the design and 
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evaluation of agricultural production systems that optimize the use of soil and water 

resources, and adapt agro-ecosystems to emerging needs and changing environment (Ma 

et al., 2007). Thus, there is a keen interest in integrating already existing models 

originally developed to simulate certain components of agricultural systems into whole 

system models. This integration will keep the strengths and avoid the limitations of the 

component models, which will enhance model predictions and broaden their scope of 

application (Ma et al., 2007; Singh and Helmers, 2008). 

DRAINMOD is a field scale model that was developed to simulate the effects of drainage 

design and management on the hydrology and crop yield of poorly drained soils. Over 

last three decades, the model has been extensively tested and has been proven to be a 

reliable model for simulating the main hydrologic process for shallow water table soils 

and predicts water table fluctuation and drainage flow rates as affected by drainage 

design and management, soil type, cropping system, and climatological conditions. It is 

relatively simple to use, requires less input data, and runs fast compared with other 

hydrologic models. The crop yield module of DRAINMOD is based on an empirical 

stress-day-index approach (Hiler, 1969) that quantifies yield reduction according to 

cumulative effect of stresses caused by planting delays (Seymour et al., 1992), inadequate 

soil water (Evans et al., 1991), and soil salinity (Kandil et al., 1994). DRAINMOD 

predictions of yield reductions are relative to potential yield of a crop planted on-time and 

grew under ideal soil water conditions. However, this empirical approach does not reflect 

year-to-year variation in crop growth and development caused by changes in metrological 

conditions (temperature and solar radiation). 
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DRAINMOD-NII (Youssef et al., 2005a) is a process-based model that was developed to 

simulate C and N cycling for artificially drained agricultural land and predicts the effects 

of drainage system design and management, farming practices, soil types and 

climatological factors on N losses from drained fields to receiving surface waters. The 

model has been successfully tested for several locations in the U.S. and Europe (Youssef 

et al., 2006; Betchold et al., 2007; David et al., 2009; Salazar et al., 2009; Thorp et al., 

2009; Luo et al., 2010). DRAINMOD and DRAINMOD-NII are not fully integrated; 

DRAINMOD simulates the hydrology for the entire simulation period and then 

DRAINMOD-NII simulates C and N dynamics utilizing hydrologic, and soil temperature 

predictions of DRAINMOD. In addition, DRAINMOD-NII uses DRAINMOD-predicted 

relative yield and several user specified plant related inputs (potential yield, harvest 

index, root-to-shoot ratio, and plant N content) to estimate potential N uptake during the 

entire growing season (Youssef et al., 2005), which is empirically distributed to estimate 

daily potential N-uptake (Brevé et al.,1997). The plant inputs remain constant for the 

same crop during the entire simulation period. This approach of predicting crop yield and 

associated plant N uptake does not take into account the interactions and feedback among 

the hydrologic processes, soil C and N cycling, and plant growth. For example, the 

potential yield does not only depend on the planting date and the soil water conditions in 

the root zone. It varies with soil fertility level and metrological conditions. Both the 

allocation of assimilated biomass as well as N content of plant organs are influenced by 

the availability of soil water and nutrients. Thus, this approach may lead to large errors in 

predicting crop yields and associated plant N uptake. 
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As previously mentioned, the inaccurate predictions of crop yield can lead to large  errors 

in predicted N uptake, the largest sink of the N cycle in the agro-ecosystem. These errors 

in N uptake predictions influence the entire N balance and cause errors in predicted N 

drainage losses. An example is the study conducted by Wang et al. (2006) who analyzed 

DRAINMOD crop yield predictions for different drain spacings. The model over-

predicted the yield differences among field plots with different drain spacings, which 

could lead, as suggested by the authors, to inaccurate estimations of the economic 

benefits for different drain spacings. Discrepancies in crop yield predictions were likely 

resulted from using specific limiting factors to predict crop yield (i.e., water stresses and 

planting delays), assuming a constant potential yield, and neglecting the controlling 

effects of temperature and solar radiation on crop growth and development. Thorp et al. 

(2009) modified crop related parameters required by DRAINMOD model for each year 

of a 10-year simulation period to match the year-to-year changes in crop phenological 

development as simulated by RZWQM-DSSAT model. This method succeeded in 

providing more accurate predictions including drainage flow, N losses, and crop yield 

under high N fertilizer application. However, crop yield predictions for corn receiving 

lower fertilizer rate were unsatisfactory. The model had no means of considering corn 

yield response to limited N in the profile. Therefore, it did not provide a realistic 

representation of soil nutrient status and effects on crop growth and yield of low N-

fertilizer application rates. In the first field testing of DRAINMOD-NII (Youssef et al., 

2006), the inaccurate yield predictions of DRAINMOD were replaced by the measured 

yields. This was done in order to assess the performance of DRAINMOD-NII without the 
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influence of the inaccurate yield predictions on N uptake and the overall N budget for the 

simulated field site. 

Recently, Singh and Helmers (2008) integrated a deterministic crop (corn) growth model, 

CERES-Maize, with the hydrologic model DRAINMOD. The modified model showed 

potential improvement in crop yield predictions when considering weather conditions on 

plant growth and development. However, it lacked a soil nutrient dynamics component; 

they assumed plant growth under optimal nitrogen supply.  

The main objective of the current study is to improve crop growth simulations by 

DRAINMOD and DRAINMOD-NII to better represent interactions between soil water 

and nutrient conditions and crop growth and development. This chapter describes the full 

integration of DRAINMOD and DRAINMOD-NII, on a daily time step, with a set of 

deterministic crop modules adapted from DSSAT; namely, CERES-Maize (Jones and 

Kiniry, 1986) and CROPGRO (Boote et al., 1998). In addition, the modified model 

(named DRAINMOD-DSSAT hereafter) was tested using a 10-yr data set to ensure 

adequate linkage between different model components, and to assess the model’s 

capability of  simulating soil water and nitrogen balances and crop growth in response to 

changes in drainage design and management as well as changes in farming practices 

(cropping systems, tillage and nutrient management practices). The data set used in the 

current model application was collected from a tile drained agricultural field located near 

Story City, Iowa. The site was planted to corn-soybean rotation with corn receiving 

different fertilization rates (Thorp et al, 2007; Thorp et al, 2009). 
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2. MATERIALS AND METHODS 

2.1. Models Review: 

 Hydrology Model 

DRAINMOD (Skaggs, 1978) is a widely used field-scale model that simulates the 

hydrologic processes in poorly drained soils, and predicts the effects of drainage design 

and management on soil water status and drainage flow rates. The model performs a one-

dimensional soil-water-balance for a unit surface area located midway between two 

parallel drains and extends from the soil surface down to the impermeable layer. The 

water balance in the soil profile for a given time step can be expressed as: 

∆Va = D + ET + DS – F                                                                                                 (1) 

where ΔVa is the change in the water-free pore space (cm), D is the drainage (cm) (this 

term takes negative sign for sub-irrigation), ET is evapotranspiration (cm), DS is deep 

seepage (cm), and F is infiltration (cm). 

The soil surface water balance is conducted using the following form: 

P = F + ΔS + RO  (2) 

where P is precipitation (cm), ΔS is the change in volume of water in surface storage 

(cm), and RO is surface runoff (cm). 

DRAINMOD applies the steady-state Hooghoudt equation to calculate drainage flux with 

a correction for convergence head losses near drains and maybe written as, 

q = (8 K de m + 4 K m
2
) / L

2
  (3) 

where, q is the drainage flux (cm/hr), K is the effective lateral saturated hydraulic 

conductivity (cm/hr), de is the equivalent drain depth (cm), m is midpoint water table 
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height above drains, and L is the drain spacing (cm). In the case of ponded surface; 

Houghoudt's relationship does not hold and the model uses analytical solutions developed 

by Kirkham (1957) instead to calculate drainage flux. 

Infiltration rate is computed using the Green and Ampt method. Surface drainage (runoff) 

occurs after ponded water on the soil surface fills a defined depressional storage. Vertical 

and lateral seepage are simulated in accordance with Darcy’s Law. Potential 

evapotranspiration (PET) can be either computed by the model using the temperature-

based Thornthwaite method, or externally calculated by any method and provided to the 

model as input. Actual evapotranspiration (AET) is set equal to PET when upward water 

movement from the saturated zone satisfies the PET demands. If not, water assumed to be 

removed from the root zone provided that soil water content is above wilting point; 

otherwise, ET is set equal to the rate of upward water movement. DRAINMOD solves 

the heat flow equation numerically to simulate soil temperature and to predict the effects 

of soil freezing and thawing, and associated snow accumulation and melt on hydrologic 

predictions in cold regions (Luo et al., 2000, 2001).  

The original version of DRAINMOD applies an approximate stress day index (SDI) 

approach to estimate crop yield reductions in response to adverse soil water conditions 

and planting delays. The general SDI model can be presented by: 

SD  =∑ SDi  Si

n

i=1

 

 (4) 

where n is the number of plant developmental stages, SDi is stress day factor for growth 

stage i, and CSi is crop susceptibility factor (measures the crop sensitivity to a unit of 
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stress during stage i). The subscript x can be replaced by w, d, or p in case of wet, dry, or 

planting delay stress, respectively. The timing of the transitions between developmental 

stages is based on fixed numbers of calendar days passed since planting date and is not 

related to temperature or day length. By the end of the growing season, the SDI is used to 

compute percentage yield losses for a given stress factor independently of the other two 

factors. The overall relative yield is then computed as: 

RY = RYw × RYd × RYp  (5) 

where RY is the relative yield, RYw the relative yield if only excess water stress is 

considered, RYd is the relative yield if only drought stress is considered, and RYp is the 

relative yield if planting delay is the only factor considered.  

 

Nitrogen Model 

DRAINMOD-NII (Youssef et al., 2005) is a process-based field-scale model that 

simulates N and C dynamics in drained agricultural fields under different water and 

nutrient management practices and environmental conditions. The model solves a 

multiphase form of the one dimensional advection-dispersion-reaction equation using a 

finite difference solution to simulate N reactive transport in the soil column. 

DRAINMOD-NII includes a detailed N cycling among three soil N pools: NO3-N, NHx-

N, and organic nitrogen (ON) (Figure 1.1). The model can operate under three different 

level of complexity: the simplest ignores ammoniacal (NHx-H)-nitrogen pool and 

considers all mineral N as nitrate (NO3–N), the second level allows the ammonium (NH4-

N) pool, which partitions between the solid and aqueous phases, and the third considers 
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both NH4-N pool and ammonia (NH3-N) pool that partitions into interacting solid, 

aqueous, and gaseous phases (Youssef et al., 2005). Nitrogen transformation processes 

simulated by the model include atmospheric deposition, applications of mineral N 

fertilizers including anhydrous ammonia and urea, manure application, plant residue 

incorporation, N fixation by legumes, plant uptake, mineralization of ON, immobilization 

of mineral N, nitrification, denitrification, ammonia volatilization, and N losses via 

lateral subsurface drainage, vertical seepage and surface runoff. The effects of several 

environmental factors including soil temperature, soil moisture, and soil pH on nitrogen 

transformation rates are simulated using a dimensionless response function for each 

factor.  

DRAINMODN-II incorporates a sub-model that simulates soil C dynamics adapted from 

CENTURY model (Parton et al., 1987). It considers three soil organic matter pools 

(active, slow, and passive), a surface microbial pool, and two above- and below-ground 

litter pools (metabolic and structural). Each pool is characterized by its organic carbon 

(OC) content, potential decomposition rate, and carbon-to-nitrogen ratio (Youssef et al., 

2005).  

DRAINMOD-NII computes potential plant uptake as a function of user defined N 

concentration in plant organs, harvest index, root-to-shoot ratio, as well as crop yield as 

predicted by DRAINMOD model. Total potential uptake is then empirically distributed 

from planting to harvest to estimate daily potential uptake (Breve´ et al., 1997). Actual 

daily uptake is set equal to daily potential uptake, or to the available amount of mineral 

N, whichever is lower. Legume plants are assumed to supplement N-deficit through N 
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fixation. On the day of harvest, plant residues can be returned back to the system. 

Recycled above- and below-ground dry matter is quantified within the model using 

harvest index, root-to-shoot ratio, and crop yield.  

 

 

Figure 1.1 The nitrogen cycle considered in DRAINMOD-NII (from Youssef et al. 

(2005), after permission) 

 

Crop Growth Model 

The Decision Support System of Agrotechnology Transfer “DSSAT” is a deterministic 

crop model that has been used worldwide to assess crop performance in response to 

changes in environmental conditions and farming practices (Jones et al., 1998). DSSAT 

is comprised of a number of individual crop modules that simulate detailed plant cycle 

for different cereal and root crops (e.g. CERES-Maize, CROPSIM-CERES (for wheat 
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and barley), CERES-Rice, SUBSTRO Potat), and one generic crop module (CROPGRO) 

that simulates growth of leguminous plants. Both CEREZ-Maize and CROPGRO 

modules were linked to DRAINMOD and DRAINMOD-NII models in the current work. 

Recently, DSSAT has been restructured using a modular approach (Porter et al., 2000; 

Jones et al., 2001) that allows communication between different modules via a few select 

variables. It allows each module to read its own inputs, calculate and integrate its state 

variables, and write outputs independently from other modules (Jones et al., 2003). This 

modular format facilitated the identification of selected crop modules and their 

integration with DRAINMOD and DRAINMOD-NII with minimal impacts on the 

structure of individual models. 

 

 Corn Growth Model: 

The CERES-Maize simulates corn growth, development, and grain yield following 

similar principles applied in CERES crop models described by Ritche et al. (1998). In 

CERES-Maize, plant life cycle is divided into phenological phases (Table 1.1) each 

requiring the accumulation of a defined number of thermal units or growing degree days 

(GDD) before transition to the following stage occurs. GDD is computed based on the 

difference between daily average temperature (Tavg) and a base temperature (Tb) below 

which development ceases. When daily temperature rises above an optimum 

development rate temperature (Topt), GDD for the day is set equal to the difference 

between Topt and Tb. Day length sensitivity is considered during plant’s apical 
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development (corresponds to phase 2, Table 1.1) (Kiniry, 1991), while other maize 

phenological stages are assumed to be photoperiod insensitive. 

 

Table 1.1 Phenological stages simulated by CERES-Maize ( Kiniry, 1991; Jones et al, 

2003). 

Growth Phase ID [1] Description 

7 Sowing 

8 Germination 

9 Seedling emergence 

1 Seedling emergence to end of juvenile phase 

2 Floral induction (photoperiod sensitive phase) 

3 75% Silking 

4 Beginning of effective filling period of grain (lag phase) 

5 Effective filling period of grain to end filling stage 

6 Physiological maturity 

[1] The stage ID follows what is implemented in CERES-Maize source code. 

 

 

Potential daily biomass production is computed based on intercepted photosynthetic 

active radiation as,  

P AR  = 
R E   PAR

PLTPOP
  (1  e     LA )  P O  

 (6) 

where PCARB is potential growth rate (g pl
-1

), RUE is radiation use efficiency (g MJ
-1

), 

PAR is photosynthetic active solar radiation (MJ m
-2

 d
-1

), K is light extinction coefficient, 
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LAI is leaf area index, PLTOP is the plant population (No. m
-2

), and PCO2 is the CO2 

modification factor (DSSAT Training Program, 2010). Actual accumulated daily biomass 

(CARB) is affected by temperature, water, and nutrient stresses as follows: 

CARB = PCARB × Min (PRFT, SWFAC, NDEF1) × SLPF                                          (7) 

where PRFT is photosynthetic reduction factor for low and high temperatures, SWFAC is 

soil water stress effect on growth, NDEF1 is nitrogen stress factor, and SLPF is the soil 

fertility coefficient. PRFT factor is derived based on a trapezoidal response function 

(Figure 1.2.a) consisting of crop specific cardinal temperatures defined in the crop 

species file. The daytime temperature (TDAY) required for estimating PRFT is calculated 

using the following weighted equation: 

TDAY = 0.75 × Tmax + 0.25 × Tmin                                                                                                  (8) 

where Tmax and Tmin are maximum and minimum daily temperatures, respectively.  

The influence of water stresses on daily growth (biomass accumulation and allocation) 

includes the computation of two reduction factors (SWFAC and TURFAC) in accordance 

with the ratio of potential root water uptake (TRWU) and potential plant transpiration 

(PT0). The first stress factor (SWFAC) reduces daily photosynthesis while the other 

factor (TURFAC) affects plant expansive growth (Figure 1.2.b).   
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Figure 1.2 Functions used to compute (a) temperature stresses and (b) water related 

stresses (b) on crop growth (Adapted from DSSAT Training program, 2010). 

*TDAY: daytime temperature, Tbase: base temperature, Topt: optimum temperature, Tmax: maximum 

temperature, TRWU: potential plant water uptake, PT0: potential plant transpiration.  
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Water root uptake can be affected by either deficit water supply under dry conditions, or 

excess water that prevents adequate oxygen supply to roots. Potential root water uptake 

(TRWU) is computed as follows: 

TR   =∑R  (L)  RLV(L) DEPT (L)

n

L=1

 
 (9) 

where RWU(L) is root water uptake from a soil layer L (cm d
-1

), RLV(L) is the root 

length density for soil layer L (cm root  cm
-3

 soil), and DEPTH(L) is the soil layer depth 

(cm). RWU(L) is computed according to the following equation: 

RWU(L) = C1 x exp [U(L) (SW (L) – LL (L))] / [C2 – Ln (RLV (L))]  (10) 

where SW(L) is the actual soil water content (cm
3
 cm

-3
) in layer L, LL(L) is the soil 

water content at lower limit (cm
3
 cm

-3
 ), C1 and C2 are constants, and U is a soil layer 

specific constant that depends on LL(L). Under excess soil water conditions, potential 

water uptake is further reduced as following: 

RWU(L) = MIN ( RWU(L), RWUMX x SWEXF(L))  (11) 

where RWUMX is the maximum daily water uptake by roots for a layer L and set equal 

to 0.04 by default, and SWEXF is the soil excess water stress factor and computed as: 

SWEXF(L) = (SAT(L) – SW(L)) / PORMIN                                                                 (12) 

where SAT(L) is the saturation soil water content (cm
3
 cm

-3
) in layer L, and PORMIN is 

the minimum pore space required for supplying oxygen to roots for optimal rates of plant 
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water uptake. In addition, CERES-Maize integrates the SWEXF factors to compute a 

daily overall excess soil water stress factor that may limit leaf area expansion, stem 

growth, as well as root downward movement and growth. Plant growth responses to 

deficit N supply (Figure 1.3) is computed based on an N deficiency indicator (NFAC):  

NFA  =        
T NP   TAN 

T NP   T N 
   

 (13) 

where TANC is the actual plant N concentration, TCNP is the optimum N concentrations 

above which no additional growth but luxury consumption occurs, and TMNC is the 

minimum plant N below which growth ceases  (Godwin and Singh, 1998). Both TCNP 

and TMNC are functions of crop phonological stage. 

 

 

 

 

 

 

 

Figure 1.3 Effect of the N deficiency indicator (NFAC) on indices of N deficiency for 

photosynthesis (NDEF1), expansion growth (NDEF2), and relative tillering rate 

(NDEF3) (Adapted from Godwin and Singh, 1998). 

* Relative effect of 1.0 indicates no N stress, and relative effect of 0.0 indicates maximum N stress  
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CROPGRO:  

Unlike CERES models that combine a number of crop-specific modules, CROPGRO is a 

generic crop model that simulates growth and development for various crops (mainly 

legumes) by using one common code. CROPGRO was first developed for three legume 

models: SOYGRO, PNUTGRO, and BEANGRO (Hoogenboom et al., 1992 and 1993), 

and recently expanded to simulate other legumes such as chickpea; velvet bean; and 

fababean, as well as some non-legumes such as tomato (Jones et al., 2003).    

Rate of phasic development is determined based on a physiological day (PD) 

accumulation rate in which one physiological day (a photothermal unit) is equivalent to 

one calendar day with optimum temperature, day length, and adequate soil water and 

nutrient conditions: 

PD = f(T) × f(DL) × f(WS, NS)  (14) 

where T is temperature, DL is day length, WS and NS are soil water and nutrient stress 

factors. The model considers up to thirteen different phases (Table 1.2) each starting at a 

defined endpoint of the previous stage. In addition, CROPGRO incorporates a flexible 

approach that allows specifying different environmental response functions to account for 

the different development rate sensitivity to growing conditions during various growth 

stages (Boote et al., 1998).  
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Crop photosynthesis can be calculated either by using the daily canopy photosynthesis 

approach (applied in the present study) or the hourly leaf-level Hedgerow method. Net 

daily dry matter accumulation (Wnet) is set equal to the difference between gross canopy 

photosynthesis and carbon losses via maintenance respiration and plant senescence: 

Wnet = E × (Pg – Rm) – SL – SS – SR  (15) 

where E is the conversion efficiency factor,  Pg is daily gross photosynthesis, Rm is 

maintenance respiration, and Sx is the senesced parts from leaf (L), stem (S), and root 

(R). Pg is computed according to the daily canopy approach as follows: 

Pg = SLPF × PGMAX(PAR) × FL × FW × FN × FT  (16) 

where PGMAX(PAR) is the response to photosynthetic active radiation, FL,  FW, FN and 

FT are growth modifier factors in response to LAI, soil water, soil N, and day 

temperature, respectively. Other growth related processes involved in the model 

simulations are leaf area expansion, pod addition, seed addition, carbohydrate 

mobilization to plant seeds (Boote et al., 1998). The computation of temperature, water, 

and nutrient stresses follows similar approaches used within CERES-Models.  

CROPGRO incorporates additional modules that consider nodule growth and 

atmospheric N-fixation. When the actual plant uptake and mobilized N from vegetative 

tissue (during seed filling) are insufficient to meet crop demand, the model attempts to 

allocate carbon to nodules to support adequate fixation rates (Boote et al., 2008). 
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However, if N-fixed is constrained by nodule mass, temperature effects, or water deficit, 

the model will either allow new tissue growth at normal rate but with reduced N 

concentration than optimal values (Boote et al., 2008), or limit growth rate proportionally  

to prevent  N-concentration levels from falling below a defined minimum level  required 

for plant growth.  Readers are referred to Boote et al. (1998) for a detailed description of 

processes incorporated in CROPGRO model 

Table 1.2 Phenological stages for soybean as simulated by DSSAT-CROPGRO (adapted 

from Jones et al., 1991). 
[1]

 

Growth 

phase 
Description [2] 

Environmental 

sensitivity [3] 

0 Sowing. -- 

1 Sowing to emergence (V0) T 

2 V0 to first unifoliolate fully expanded (V1) T 

3 V1 to end of juvenile phase T 

4 End of juvenile phase to flower induction (R0) T, DL 

5 R0 to flower appearance (R1) T, DL 

6 R1 to first pod > 2 cm in length. T, DL 

7 R1 to first pod > 2 cm in the upper 4 nodes (R4) T, DL 

8 R1 to last leaf expansion. T, DL 

9 R1 to last pod formation. T, DL 

10 R1 to physiological maturity (R7) T, DL 

11 R7 to harvest maturity (R8) T 

[1] Growth phases for other crops simulated by CROPGRO may vary. 
[2] V and R indicate vegetative and reproductive stages, respectively. 
[3] T and DL indicate sensitivity to temperature and day length, respectively.  
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2.2. Integration of DRAINMOD and DRAINMOD-NII with DSSAT Crop Models 

Originally, DRAINMOD and DRAINMOD-NII were not fully integrated; rather a 

graphical user-friendly Windows interface (DRAINMOD 6.0) was designed to execute 

DRAINMOD for the entire simulation period, then DRAINMOD-NII was called to 

simulate C and N dynamics using the necessary hydrologic outputs predicted by 

DRAINMOD. The present integration aimed to create a single shell under which data 

transfer and feedback platforms between DRAINMOD, DRAINMOD-NII, as well 

DSSAT crop modules are established on a daily time step (Figure 1.4) and at the source 

code level since all are written in the same programming language, FORTRAN. The new 

model preserves the main algorithms of the original codes to utilize the potential 

strengths of each component; meanwhile it permits flexible options for the modeler to 

select the deterministic crop models or switch back to the original mode; i.e., the 

empirical relative yield approach based on the user needs. 

 On day-one of a simulation, DRAINMOD (the main driver program) reads soil 

hydraulics parameters and drainage system design inputs, and calls DRAINMOD-NII for 

model initialization and parameterization of C and N dynamics. The crop module is 

called for initialization at the beginning of each growing season to setup a new plant life 

cycle simulation.   

In a daily routine within the growing season, DRAINMOD provides the crop model with 

daily soil water content, soil temperature, and weather data including maximum and 

minimum temperatures, solar radiation and PET; the soil available nitrogen for uptake is 

predicted by DRAINMOD-NII. The crop modules convert PET in to PT0 (potential plant 
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transpiration) based on light extinction coefficient and simulated LAI. Additional 

subroutines were adapted from DSSAT weather module to compute day length or 

photoperiod, as well as to predict hourly weather data (solar radiation and temperature) 

when needed based on the daily measured data. After the crop model simulates the plant 

growth for the day, it returns the effective rooting depth and actual N-uptake back to 

DRAINMOD and DRAINMODN-II to complete simulating soil water and nitrogen 

balance for that day, respectively. On the day of harvest, the crop model provides 

DRAINMOD-NII with un-harvested above and below ground biomass and related N 

contents for residue recycling. After the day of harvest, a fallow season begins and 

simulations become limited to water and nitrogen balance components.  
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Figure 1.4 Overview of the daily computational processes in the integrated DRAINMOD-

DSSAT model. 
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2.3. Model Application: 

Description of the study site and experimental procedure: 

A ten-year data set was collected from an artificially drained agricultural field near Story 

City, Iowa (39°35´50´´ N, 42°11´48´´ W) (Jaynes et al., 2001; Jaynes and Colvin, 2006). 

Soils on the site are mostly Kossuth silty clay loam (fine-loamy, mixed, mesic Typic 

Endoaquoll) and Ottosen clay loam (fine-loamy, mixed, superactive, mesicTypic 

Calciaquoll) which are poorly to very poorly drained soils under natural conditions 

(Jaynes et al., 2001). The surface soil is silty clay (33% silt and 45% clay) with relatively 

high organic carbon (2.69%). Twelve subsurface corrugated plastic drains (10.2 cm 

diam.) were installed 1.45 cm below soil surface, eight of which were spaced 27.4 m 

apart and the other four were spaced 36.5 m apart (Figure 1.5). The hydrologic, water 

quality, and crop yield data collected from the field plots with the 27.4 m spaced drains 

are used for the field testing of the DRAINMOD-DSSAT model. 

During the 1996-2005 period, corn was planted in even years and soybean was planted in 

odd years. Corn was planted in 75 cm spaced rows at a population of 66,000 plants ha
-1

 in 

1996, and increased to be 75,000 plants ha
-1

 afterwards. Soybean was planted in 18 cm 

spaced rows at a population of 370,000 plants ha
-1

. Fall tillage operations were applied 

after soybean harvest, and in 1996 and 1998 after corn harvest. Fall tillage comprised of a 

moldboard pass in 1996 and 1997, and a chisel plow passes in subsequent years. A pre-

plant field cultivator operation was applied each spring in all corn years, as well as, 1997 

and 1999 soybean years. Nitrogen fertilizer was applied to plots during corn years at low, 

medium, and high rates to study the effects of fertilizer application rate on crop yield and 
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nitrate leaching. In 1996, anhydrous ammonia was injected a week prior to planting at 

rates of 67, 135, and 202 Kg N ha
-1

 for the low, medium, and high rate treatment, 

respectively. In the following years, urea ammonium nitrate (UAN) was applied after 

planting at rates 69, 138, and 199 Kg N ha
-1

 for respective treatments, except for 1998, 

fertilizer rates were 57, 114, and 172 Kg N ha
-1

, respectively. Table 1.3 summarizes study 

site management practices. 

Daily maximum and minimum temperatures were measured at a weather station located 

within 0.5 Km of the study site. Hourly rainfall data were collected with a tipping bucket 

rain gauge located close to the site. Missing data were obtained from the National 

Climatic Data Center for a weighing rain gauge located at a distance of 2 Km from the 

site. Subsurface drain flow was measured in an equipped vertical sump installed at the 

eastern edge of each lateral drain line immediately before the connection with the main 

collector line (Figure 1.5). Variability in drainage rates for different N treatments was 

insignificant (P = 0.05) (Jaynes et al., 2001). Based on visual observation, incidents of 

surface runoff were infrequent and limited to a few storm events. Flow-weighted 

composite water samples were collected automatically from the drainage sumps and 

returned to the laboratory for NO3 analysis each week or more frequently following large 

precipitation events. The reader is referred to Jaynes et al. (2001), Jaynes and Colvin 

(2006) for additional information about the study site management, data collection, and 

laboratory analysis procedures.  
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Table 1.3 Management practices at the study site from 1996 to 2005. 
[1] 

Corn 

        

 

Tillage 

  

N Fertilizer Application 

Year Spring Fall Planting Harvesting 

 

Rate (Kg N ha-1) 

 

MO/day MO/day MO/day MO/day MO/day H M L 

1996 [2] Apr/23 (FC) Nov/11(MP) Apr/24 Nov/2 Apr/18 202 135 67 

1998 Apr/24 (FC) Sep/30(CP) Apr/24 Sep/20 May/14 172 114 57 

2000 Apr/24 (FC) 

 

Apr/25 Sep/21 May/11 199 138 69 

2002 Apr/18(FC) 

 

Apr/19 Oct/13 May/21 199 138 69 

2004 Apr/18 (FC) 

 

Apr/19 Oct/9 Jun/3 199 138 69 

        Soybean  

      

 

Tillage 

     Year Spring Fall Planting Harvesting 

   

 

MO/day MO/day[3] MO/day[3] MO/day 

   
1997 Apr/29 (FC) Oct/9 (MP) May/1  Oct/2 

   
1999 Apr/29 (FC) Oct/16 (CP) May/1 Oct/2[3] 

   
2001 [2] 

 

Oct/24(CP) May/10 Oct/8 

   
2003 

 

Oct/16(CP) May/10 Oct/16 

   
2005 

 

Oct/2(CP) May/5 Oct/2[3] 

   [1] MO = month; FC = field cultivator; MP = moldboard plow; CP = Chisel plow; NPK = nitrogen, 

phosphorus, potassium; UAN = urea ammonium nitrate; H = high rate; M = medium rate; L = low rate.  
[2] An amount of 8 kg N ha-1 was added to all treatments as NPK fertilizer. 
[3] Estimated date. 
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Figure 1.5 Study site layout showing tile arrangement, sumps, and locations of high (H), 

medium (M), and low (L) fertilizer treatment plot (Adapted from Jaynes and Colvin, 

2006). 

 

 

Model Parameterization: 

Data collected from this experimental site were previously used to field test the 

RZWQM-DSSAT model (Thorp et al.,2007; Ma et al.,2008) and DRAINMOD-NII 

(Thorp et al., 2009) model . Conducting the field testing of DRAINMOD-DSSAT using 

the same data set, we utilized these studies to parameterize the model for the simulated 

corn and soybean production system. Some model inputs were recalibrated due to new 

modifications incorporated in the current model.  
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Hydrology: 

Model inputs required to simulate hydrologic processes include weather data, soil 

hydrologic properties, and drainage system design parameters. Additional inputs are 

required for simulating freezing and thawing and associated snow accumulation and melt 

under cold conditions. Weather data, including hourly rainfall and daily maximum and 

minimum temperatures, were available through direct measurements as described in the 

previous section. Daily solar radiation was estimated using method suggested by Samani 

et al. (2007) that requires the latitude of the location along with daily maximum and 

minimum temperatures. Daily potential evapotranspiration (PET) was internally 

calculated by DRAINMOD using the Thornthwaite method. Monthly correction factors 

for PET predictions were set according to the values used by Thorp et al. (2009) and were 

slightly adjusted during model calibration (Table 1.4). These changes could be, in part, 

due to the differences in rooting depth computation involved in each model.  Model 

inputs describing the drainage system of the study site are listed in Table 1.5. The surface 

depressional storage was obtained through model calibration. Main soil hydraulic 

properties including the soil water retention and lateral saturated hydraulic conductivity 

for all layers in the soil profile were obtained from Thorp et al., 2009 (Table 1.6). 

Parameters characterizing the vertical seepage (the thickness and vertical hydraulic 

conductivity of the restricting layer and the aquifer head) as well as soil temperature 

related parameters were all set according to Thorp et al. (2009) (Table 1.5).  
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Table 1.4 Monthly PET correction factors. 
[1]

 

Month Factor Month Factor 

January 2.2 July 0.9 

February 1.6 August 1.1 

March 1.4 September 1.2 

April 1.0 October 1.4 

May 0.8 November 1.9 

June 0.8 December 2.3 

 
    
            

[1] Calibrated parameter 

 

 

Table 1.5 Hydrologic input parameters 

 

[1] Based on Thorp et al. (2009). 
[2] Calibrated parameter. 

 

Drainage system design parameters  

Drain depth  (cm) 145 

Drain Spacing (m)  27.40 

Drainage coefficient [1] (cm day -1) 1.4 

Depth to impermeable layer (cm) 299 

Effective drain radius (cm) 1.1 

Maximum surface storage [2]  (cm)  0.75 

Deep seepage parameters 
[1]

  

Restrictive layer thickness (cm) 200 

Piezometric  aquifer head  (cm) 200 

Restrictive layer conductivity  (cm hr -1) 0.0006 

Soil temperature parameters  
[1]

   

Soil thermal conductivity coefficients  ZA = 0.39, ZB =1.33 

Rain/snow dividing temperature  (◦C) 0.0 

Snowmelt base temperature  (◦C) 1.0 

Critical ice content  stops infiltration (cm3 cm-3) 0.2 

Temperature at profile bottom  (◦C) 9.11 

Snow melt Coefficient  (mm d-1 ◦C-1) 5.00 
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Table 1.6 Soil properties used in model simulations. 
[1]

 

Layer No. 1 2 3 4 5 

Layer depth (cm) 0 – 15 15 – 60 60 – 120 120 – 150 150 - 299 

L-KSAT  (cm/h) 3.5 3.5 3.5 3.5 3.5 

SAT  0.56 0.54 0.44 0.34 0.32 

      LL  0.3 0.29 0.24 0.19 0.18 

Clay (%) 45 46 24 25 25 

Silt (%) 33 33 29 40 40 

BD 1.60 1.65 1.90 1.90 1.90 

Initial pH 6.7 6.7 6.7 6.7 6.7 

KD 2.6 2.6 2.6 2.6 2.6 

SRGF 1.0 0.4 0.11 0.00 0.00 

[1]  L-KSAT: Lateral saturated hydraulic conductivity, SAT: moisture content at saturation, LL: drained 

lower limit, BD: bulk density, KD: distribution coefficient, and SRFG: soil root growth factor. 

 

Nitrogen: 

A set of model inputs are required to simulate C and N dynamics including cultural 

management practicies, soil physical and chemical properties, N transport and 

transformation parameters, and organic matter parameters. Fertilization and tillage 

management were set to describe practices implemented onsite for the different 

treatments. Tillage plowing depths and intensity factors were set to 20 cm and 0.95 for 

moldboard, 20 cm and 0.6 for chisel plow, and 10 cm and 0.25 for the field cultivator 

operations, respectively. Time lines for tillage and fertilization were set identically to 

those specified by Thorp et al. (2009) (Table 1.3).  
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Soil chemical and physical properties (Table 1.6) were obtained from Thorp et al. (2009) 

based on measurements by Bakhsh et al. (2000). N transport and transformation 

parameters were mostly adapted from Youssef et al. (2006) and Thorp et al. (2009) 

(Table 1.7). However, the difference between DRAINMOD-DSSAT and the original 

DRAINMOD-NII in simulating plant uptake rates and distribution necessitated further 

adjustments to improve leaching losses predictions. Driving parameters for nitrification 

and denitrification processes including maximum reaction rates, half-saturation constants, 

and the empirical exponent of soil organic matter depth function (the later parameters 

only affects denitrification rate) were defined through model calibration. Parameters 

associated with organic matter decomposition including decomposition rate of each pool 

and the corresponding C/N ratio (Table 1.7) were specified according to default values 

adapted from the CENTURY model (Parton et al., 1993). Environmental response 

parameters for C transformations were adapted from Youssef et al. (2006) and Thorp et 

al. (2009). 
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Table 1.7 DRAINMOD-NII model parameterization 

Nitrogen transport parameters      

Longitudinal dispersivity (cm)  
 

25.0 

Tortuosity  
 

0.5 

Fertilizer dissolution   
 

 Fertilizer dissolution rate (d-1)  
 

2.0 

Threshold soil water content (cm3 cm-3)                  0.36 

Ammonium volatilization   

Threshold soil pH 
 

7.5 

Maximum soil buffering capacity  pH (kmol OH
‐
)
‐1 (kg soil)

‐1   10 5 

Volatilization resistance factor    50 

Transformation Parameters  UHyd.[2] Nitr. [2] Denit. [2]   

      a imum reaction rate (μg N (g-1 soil) d)  120 19 [1] 0.6 [1] 

Half saturation constant (Km) [3] 50 11 [1] 40  

Optimum temperature (◦ ) 51.6 22 28 

Shape factor  0.12 0.413 0.186 

Empirical e ponent  SO  depth function (α) -- -- 0.35 

Threshold water-filled pore space -- -- 0.75 

Optimum water-filled pore space range 0.5-0.7 0.5-0.6 -- 
 

Organic matter decomposition parameters             

Mineral N content at which litter enter the SOM 45 

Optimum temperature 30 

Optimum water-filled pore space range 0.5-0.6 

Litter Pools   

  

  

  

  

  

  

  

 
 

  
K dec (d -1) 

    
C:N 

ratio 
Surface structural 1.068 X 10-2 

    
150 

Surface metabolic 4.055 X 10-2 
    

15 

Surface microbial 1.644 X 10-2 
    

8 

Below ground structural 1.342 X 10-2 
    

150 

Below ground metabolic 5.068 X 10-2         15 

SOM Pools             

Active 2.00 X 10-2 
    

8 

Slow 5.479 X 10-2 
    

16 

Passive 1.233 X 10-2            10 
[1] Calibrated parameter. 
[2] UHyd.: urea hydrolysis, Nitr: nitrification, Denit.: denitrification 
[3] Units are mg NH4–N g-1 for nitrification, and mg NO3–N l-1 for denitrification. 
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Crop Growth Parameters: 

The growth model requires a number of crop-specific parameters (genetic coefficients) 

that describe the crop growth and developmental behavior in response to variations in 

environmental conditions through the plant life cycle. Genetic coefficients that change 

less often for a crop species, such as parameters characterizing tissue composition, 

sensitivity of crop processes to environmental factors, and cardinal temperatures (DSSAT 

Training Program, 2010), were set to default values defined in DSSAT4.0 software.  In 

addition, the model requires cultivar-specific traits describing the life cycle allocation for 

different developmental phases, sensitivity to day length, seed filling rate, and other crop 

growth related traits (Boote et al., 2001 and 2003) (Table 1.8). 

Cultivar traits for soybean maturity group III (MG 03) (Table 1.8) were considered 

appropriate for developmental and growth conditions in the study site according to 

previous 17-year CROPGRO-Soybean simulations for a nearby site located in Ames, 

Iowa (Boote et al., 2003). Preliminary results of DRAINMOD-DSSAT simulations 

showed consistent over-prediction of crop yield. Thus, we slightly reduced the time 

allocated to the seed filling phase (by reducing the time from first seed formation to 

physiological maturity (SD-PM)), increased the period required for fully loading a pod, 

and decreased the maximum leaf photosynthesis rate to improve growth and soybean 

yield predictions (Table 1.8) 

For corn growth simulations, cultivar traits for a 2750 to 2800 growing degree day corn 

(Table 1.9) were found to reasonably simulate plant phenological development as 

suggested by Thorp et al., 2007. Growth attributes including phylochron interval 
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(PHINT), Kernel number (G2), and grain filling rate (G3) were recalibrated to minimize 

the error between measured and predicted yields.  

The required modifications of the selected cultivar traits from previous studies could be 

attributed to different procedures in simulating daily environmental conditions. Using an 

estimated solar radiation herein compared with the actual measured values used by Thorp 

et al. (2007) is expected to induce such differences, as well.   

Plant population and row spacing were set at 75,000 plants ha 
-1

 and 75 cm for corn; and 

at 370,000 plants ha
-1

 and 18 cm for soybean, respectively. Soil related parameters 

needed by the crop modules were discussed in a previous section (Table 1.6). Soil root 

growth factors (SRFG) were estimated based on a simple exponential equation as 

suggested by Ma et al. (2009) and were set equal for both corn and soybean. 
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Table 1.8 Cultivar coefficients used for soybean growth simulations.  

Parameter Definition Value 

Development traits  

CSDL 
Critical short day length below which reproductive development 

progress with no day length effect (h) 
13.4 

PPSEN Relative response of development to photoperiod with time (h-1) 0.30 

EM-FL Time from plant emergence to first flower (PD) [1] 19.0 

FL-SH Time from first flower and first pod (PD) 6.0 

FL-SD Time from first flower and first seed (PD) 14.0 

SD-PM [2] Time from first seed to physiological maturity (PD) 32.0 

FL-LF Time between first flower and end of leaf expansion (PD) 26.0 

PODUR [2] 
Time required for cultivar to reach final pod load under optimal 

conditions (PD) 
13.0 

Growth traits   

LFMAX Maximum leaf photosynthesis rate (mg CO2 m
-2 s-1) [2] 0.65 

SLAVR Specific leaf area of cultivar under standard growth conditions (cm2 g-1) 375 

SIZELF Maximum size of fully expanded leaf (cm2) 180 

XFRT Maximum fraction of daily growth portioned to seed and shell  1.0 

WTPSD Maximum weight per seed (g) 0.19 

SDPDV Average seeds per pod under standard growing conditions 2.2 

SFDUR Standard seed-filling duration for pod cohort (PD) 23.0 

[1] PD: photothermal day, [2] Calibrated parameter. 
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Table 1.9 Cultivar coefficients used for corn growth simulations 
[1]

  

Coefficient Definition Value 

P1 
Thermal time from seedling emergence to the end of the juvenile phase 

during which the plant is not responsive to changes in photoperiod (GDD8). 

260 

P2 Photoperiod sensitivity coefficient. 0.70 

P5 Thermal time from silking to physiological maturity (GDD8).   800 

G2 [2] Maximum possible number of kernels per plant. 725.5 

G3 [2] Kernel filling rate during the linear grain filling stage under optimum 

conditions (mg d-1). 

6.55  

PHINT [2] Phylochron interval between successive leaf tip appearances (DD). 59.0  

[1] GDD8 = growing degree days above a base temperature of 8 C, DD=degree days.  
[2] Calibrated parameters. 

 

 

Model Performance Evaluation: 

The model was first calibrated using measured data collected from the high N rate plot to 

determine the parameter set that best suited the current case study, then validated against 

the other data sets from the medium N and low N rate plots.  

Model evaluation criteria comprised of both qualitative and quantitative measures of fit 

(Houghton-Carr, 1999; Legates and McCabe, 1999, Moriasi et al., 2007). Qualitative 

rating involved a visual comparison of the simulated drainage flow and nitrate losses with 

the respective measured constituents on monthly and annual bases to identify periods of 

odd predictions (if any). Quantitative indicators included relative and absolute error 

indices as following:  
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where n is the total number of available measurements, Oi and Pi are the i
th

 measured and 

predicted values respectively, and Ō is the mean of measured values during the period of 

simulation. 

Calibrating DRAINMOD-DSSAT was not without some challenges due to the daily 

integrated nature created between different model components; thus, modification of one 

parameter can affect the performance of the entire simulations. However, the current 

calibration procedures revealed that it would be a good practice to start with the 

calibration of the hydrologic simulation considering its critical influence on soil nitrogen 

and crop growth simulations, while the nitrogen and crop models are reasonably 

initialized. Then the latter components are calibrated which could require further 

adjustments to the calibrated hydrologic parameters. 
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3. RESULTS AND DISCUSSION 

3.1. Hydrology  

Annual precipitation for the 10-yr period of observations is plotted in Figure 1.6. Annual 

precipitation was above the long-term average by 173 mm (21%) in 1996 and by 55 mm 

(6%) in 1998. The other 8 years were drier than normal ranging from 7 mm below normal 

(-0.8%) in 2004 to 280 mm below normal (-34%) in 2000. The percentage of annual 

precipitation that was lost via subsurface drainage varied among years as a result of the 

year-to-year variability in the amount and timing of precipitation (Jaynes and Colvin, 

2006). Most of the drain flow occurred during the months of April through July.  

Variation in the measured drain flow volumes among different treatments was negligible. 

Thus, the average predicted drainage was compared to the average of measured drain 

flow volumes of the equally spaced drains (Figure 1.7).  

Figure 1.6 Measured annual precipitation at the study site compared to the 40-year 

average annual precipitation. 
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Figure 1.7 A comparison between measured and predicted annual drain flows from 1996 

to 2005. 

 

Table 1.10 Predicted and measured annual subsurface drain flows. 

 

Measured (cm) Predicted (cm) PE (%) [1] 

1996 26.9 31.65 18 

1997 14.7 16.45 12 

1998 32.5 30.37 -7 

1999 32.3 27.73 -14 

2000 0.1 0.93 830 

2001 18.9 23.5 24 

2002 8.5 6.92 -19 

2003 23.2 19.84 -14 

2004 24.4 26.45 8 

2005 14.3 14.14 -1 

Avg. 19.6 19.8 1 

[1] PE means percent error calculated as [ (predicted-measured)/measured ]* 100 
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Table 1.11 Statistical measures of model performance for predicting annual, monthly, and 

daily drainage rates. 

Annual drainage Monthly drainage Daily drainage 

NEF DA MAE (cm) NEF DA MAE (cm) NEF DA MAE (cm) 

(cm) 0.91 0.98 2.6 0.81 0.96 0.63 0.65 0.91 0.03 

 

Both the visual and the statistical comparisons indicate that predicted annual drainage 

rates were in close agreement with measured values (Figure 1.7 and Table 1.10). 

Absolute percent errors in simulated annual drainage were lower than 15% in 6 of the 10-

year simulation period. On average over the 10-year period, the error in predicting annual 

drainage was only 1.0% (measured = 19.6 cm, simulated = 19.8 cm). In the extreme dry 

conditions in 2000, measured drain flow was only 0.1 cm compared to a predicted value 

of 0.9 cm leading to PE equal to 830%. The less than 1.0 cm yr
-1

 over-prediction of 

drainage in 2000 does not have any significance as the measured drainage was practically 

zero during this year. Overall, the model did not show signs of consistent over- or under-

prediction of drain flow either under dry or wet conditions.   

Measured and predicted monthly drainage rates were in a good agreement (Figure 1.8). 

On a daily basis, measured and predicted subsurface drainage rates were also in a good 

agreement (Figure 1.9 and table 1.11). In a few years, daily drainage rate was over-

predicted during winter months (when the soil in this site is generally frozen) and/or early 

spring (when snow starts to melt). However, these flows were generally small. During the 

growing season, measured and predicted drainage rates were in good agreement in terms 

of timing and magnitude. 
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Over all, the values of the statistical performance measures listed in Table 1.11 indicate 

that the model performance was “very good” in simulating drainflow patterns over the 

entire simulation period (Moriasi et al., 2007). Similar to observations, there were no 

substantial differences in predicted drainage flow patterns by treatment.  

 

 

Figure 1.8 A visual comparison between measured and simulated monthly drainage rates. 
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Figure 1.9. Measured and predicted daily drainage rates from 1996 through 2005. 
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Mean annual water balance components simulated by DRAINMOD-DSSAT are 

summarized in Table 1.12 and compared with the original DRAINMOD and RZWAQM-

DSSAT results presented by Thorp et al. (2009). In general, the three different models 

produced very similar water balance simulations. Simulated annual ET by DRAINMOD-

DSSAT averaged 50.9 cm representing 66% of annual precipitation which is very close 

to DRAINMOD and RZWQM-DSSAT predictions (Mean annual ET = 49.8 cm). 

Seasonal ET for this area could vary from 40 up to 54 cm yr
-1

 (Boote et al., 2003; 

Hatfield and Prueger, 2004). Mean annual water losses via deep seepage predicted by 

DRAINMOD-DSSAT was very close to that estimated by the original DRAINMOD and 

RZWQ-DSSAT models (Thorp et al., 2009). The majority of runoff events predicted by 

DRAINMOD-DSSAT were limited to late winter and early spring presumably due to 

simulated snow melting events during this period. In mid June 1996, the model predicted 

4.6 cm runoff due a heavy 16.1 cm rainfall event. Model predictions of surface runoff 

could not be verified since runoff was not measured onsite. 
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Table 1.12 Mean annual water balance component as predicted by DRAINMOD-DSSAT, 

DRAINMOD, and RZWQM-DSSAT for the current site. 
[1]

 

 

DRAINMOD-

DSSAT 

DRAINMOD 
[2]

 RZWQM-DSSAT 
[2]

 

Precipitation                                   76.7 ±  12.4 

ET 50.9 ± 4.6 49.8 ± 3.2 49.8 ± 3.7 

Seepage 3.7 ± 0.3 3.9 ± 0.3 4.5 ± 1.2 

Runoff 2.7 ± 2.3 3.6 ± 2.8 1.9 ± 2.8 

Drainage (Predicted) 

(predicted) 

19.4 ± 10.2 19.5 ± 10.1 19.6 ± 9.3 

Drainage (Measured)             

(observed) 

                                   19.6 ± 10.4 

[1] All units are in cm. 
[2] According to values published in Thorp et al. (2009). 

 

 

 

3.2. Crop Growth and Yield 

As expected, measured corn yields were highly influenced by the rate of fertilizer 

application. The higher the fertilization rate, the higher the corn yield. In contrast, 

measured soybean yields exhibited no variation among treatments within each year. 

Year-to-year variation in measured crop yield patterns, either corn or soybean, within 

each treatment were mainly attributed to variation in climatic conditions (Jaynes et al., 

2001; Jaynes and Colvin, 2006). Therefore, success of crop growth simulations requires 

reasonable predictions of soil water and N stress factors (Ma et al., 2006).  

Both the visual and the statistical comparisons indicate that predicted crop yields were in 

close agreement with measured values for all treatment plots (Figure 1.10 and Table 

1.13). The percent error in predicting corn yields for the calibrated high N treatment 

ranged from 0.8 to 11.9% with an average over the 10 year period of -0.4%. The errors in 
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predicting corn yields for the validation treatments were comparable to the calibration 

treatment. The errors in predicting corn yield for the medium-N treatment were in the 

range of 0.1-16.8% with an average of -3.04%; the corresponding errors for the low-N 

treatment ranged from 0.8 and 28.1 with an average of +3.84%. The slightly lower 

performance exhibited by the model for the validation of treatments resulted from the 

under-prediction of the 1996 yield (-16% error) for the medium N treatment, and the 

over-predicted of the 2004 yield (+28% error) for the low N treatment (Table 1.13). In 

1996, measured yield for the high and medium treatment plots were identical, however, 

the model predicted higher N stresses (19% higher) for the medium treatment plot. 

Similarly, we postulate that the model underestimated N stresses for the low N treatment 

in 2004, given the severe reduction in measured crop yield for this year under low 

fertilizer rate compared with measured yields for the high and medium treatments. 

Overall, the model was able to predict the variation of corn yield in response to variation 

in N fertilization rate (Figure 1.10), indicating that the model adequately simulated the 

effects of N-stresses on corn growth and yield. 

Figure 1.11 shows an example comparison between cumulative daily N-stresses as 

predicted by DRAINMOD-DSSAT. It is obvious that N stresses increased as the N 

fertilization rate decreases. Simulated water related stresses in all corn plot-years were 

very low or even nil (i.e., Cumulative water stresses ≤ 1.6). Similar simulation results 

were predicted by Thorp et al. (2007) who applied RZWQM-DSSAT for the same site, 

although they assigned lower values for the soil root growth factors that should have 

made simulated plant growth and yield more susceptible to drought and nutrient stresses. 
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 The model shows no variation in soybean yield predictions in response to changes in 

fertilizer application in corn years (Table 1.13). The statistical measures for predicting 

soybean crop yield were similar among treatments with PE averaging 2.7% and MAE 

averaging 102 Kg ha
-1

 (Table 1.14). Soybean yield was predicted within ±4% error in 

most plot years. Yields in 2001 and 2003 were overestimated by 12.5% and 4.3%, 

respectively; presumably due to under-prediction of water deficit stresses (cumulative 

stresses ≤ 3.2 in both years). Jaynes and Colvin (2006) documented the wide spread 

drought stress in soybean in central Iowa in 2003. However, DRAINMOD-DSSAT 

model allowed soybean roots to grow deeper and denser in order to sustain drought 

conditions. Given the important role of the soil root growth factors in regulating the rate 

of soil water and nutrient extraction (Boote et al., 2003), it could be more reliable to 

assign different values for individual crops in case of crop rotation to improve simulation 

of the water and nutrient stresses  (Thorp et al., 2007). Additional reductions in the 2001 

and 2003 soybean yields were caused by freezing damages, as simulated by the model, 

accompanied by the freezing temperature late in the season. However, there were no field 

observations to back this prediction. Cumulative N stresses for all soybean plot years 

varied from 0.0 to 1.30.  

Averaged across treatments, simulated harvests indices were 0.5 for corn and 0.4 and 0.4 

for soybean, which compared well to those estimated by Thorp et al. (2007) indicating 

comparable crop growth simulations. In addition, these harvest indices estimations are in 

agreement with other field studies in the US Midwest (Boote et al., 2003; Kwaw-Mensa 

and Al-Kaisi, 2006).  
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Table 1.13 Measured and predicted crop yields for the high-, medium-, low-N treatments 

from 1996 to 2005. ( All units are in Kg  ha
-1

) 

 Calibration (H) Validation (Med.) Validation (L.) 

 Obs. Sim. PE% Obs. Sim. PE% Obs. Sim. PE% 

Corn          

1996 8264 7960 -3.7 8289 6900 -16.8 5602 5409 -3.4 

1998 9067 8610 -5.0 8535 7620 -10.7 6676 6219 -6.8 

2000 8087 9050 11.9 8087 8960 10.8 8213 8180 -0.4 

2002 10529 10610 0.8 10495 10510 0.1 9042 9118 0.8 

2004 11475 11000 -4.1 10723 10730 0.1 7183 9200 28.1 

Avg. 9484 9446 -0.4 9226 8944 -3.1 7343 7625 3.8 

          
SB          

1997 3123 3100 -0.7 3149 3090 -1.9 3106 3091 -0.5 

1999 3236 3290 1.7 3228 3290 1.9 3289 3280 -0.3 

2001 2453 2760 12.5 2480 2740 10.5 2410 2726 13.1 

2003 2497 2600 4.1 2497 2600 4.1 2514 2610 3.8 

2005 3419 3510 2.7 3471 3500 0.8 3532 3490 -1.2 

Avg. 2946 3052 3.6 2965 3044 2.7 2970 3039 2.3 
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Figure 1.10 A visual comparison between measured and predicted corn yields for the 

high-, medium-, low-N treatments. 
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Figure 1.11 Cumulative daily N stress factors predicted by DRAINMOD-DSSAT for 

corn receiving fertilizer N at high-, medium-, and low-rates during 2000, 2002, and 2004.  
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Simulated nitrogen removal in crop grains is shown in Table 1.15. Removal of N in 

soybean grains was well predicted by the model with a percent error of 6.7% for the 

calibration treatment, and 7.5% for the validation treatments. The model tendency to 

over-predict soybean grain N in 2001 and 2003 is attributed to crop yield over-prediction.  

N removal in corn grains receiving high fertilization rate were over predicted by 20.9% 

with a MAE of 24.4 Kg ha
-1

 (Table 1.14). Similar and consistent over-estimated grain N 

removal rates were also simulated by RZWQM-DSSAT with an average simulated grain 

N of 1.6% (Thorp et al., 2007) compared to a measured average grain N of 1.2% for the 

study site. The tendency to over-predict plant-N consumption is mainly attributed to the 

plant uptake algorithms adapted in DSSAT-CERES Maize V4.0. Under optimal growing 

conditions with soil-N availability exceeds plant demands, the model allows increasing 

grain N concentrations up to 1.8% with no further growth occurring. “Lu ury 

consumption” may not apply in many cases ( errato and  lackmer, 1990). In the current 

study, simulated corn grain N concentration at harvest ranged between 1.3 and 1.66 and 

averaged at 1.50%. On the other hand, simulated grain-N removal in corn receiving 

medium and low fertilization rates (under which luxury consumption becomes 

exceptional) was reasonably predicted by the model (Table 1.14 and 1.15). Over all, this 

first model application demonstrated that DRAINMOD-DSSAT was able to reasonably 

predict crop growth and yield under well drained conditions and different nutrient 

management practices. Future work should test the model performance when the crop is 

exposed to water stresses, especially under wet soil conditions. 
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Table 1.14 Statistical error measures for predicted yield and grain N removal for high-, 

medium-, and low N rates. 

  High N Medium N Low N 

Corn          Yield  

YieldYield 

PE (%) - 0.4 - 3.04 3.84 

 MAE (Kg  ha -1) 456 639.8 555.2 

               Grain N PE (%) 20.9 4.84 4.35 

 MAE (Kg N ha-1) 24.4 10.8 10.1 

Soybean    Yield 

Yield  

PE (%) 3.6 2.7 2.3 

 MAE (Kg  ha -1) 24.4 10.8 10 

          Grain N PE (%) 6.7 7.5 7.5 

 MAE (Kg N ha-1) 21 22.7 19.5 

 

 

Table 1.15 Measured and predicted nitrogen (N) removal for the high-, medium-, low-N 

treatments from 1996 to 2005. 
[1]

 

 Calibration (High N) Validation (Medium N) Validation (Low N) 

 Obs. Sim. Obs. Sim. Obs. Sim. 

Corn       

1996 98 103 93 84 58 63 

1998 107 118 95 92 68 72 

2000 100 148 98 120 89 96 

2002 144 171 140 138 112 96 

2004 134 164 111 129 80 98 

Average 117 141 107 113 81 85 

       
Soybean       

1997 197 184 199 184 196 184 

1999 205 198 203 198 208 197 

2001 128 175 129 174 125 173 

2003 142 160 142 168 142 168 

2005 NA 210 NA 210 NA 209 

Average 168 179 168 181 168 181 

[1] All units are in Kg N ha-1, NA = No data available. 
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3.3. Nitrate losses 

According to field observations, measured nitrate loads varied dramatically among years 

and among treatments. A gradual decrease in annual N losses was observed with time 

which could be, in part, due to implementing more conservative tillage practices (Table 

1.3), gradual increase in corn yield (higher N uptake) (Table 1.13), and/or relatively drier 

conditions (Figure 1.6). As with results for subsurface drainage volumes, the majority of 

nitrate loads leached during the period from March to July.  

Both statistical and visual comparisons show a good agreement between simulated and 

measured annual NO3 leaching for the calibration and validation treatments (Table 1.16 

and Figure 1.12). Over the 10-year simulation period, average measured and predicted 

NO3-N losses were 34.5 and 32.9 kg N ha
-1

 (PE = 5.0%) for the high N treatment 

(calibration treatment); 25.0 and 23.2 (PE = 7.0%) for the validation medium N 

treatment; and 18.9 and 18.7 Kg N ha
-1 

(PE = 1.0%) for the low N treatment, respectively. 

The model predicted annual NO3 losses within ± 25% of measured values in 24 of the 30 

simulated plot-years (10 years x 3 treatment plots) indicating a very good performance 

rating according to Moriasi et al., 2007. The very large PE values in 2000 (PE > 200% 

among all treatments) were attributed to poor hydrologic predictions in this extremely dry 

year. The values of the statistical measures for annual NO3-N leaching losses predictions 

of the High-N treatment were NSE = 0.91, DA = 0.97, and MAE = 4.2 Kg ha
-1

 (Table 

1.17). For the medium and low N treatments the NSE values were 0.95 and 0.93, DA 

values were 0.99 and 0.98, and MAE values were 2.8 and 2.7 Kg N ha
-1

, respectively. 

These values indicated very good overall performance. The model performed slightly 
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better for the validation treatments than for the calibration treatment which could be in 

part due to the tendency of over-predicting corn N-uptake under high fertilization rate. 

 

Table 1.16 A comparison between measured and predicted annual NO3-N losses for the 

high-, medium-, and low N treatments for the period from 1996 through 2005. 

Year 
[2]

 

High N (Calibration) Medium N (Validation) Low N (Calibration) 

 Obs. Pred. PE% Obs. Pred. PE% Obs. Pred. PE% 

1996 62.7 59.3 -5 48.1 50.1 4 36.2 41.3 14 

1997 26.6 25.5 -4 18.9 21.1 11 13.4 16.9 26 

1998 56.9 55.7 -2 42.8 39.7 -7 36.0 31.0 -14 

1999 48.4 56.2 16 38.0 36.1 -5 31.4 27.8 -11 

2000 0.1 3.0 249 0.1 0.0 -NA 0.1 1.5 208 

2001 43.6 34.2 -.22 27.9 21.9 -22 17.4 17.0 -3 

2002 14.3 12.7 -11 10.7 7.8 -27 8.5 6.1 -28 

2003 47.4 34.7 -27 27.6 22.2 -19 16.5 17.8 8 

2004 27.0 30.8 14 25.0 21.2 -15 21.0 17.4 -17 

2005 18.0 16.9 -6 11.3 12.3 9 9.0 10.0 12 

Avg. 34.5 32.9 -5 25.0 23.2 -7 18.9 18.7 -1 
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Figure 1.12 A visual comparison between measured and predicted annual NO3-N 

leaching losses for the high, medium, and low N treatments from 1996 through 2005. 
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Predicted monthly nitrate leaching losses were in good agreement with observed values 

as well (Table 1.17, Figure 1.13). Over the 10-year period, the statistical evaluation 

measures for monthly predictions of the calibration treatment were: NSE = 0.72, DA = 

0.94, and MAE = 1.38 Kg N ha
-1

. For the validation medium and low N treatments: NSE 

values were 0.77 and 0.79, DA values were 0.95 and 0.96, and MAE values were 0.94 

and 0.70 Kg N ha
-1
, respectively. These values rated the model performance as “very 

good” ( oriasi et al.,  007) especially when considering the difficulty of accurately 

predicting monthly N leaching losses as well as the uncertainties in assessing infrequent 

water sampling (usually biweekly in the current site) (Wang et al., 2003; Youssef et al., 

2006; Birgand et al., 2010 and 2011). 

 

Table 1.17 Statistic measures of annual and monthly Nitrogen loss simulation for high, 

medium, and low N-treatments.  

N-Rate Annual NO3 Losses Monthly NO3 Losses 

 EF DA MAE (Kg N ha-1) 

ha) 

EF DA MAE (Kg N ha-1) 

N/ha) High 0.91 0.97 4.5 0.72 0.94 1.38 

Medium 0.95 0.99 2.8 0.77 0.95 0.94 

Low 0.93 0.98 2.74 0.79 0.96 0.70 
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Figure 1.13 Comparison between measured and predicted monthly N losses for the high, 

medium, and low N treatments. 
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3.4. Nitrogen Balance Simulations: 

Accurate predictions of N leaching losses should be associated with the proper 

quantification of soil N transformation processes (Youssef et al., 2006). Table 1.18-a 

summarizes predicted mean annual rates of nitrogen transformation processes for the 

high N treatment along with a comparison with simulated values by the original 

DRAINMOD-NII and RZWQM-DSSAT as published in Thorp et al. (2009).  

Simulated net mineralization was relatively high during the simulation period due to 

naturally high soil organic matter content coupled with the continuous amendment of 

plant residues (Carpenter Boggs et al., 2000; Gollany et al., 2004; Kladivko et al., 2004; 

Youssef et al., 2006). Annual net mineralization rates ranged from 66 up to 173 Kg N ha
-

1
 with the higher values simulated in soybean years. Predicted average annual net 

mineralization rate was 126 Kg N ha
-1

 similar to what was predicted by the original 

DRAINMOD-NII (Table 1.18 a).  

Predicted N Plant uptake by DRAINMOD-DSSAT during corn years (avg. = 248 Kg N 

ha
-1

) compares well to the values estimated by RZWAQM-DSSAT (avg. = 237 kg N ha
-1

) 

but is significantly higher than what was predicted by DRAINMOD-NII (avg. = 172 kg 

ha
-1

). High uptake values predicted by former models were due to the tendency of 

DSSAT to overestimate plant uptake under high fertilization rate as described in the 

previous section. Total plant uptake (from soil + N-fixation) during soybean years was 

reasonably comparable for three models; however, DRAINMOD-DSSAT predicted 54% 

(on average) of plant needs were met via N-fixation, while the other two models 

predicted that 60 to 72% of plant needs were met via N-fixation. According to the 
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literature, the later value is more reasonable when direct fertilization is not applied in 

soybean years (Boote et al., 2008; Salvagotti et al., 2008). 

Denitrification is an important pathway for N loss in agricultural systems (Youssef et al., 

2006). For the current study, predicted annual denitrification rates ranged from 3.0 to 

13.1 kg N ha
-1

 with an annual average of 7.9 Kg N ha
-1

, which are relatively low 

compared with those predicted by Thorp et al. (2009). According to literature, estimated 

N denitrified from agricultural fields incorporating comparable management practices 

showed large variations (from 0.3 to 14% of the applied N) (Puckett et al., 1999; Mehnert 

et al., 2007; Thorp et al., 2007 and 2008; David et al., 2009; Gentry et al., 2009); thus, the 

predicted values by either models could be deemed appropriate for the current situation. 

However, we anticipated that DRAINMOD-DSSAT slightly underestimated 

denitrification rates to compensate for the predicted higher plant uptake and well 

predicted drainage losses.  

Wet deposition represented a minor N input to the system with a predicted mean annual 

rate of 7.6 Kg N ha
-1

. Simulated N losses through deep seepage and surface runoff 

averaged at 4.5 Kg N ha
-1

 yr
-1

 and 2.0 Kg N ha
-1

 yr
-1

, respectively. 

Simulated N processes under reduced N rates are summarized in Table 1.18-b. 

Reductions in applied fertilization were met by significant reduction in plant uptake (in 

corn years) and N-leaching losses. For soybean years, soil-N uptake was slightly reduced; 

subsequently, N supply through N fixation was slightly increased. Fertilization carried 

over from the previous corn year could represent an indirect source for soil mineral-N.  



60 

 

 

 

The model simulated a mutual decrease in mineralization/immobilization rates due to the 

reduction in added fertilization along with the reduced amounts of added organic 

materials (residue biomass) in corn years (David et al., 1997; Carpenter Boggs et al., 

2000; Gollany et al., 2004). However, mean annual net mineralization rates were not 

significantly affected by the reduced N-rates. Other N-loss pathways including 

denitrification, deep seepage, as well as surface runoff were slightly reduced as the 

applied N-fertilization reduced.  

Overall, these results demonstrated that the DRAINMOD-DSSAT model was able to 

adequately simulate nitrogen transport/transformation processes for different N 

treatments implemented in this study, which indicates a proper and successful integration 

of DRAINMOD, DRAINMOD-NII and the newly added DSSAT crop modules.  
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Table 1.18 Predicted mean annual Nitrogen transformation processes for the period from 

1996 through 2005. 
[1]

  

 a) High N rate b) Reduced N rate 

 DRAINMOD-

DSSAT 

DRAINMOD 
[2]

 RZWQM-

DSSAT
[2]

 

Medium Low 

Fertilizer 
[3]

 197 197 197 132.6 62 

Fixation  248 162.6 216.2 260 275 

Net-

mineralization 
125.8 124.6 109.0 123.4 119.8 

Wet deposition 7.7 7.7 6.8 7.7 7.7 

Plant uptake 
[4]

      

Corn 248.1 172.2 236.8 209 164.7 

Soybean 134.3 139.2 91.6 120 105.0 

Denitrification 7.9 14.9 13.5 6.6 5.7 

Seepage 4.5 4.8 7.2 3.3 2.8 

Runoff 2.0 3.7 0.2 1.8 1.7 

Leaching Losses      

Predicted 32.9 36.6 33.3 23.2 18.7 

Measured 34.5   25.0 18.9 

[1] All units in Kg N ha-1 
[2] According to what was published in Thorp et al. (2009) 
[3] Fertilizer applied in corn years only 
[4] Plant uptake excluding N fixation in soybean years  
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4. SUMMARY 

Previous studies showed that the empirical approaches implemented in DRAINMOD and 

DRAINMOD-NII to simulate crop growth and nutrient uptake do not properly reflect the 

interaction between crop growth, weather, and soil water and nitrogen status. In the 

current study, the CERES-Maize and CROPGRO deterministic crop growth models, 

adapted from DSSAT V4.0 software, were integrated with DRAINMOD and 

DRAINMOD-NII on a day-by-day basis to allow for data transfer and feedback between 

the physiological crop development and soil and weather conditions.  In the modified 

model, DRAINMOD and DRAINMOD-NII provided the crop growth models with 

required daily climatic data, soil temperature, soil water content, and available soil N for 

plant uptake; whereas the crop model provides daily changes in rooting depth, simulated 

plant N uptake, and crop biomass related variables for residue recycling. 

This first application of the modified model, DRAINMOD-DSSAT, used a 10-year data 

set that was collected from a sub-surface drained field in Iowa planted to corn-soybean 

rotation. The corn received low, medium, and high N fertilization rates. Model 

predictions were in very good agreement with available measured data including drainage 

flow, NO3 losses, and crop yield. In addition, N removal in crop grains was reasonably 

predicted except for corn grains receiving high N fertilization rate where the model 

consistently over-predicted grain N. This can be attributed to the “N lu ury-

consumption” that CERES-Maize hypothetically allow under sufficient supply of soil 

nitrogen.   
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The capability of the current model to successfully simulate nutrient stresses experienced 

by corn plants under different N rate scenarios was a key point to improve the yield 

predictions, which the original DRAINMOD was unable to predict. No significant water 

related stresses was detected by the model. Future application should incorporate 

different water management scenarios to test the model’s capability of handling water 

related stresses, especially those caused by excessive soil water conditions as 

DRAINMOD is mostly applied on artificially drained lands. 

Overall, the integration of well-maintained process-based hydrology, nitrogen-dynamic, 

and crop growth models is an important step to building “a quantitative whole-system” 

model ready for the 21-century environmental challenges. The literature enriched with 

previous distinct model applications is a valuable source that should be documented in 

databases to help interested users in parameterizing such comprehensive models.   
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CHAPTER 2: DRAINMOD-DSSAT Simulation of the Hydrology, Nitrogen 

Dynamics and Plant Growth for a Drained Corn Field in Indiana, U.S.A.  

ABSTRACT 

The current study aimed to evaluate the newly developed DRAINMOD-DSSAT model, 

which integrates deterministic crop modules adapted from DSSAT into DRAINMOD and 

DRAINMOD-NII models on a daily time step. We evaluated the model using a 6-year 

(1985-1990) data set collected from a subsurface drained agricultural field at the 

Southeast Purdue Agricultural Center (SEPAC), Indiana. Subsurface drains were 

installed at three different spacings (5, 10, and 20 m). During the simulation period, the 

site was planted to continuous corn receiving a high-rate (228 Kg N ha
-1

 to 285 Kg N ha
-

1
) of pre-plant N-fertilization. Drainage volumes, NO3-N exports, and crop yield data 

collected from the 20-m spacing plot were used for model calibration, and the 

corresponding data collected from the other two plots were used for model validation. 

Soil nitrogen analyses were limited to the 5-year period (1986–1990) of available 

leaching losses measurements.   

Subsurface drainage patterns were well represented by the model. Annual drainage 

volumes were predicted within ±10% in 61% of plot years and within ±25% for all 18 

plot years. The statistical performance measures of monthly drainage predictions were 

Nash-Sutcliff efficiency (NSE) ≥ 0.81, inde  of agreement (DA) ≥ 0.96, and R SE-

observation standard deviation ratio (RSR) ≤ 0.43. Annual leaching losses were predicted 

within ± 15% in 73% of plot years within ±23% for all 18 plot years. Cumulative annual 



73 

 

 

 

leaching losses over the 5-year period were predicted within ±4.7% of measured 

cumulative values. Statistical measures of model performance for predicting monthly 

NO3-N leaching losses ranged between 0.59 and 0.82 for NSE, 0.90 and 0.96 for DA, and 

from 0.43 to 0.64 for RSR. Predicted crop yields were in excellent agreement with 

measured values for all plot years (average absolute percent error ≤ 3.8%). Other crop 

growth variables and soil N processes rates were reasonably predicted compared with 

values reported in the literature. The improvements in accuracy of predictions of crop 

yield predictions and NO3-N losses were mainly attributed to the new linkage that more 

realistically represent the interactions and feedback between soil water, nitrogen and 

plants at short time scales.  

 

1. INTRODUCTION 

Drainage is essential for removing excess water from agricultural lands to provide timely 

access for field operations and to minimize plant wet stresses that could lead to crop 

damage and yield losses (Skaggs et al., 2005; Fouss and Sullivan, 2009). Some 

agricultural lands are naturally well drained; others require artificial or improved 

drainage. The application of nitrogen (N) fertilizers further improves production and 

increases farming profitability (Randall et al., 2003; Hofmann et al., 2004). However, 

relatively large portions of applied fertilizer (35 to 50%) are never taken up by plants 

even under optimal growing conditions (David et al., 1997; Gollany et al., 2004); instead, 

it remains in the soil profile and becomes susceptible to leaching via subsurface drainage, 

and thus contributes to serious ground and surface water impairment (David et al., 1997; 
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Jokela et al., 1997; Gilliam et al., 1999). Field experimentation and computer modeling 

are complementary approaches that can provide guidelines for the design of effective 

water and nutrient management practices to increase drainage efficiency, minimize N 

losses, and maintain high agricultural productivity (Thorp et al., 2009; Luo et al., 2010). 

Compared with the expensive and time consuming field experiments, computer models 

can be more effective in assessing the long term hydrologic and water quality impacts of 

crop production on drained land. Moreover, computer modeling can describe the 

interactions and feedbacks occurring among physical, chemical, and biological processes 

regulating the hydrology, N dynamics and plant growth on drained agricultural land. 

These complex interactions in the soil-water-plant system are extremely difficult to 

quantify experimentally. 

DRAINMOD (Skaggs, 1978) is a field-scale hydrologic model, developed to predict the 

effects of drainage system design and management on crop production systems on high 

water table soils with artificial drainage. The model simulates field hydrology using a 

simple water balance approach. It uses an empirical stress-day-index approach (Evans et 

al., 1991) to estimate the percent reductions to the potential yield caused by planting 

delays, soil salinity, wet stresses, and dry stresses. DRAINMODN-II (Youssef, 2003; 

Youssef et al., 2005a) is a companion model to DRAINMOD that simulates soil carbon 

(C) and N dynamics in drained agricultural lands. DRAINMOD-NII is a mechanistic 

model that predicts N fate in drained agricultural fields as affected by weather conditions, 

soil type, farming practices, and drainage system design and management. DRAINMOD-

NII utilizes the soil water balance parameters predicted by DRAINMOD to simulate N 
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reactive transport and predict N losses via subsurface drainage and surface runoff. 

DRAINMOD-NII uses DRAINMOD-predicted relative yield and user-specified potential 

yield and plant N content to compute total N plant uptake, which is distributed over the 

growing season using an empirical relationship (Youssef et al., 2005). Even though 

DRAINMOD and DRAINMOD-NII were originally developed for agricultural systems, 

the models lack a mechanistic representation of crop growth that accounts for the effects 

of variations in seasonal weather conditions and soil nutrient status on crop phenological 

development and growth rate. This can result in poor crop yield predictions as shown in 

previous studies (e.g. Zhao et al., 2000; Wang et al., 2006) especially when  N fertilizer is 

applied at rates that differ from recommended rates, a common experimental scenario in 

research investigating crop production on drained land (Thorp et al., 2009). The poor 

predictions of crop yield can lead to substantial errors in predicted N uptake, the largest 

sink of the N cycle in the agro-ecosystem. These errors in N uptake predictions influence 

the entire N balance and cause errors in predicted N drainage losses. 

The Decision Support System for Agrotechnology Transfer (DSSAT) is a widely used 

software combining a number of crop models that simulate plant phenological 

development and growth as affected by climatic and soil water and nutrient conditions. 

Previous studies have identified the need for improvements in DSSAT’s soil water and 

nitrogen simulation components (Garrison et al., 1999; Sadler et al., 2000). Recently, it 

has been a common practice to develop hybrid models using models originally designed 

to simulate selected components of agricultural systems (Ma et al., 2007). The hybrid 

model maintains the strengths and avoids the weaknesses of the component models, 
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which improves model predictions and expand the scope of application. The 

incorporation of a process-based crop growth model into DRAINMOD and 

DRAINMOD-NII models not only improves predictions of crop yield and N dynamics as 

affected by farming practices, but also extends the scope of the models to cover emerging 

critical research areas including quantifying impacts of predicted climate change on crop 

production and developing management strategies to adapt agricultural systems to these 

potential changes. 

DRAINMOD-DSSAT model has recently been developed by integrating selected crop 

modules adapted from DSSAT into DRAINMOD and DRAINMOD-NII to simulate the 

interaction and feedback mechanisms among hydrology, soil C and N, and plant growth 

on a daily time step. DSSAT crop modules that are included in the current version are 

CERES-Maize for corn and CROPGRO for legumes. DRAINMOD-DSSAT has been 

previously tested using a 10-yr data set from a drained agricultural field in Iowa. The site, 

drained using subsurface drains with same drain depth and spacing, was planted to a 

corn-soybean rotation with the corn crop receiving N fertilizer at three different rates. 

The model testing using the Iowa data set evaluated the model’s ability to predict crop 

yield as affected by changes in N fertilizer application rate. The model accurately 

predicted drain flow, N drainage losses, and crop yields for the three N fertilization 

treatments. Model testing using Iowa data set is presented in Chapter one of this 

dissertation. 

The objective of this study was to assess the hydrologic, N dynamics, and crop yield 

predictions of DRAINMOD-DSSAT as affected by changes in both drainage intensity 
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and N fertilizer application rate. The model was tested using a six-year data set collected 

from a corn field in Indiana, receiving N fertilizer at a higher rate during the first three 

years followed by a relatively lower N application rate in the following three years. The 

field is drained using three sets of subsurface drains with three different drain spacings.   

The yield predictions of DRAINMOD-DSSAT were also compared to predictions of the 

original DRAINMOD model, which was previously evaluated using the same dataset by 

Wang et al. (2006). 

 

2. MATERIALS AND METHODS 

2.1. Models Overview 

The Hydrologic Model, DRAINMOD 

DRAINMOD (Skaggs, 1980) is a field-scale model that simulates the hydrology of high 

water table soils, and predicts the effects of drainage design and management on soil 

water distribution in the unsaturated zone, water table fluctuation and surface and 

subsurface drainage flow rates.  The model performs a one-dimensional soil-water-

balance at the mid-point between two parallel drains on a day-by-day, hour-by-hour 

basis. Drainage rates are calculated using the steady-state Hooghoudt equation (Bouwer 

and van Schilfgaarde, 1963) when the water table is below the surface and uses equations 

derived by Kirkham (1957) to calculate drainage under ponded conditions. Infiltration 

rate is computed using Green-Ampt method (Green and Ampt, 1911), and surface runoff 

occurs after the ponded water on the soil surface fills a user-defined depressional storage. 

Vertical and lateral seepage are optionally simulated using Darcy’s Law. DRA N OD 
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either uses the temperature-based Thornthwaite method (Thornthwaite, 1948; 

Thornthwaite and Mather, 1957) to internally compute PET or reads in externally 

calculated PET from an input file. The model numerically solves the heat equation and 

predicts daily soil temperatures along the soil profile, enabling simulation of the effects 

of soil freezing/thawing, snow accumulation and melt on hydrologic predictions during 

cold periods (Luo et al., 2000, 2001). The original version of DRAINMOD applies an 

approximate stress day index (SDI) approach to estimate crop yield reductions in 

response to adverse soil water conditions and planting delays. The model assigns a 

susceptibility factor for each crop developmental stage reflecting the relative influence of 

the soil water related stress on crop yield. The length of each developmental stage, 

however, is predefined as an input and does not vary from year to year regardless of 

changes in temperature and day length. Additionally, the stress day index approach does 

not consider the effect of nitrogen deficiency on yield losses  

 

The Soil Carbon and Nitrogen Model, DRAINMOD-NII 

DRAINMOD-NII (Youssef et al., 2005) is a process-based, field-scale model that 

simulates soil C and N dynamics in drained agricultural fields under different water 

management and farming practices. The model solves a multiphase form of the one 

dimensional advection-dispersion-reaction equation to simulate N reactive transport 

midway between two parallel drains. It simulates three soil N pools: nitrate (NO3), 

ammonium (NH4)/ammonia (NH3), and organic N (ON). Nitrogen transformation 

processes simulated by the model include atmospheric deposition, applications of mineral 
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N fertilizers including anhydrous ammonia and urea, manure application, plant residue 

incorporation, N fixation by legumes, plant uptake, mineralization of ON, immobilization 

of mineral N, nitrification, denitrification, ammonia volatilization, and N losses via 

lateral subsurface drainage, vertical seepage and surface runoff. DRAINMOD-NII 

incorporates a module, adapted from the CENTURY model (Parton et al., 1987), to 

simulate C dynamics in the soil-plant system. It simulates three soil organic matter pools 

(active, slow, and passive), a surface microbial pool, and two above- and below-ground 

litter pools (metabolic and structural). Each pool is characterized by its organic carbon 

(OC) content, potential decomposition rate, and C-to-N ratio (Youssef et al., 2005).   

 

The Crop Growth Model, DSSAT 

DSSAT is a deterministic crop model that can assess crop performance in response to 

changes in environmental and management conditions (Jones et al., 1998; Gijsman et al., 

2003). The latest version of DSSAT is comprised of a number of crop modules that 

simulate crop growth and development for more than 18 different crops on a daily time 

step (Hoogenboom et al., 2003). 

In DSSAT, the developmental life cycle is divided into phenological stages, each requires 

a set number of predefined heat units or photothermal days. Once the photothermal 

period of one stage is met, the next stage begins (Jones et al., 2003). The potential daily 

dry matter growth is computed based on the intercepted photosynthetically active 

radiation, and is reduced due to limiting factors including water, nutrient, and suboptimal 

temperatures and CO2 concentrations, to estimate the simulated daily dry matter 
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accumulation (Jones et al., 2003; Soler et al, 2007). Biomass partitioning among the plant 

organs is computed based on growth stage and partitioning coefficients defined for each 

crop species (Jones et al., 2003). Other processes that simulate nodule growth, N-fixation 

rate, and related nitrogenous activities are considered in CROPGRO (Boote et al., 1998), 

a generic model that simulates growth of leguminous plants (Boote et al., 2008). The 

reader is referred to Tsuji et al. (1998) for a detailed description of theories and modeling 

procedures incorporated in individual crop modules. 

Recently, DSSAT has been restructured using a modular approach (Porter et al., 2000; 

Jones et al., 2001) that builds communication among different modules via a few 

variables, while allowing each module to read its own inputs, calculate and integrate its 

state variables, and write outputs independently from other modules (Jones et al., 2003). 

This modular format facilitates the insertion or incorporation of a selected module of 

interest into other modeling programs with minimal impact on the structures of both the 

module and the host program. 

 

DRAINMOD-DSSAT Development 

Originally, DRAINMOD and DRAINMOD-NII were not fully integrated; rather a user 

friendly, Windows-based interface (DRAINMOD 6.0) was designed to execute 

DRAINMOD for the entire simulation period, and then calls DRAINMOD-NII to 

simulate soil C and N dynamics. DRAINMOD-NII utilizes DRAINMOD predictions 

(output) of daily hydrology, soil temperature, and relative crop yields. This external link 

between the two models did not account for the daily interaction and feedback occurring 



81 

 

 

 

between crop growth and soil water and nutrient conditions. Recently, we have developed 

a single code that links and integrates, on a daily time step, DRAINMOD, DRAINMOD-

NII, and two DSSAT crop modules; namely CERES-Maize and CROPGRO (Chapter 1). 

In the modified code (DRAINMOD-DSSAT), DRAINMOD provides the crop model 

with daily soil water content, soil temperature, and weather data including daily 

maximum and minimum air temperatures, solar radiation and potential evapotranspiation 

(PET). The soil mineral N available for plant uptake is predicted by DRAINMOD-NII. 

PET is then converted to potential plant transpiration (PT0) based on a light extinction 

coefficient and simulated leaf area index (LAI). If plant water uptake is insufficient to 

meet PT0 demand, the model applies two water stress factors: one reduces photosynthesis 

and biomass production and the second reduces expansive growth. Deficiency in plant 

water uptake occurs, as simulated by the crop model, under either drought conditions or 

saturated soil conditions that prevent sufficient oxygen supply to plant roots. Similarly, 

plant growth response to deficit N supply is quantified using an N deficiency index, a 

function that relates simulated daily plant N daily concentrations to stage specific critical 

values. More detailed descriptions of crop responses to water and nutrient stresses are 

provided by Ritchie (1998) and Godwin and Singh (1998). After the crop model 

simulates plant growth for each day of the growing season, it returns the simulated 

effective rooting depth and N uptake back to DRAINMOD and DRAINMOD-NII to 

complete simulating soil water and N balances for the day. On the day of harvest, the 

crop model provides DRAINMOD-NII with un-harvested above- and below-ground 

biomass and their N contents for residue recycling. 
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 To verify that the component models of DRAINMOD-DSSAT are correctly linked, the 

model has been tested using a 10-year data set collected from a tile drained agricultural 

field in Iowa (Chapter 1). The Iowa site was planted to a corn-soybean rotation and the 

corn crop received N fertilizer at three different rates. 

 

2.2. Model Testing 

Study Site Description 

The model was tested using a six-year data set collected from a subsurface-drainage 

experimental field in the Southeast Purdue Agricultural Center (SEPAC) near Butlerville, 

Indiana (39°01´33´´ N, 85°32´24´´ W) (Kladivko et al., 1991 and 1999). Soil on the site 

is Clerment silt loam (fine silty, mixed, mesic Typic Glossqualfs), a shallow naturally 

poorly-drained soil containing 0.7% organic C, 66% silt, 22% sand, and 12% clay 

(Kladivko et al., 1999). The subsurface drainage system consists of 225 m long and 10 

cm diameter corrugated drain tubes, installed 75 cm below soil surface at 5-, 10-, and 20 

m spacings and a slope of 0.4%. The three drain spacing treatments were replicated into 

two blocks: an east block and a west block, separated by a 40 m wide strip (Figure 2.1). 

Treatments in the west block were the only treatments considered in the current analysis.  
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Figure 2.1 Subsurface drain spacing layout at the SEPAC experimental field (Adapted 

from Kaldivko et al., 1999).  

 

Corn was planted each year during the simulation period (1985–1990). Tillage operations 

implemented on the site included one pass of chisel plow (20 to 25 cm depth) followed 

by two passes with a soil finisher. Nitrogen fertilizer was applied as anhydrous ammonia 

(with the nitrification inhibitor nitrapyrin) before planting each year. During 1985-1988, 

the rate of N-fertilizer application was 285 kg N ha
-1

 to meet a yield goal of 12.5 Mg ha
-1

, 

and then it was reduced to 228 Kg N ha
-1

 in 1989 and 1990 (Kladivko et al., 2004).  
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Precipitation data were measured at the SEPAC weather station with a tipping bucket rain 

gauge. On-site measured air temperatures were available for 1987-1990 period, and were 

obtained from nearby weather stations for the years 1985 and 1986. Subsurface drainage 

from each center drain line of the three treatments (Figure 2.1) was measured using a 

tipping bucket flow gauge connected to a data logger. Drain flows from the two outer 

drain lines of each treatment (Figure 2.1) were not measured since these outer drains 

function as guard lines to minimize treatment interaction (Wang et al., 2005). Flow-

proportional drainage water quality samples were collected with automatic water 

samplers (ISCO-2700) during the study period, except for 1985 when water quality 

sampling was not started till April of that year. Drainage water samples were analyzed 

from 1986 through 1990. The reader is referred to Kladivko et al. (1999 and 2004) for a 

detailed description of flow measurements, sampling procedures, and laboratory analyses. 
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Model Initialization and Parameterization: 

Hydrology 

 Model inputs required for simulating hydrologic processes, include weather data, soil 

hydraulic properties, and drainage system design. Additional inputs are required for 

simulating heat flow in the soil profile, which is required for simulating the hydrology 

under cold conditions.  

Daily potential evapotranspiration (PET) was internally estimated by the model using the 

Thornthwaite method. Monthly correction factors for PET predictions were set according 

to the values used by Wang et al. (2006) and were slightly adjusted during model 

calibration (Table 2.1). Measured annual precipitation during the study period varied 

from 800 mm in 1987 to 1260 mm in 1985 (Figure 2.2 ). Daily solar radiation estimates 

(needed by the crop model) were calculated using a method suggested by Samani et al. 

(2007), which requires the latitude of the location along with daily maximum and 

minimum temperatures. 

Drainage system design was similar among the treatments except drain spacing (Table 

2.2). Surface storage was set for good surface drainage conditions as defined in the 

DRAINMOD manual (Workman et al., 1994) and was adjusted during model calibration. 

The drainage coefficient (DC), a parameter that quantifies the hydraulic capacity of the 

drainage system, was set to 2.0 cm day
-1

. The drainage rate calculated by DRAINMOD 

cannot be greater than DC, so DC was set to the maximum measured outflow on this site.   
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Table 2.1 Correction factors for Monthly PET estimated using Thornthwaite method. 
[1]

 

Month Factor 

1 2.0 

2 1.8 

3 1.45 

4 1.25 

5 1.15 

6 1.0 

7 0.95 

8 1.0 

9 1.14 

10 1.2 

11 1.8 

12 2.0 
[1]

 Calibrated parameters. 

 

 

 

 

Figure 2.2 Annual precipitation at the study site compared to the thirty-year average 

annual precipitation. 
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The soil profile was divided into three layers (Table 2.3). Parameters required to describe 

soil water retention and hydraulic conductivity were obtained from Wang et al. (2006a) 

based on measurements by Larney et al. (1988) and Martinez (1989). Lateral saturated 

hydraulic conductivities and the vertical conductivity of the restricting layer were slightly 

adjusted during model calibration.  

Soil temperature related parameters were adapted from Luo et al. (2001) and Ale et al. 

(2009) with slight modifications to improve tile drainage predictions during winter and 

early spring (Table 2.4). Soil temperature at the bottom of the soil profile was set equal to 

the average temperature based on 6 years of available weather data. Initial soil 

temperature at the soil surface was assumed to be equal to the average temperature on 

first day of simulation with an initial snow depth of zero.  

 

Table 2.2 Drainage design parameters for DRAINMOD 

Input Parameter Value 

Drain depth (cm) 75 

Drain Spacing  (m)  5  , 10 , 20  

Effective drain radius (cm) 1.1 

Drainage coefficient (cm d -1) 2.0 

Depth to impermeable layer (cm) 120 

  
Maximum surface storage [1] (cm)  0.75 

Restrictive layer thickness (cm) 240 

Restrictive layer conductivity [1] (cm hr -1) 0.00125 

          [1] Calibrated parameter.  
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Table 2.3 Model inputs describing soil properties for the SEPAC site. 

Layer No. 1 2 3 

Layer depth (cm) 0 – 25 25 – 30 30 – 120 

Lateral saturated hydraulic conductivity (cm h-1) [1] 2.00 0.26 0.25 

Soil water content at saturation (cm3 cm-3)  0.395 0.420 0.407 

    Soil water content at wilting point (cm3 cm-3) 0.077 0.113 0.138 

Clay content (%) 12 16 19 

Silt content (%) 66 64 63 

Bulk density (g cm-3) 1.42 1.65 1.66 

Soil pH 5.7 4.5 4.4 

Distribution coefficient (cm3 g-1) 3.0 2.6 2.9 

Soil root growth factor 0.85 0.75 0.15 

  

[1]
 Calibrated parameter. 

 

 

Table 2.4. Soil Temperature Parameters 

Soil temperature parameters  

Soil thermal conductivity coefficients  ZA = 2.5, ZB =1.206 

Rain/snow dividing temperature  (◦C) 0.0 

Snowmelt base temperature [1]  (◦C) 1.0 

Critical ice content to stop infiltration [1] (cm3 cm-3) 0.3 

Temperature at the bottom of the soil profile (◦C) 12 

Initial temperature soil surface  (◦C) 8 

Initial snow depth (cm) 0.0 

[1] Calibrated parameter. 
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Crop Growth 

Corn was planted each spring at an average plant population of 65,000 plants ha 
-1

 and 

76-cm row spacing (Larney et al., 1989; Kladivko et al., 2005). CERES-Maize requires a 

number of cultivar-specific parameters that describe growing degree days (GDD) needed 

for each growth stage, sensitivity to photoperiod, potential Kernel number and grain 

filling rate (Table 2.5). These values were initially set assuming cultivar traits for a 

medium season hybrid, and then modified through model calibration. Other genetic 

coefficients, such as parameters describing tissue composition, sensitivity of growth 

processes to environmental factors, and cardinal temperatures, are considered constant for 

a single crop or species. The default values of these less variable inputs are grouped in 

ready-to-use input files that come with the DSSAT software package. 

Soil related parameters that are needed by the crop model are listed in Table 2.3. Soil root 

growth factors (SRFG) were estimated based on a simple exponential equation suggested 

by Ma et al. (2009).  
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Table 2.5. CEREZ-Maize cultivar coefficients 
[1]

. 

Coefficient  Definition Value  

P1 Degree days from seedling emergence to the end of the 

juvenile phase during which the plant is not responsive 

to changes in photoperiod.  

190 GDD8 
[2] 

P2 Photoperiod sensitivity coefficient. 0.32 

P5 Degree days from silking to physiological maturity.   729 GDD8 
[2] 

G2 Maximum possible number of kernels per plant. 820 Kernel plant-1 

G3 Kernel filling rate during the linear grain filling stage 

under optimum conditions. 

10 mg kernel d-1 

PHINT Phylochron interval between successive leaf tip 

appearances 

50 GDD8 
[2] 

[1] Calibrated parameter.                                                                                                                                                     
[2] GDD8 = growing degree days above a base temperature of 8 °C. 

 

 

Nitrogen 

Fertilizer application rates were set according to actual amounts documented by Kladivko 

et al. (2004). Tillage plowing depth was set to 20 cm and the intensity factor (for chisel 

plow combined with soil finisher passes) was set equal to unity assuming a high level of 

soil disturbance resulted from such operation (Youssef et al., 2006). Both tillage and 

fertilizer application were performed before planting but the exact dates were not 

available. Tillage and fertilization were assumed to occur 14 and 3 days before planting, 

respectively.  
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Soil chemical and physical properties required by the nitrogen model are listed in Table 

2.3. The distribution coefficient (KD) that characterizes NH4
+
 sorption was approximated 

based on an empirical function of clay content (Knisel et al., 1993). Nitrogen transport 

and transformation parameters were mostly adapted from a previous test of 

DRAINMOD-NII on the SEPAC site (Youssef et al., 2005b).  Driving parameters for 

nitrification and denitrification processes including maximum reaction rates, half-

saturation constants, and shape factors defining the dependence of the process rate on soil 

temperature, were further modified during model calibration. The parameters describing 

fertilizer dissolution, ammonia volatilization, and nitrification inhibition were set 

according to Youssef (2003) and Youssef et al. (2006).  

To simulate soil carbon cycling, the model requires the potential decomposition rates and 

C:N ratios for all organic matter pools, in addition to the parameters describing the 

response of OC decomposition to environmental factors. Soil carbon cycling parameters 

were set according to default values used in CENTURY model simulations (Parton et al., 

1993). One exception was the maximum N content at which organic materials enter the 

soil organic matter pool which was obtained through model calibration. Table 2.6 lists 

main inputs for DRAINMOD-NII model. 
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Table 2.6 DRAINMOD-NII model inputs. 

Nitrogen transport parametrs   

Longitudinal dispersivity (cm) 5  

Tortuosity  0.5  

Fertilizer dissolution    

Fertilizer dissolution rate (d -1)  1.0  

Threshold soil water content (cm 3  cm -3) 0.19  

Ammonia volatilization    

Threshold soil pH 7.5  

Maximum soil buffering capacity                    

(pH (kmol OH
‐
)
‐1 (kg soil)

‐1) 
105  

Volatilization resistance factor  50.0  

Nitrification inhibitors.    

Inhibitor concentration below which nitrification 

proceeds with normal rate. ( mg inhibitor kg-1 soil)  
0.05  

Inhibitor concentration above which nitrification 

ceases.    ( mg inhibitor kg-1 soil)  
0.5  

Empirical exponent 0.5  

Arrhenius equation parameters [ 2] 38.1, 12067  

Nitrification and denitrification.  
Nitrification Denitrification 

Maximum reaction rate (Vmax) (μg N g
-1 

soil d -1) [1 ] 
14 0.55 

Half saturation constant (K m) [1 ] [3] 20 30 

Optimum temperature (◦ )  22 28 

Shape factor [1 ] 0.3 0.13 

Empirical e ponent of SO  depth function (α)  -- 0.4 

Threshold water-filled pore space -- 0.75 

Optimum water-filled pore space range 0.5-0.6 -- 
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[1] Calibrated parameter. 

[2] The first entry is the frequency factor (dimensionless) and the second entry is the ratio of the reaction 

activation energy to the gas constant (oK), respectively.  

[3] Units are mg NH4–N g-1 for nitrification, and mg NO3–N l-1 for denitrification. 

 

2.3. Model Calibration and Evaluation 

DRAINMOD-DSSAT model was manually calibrated using the data set collected from 

the 20-m spacing treatment and validated for the other two treatments. Prior to the 

integration of these models, DRAINMOD and DRAINMOD-NII were executed 

separately, and the hydrologic simulations for the entire period had to be performed first 

by DRAINMOD, followed by the nitrogen simulations by DRAINMOD-NII; the 

Organic matter decomposition 

parameters 
  

Mineral N content at which litter enter the SOM [1]  20 

Optimum temperature  30 

Optimum water-filled pore space range   0.5-0.6 

AOM Pools   

 K dec (day 
-1

) C:N ratio 

Surface structural 1.068 X 10 -2 150 

Surface metabolic 4.055 X 10 -2 15 

Surface microbial 1.644 X 10 -2 8 

Below ground structural  1.342 X 10 -2 150 

Below ground metabolic 5.068 X 10 -2 15 

SOM Pools   

Active 2.00 X 10 -2 8 

Slow 5.479 X 10 -2 16 

Passive 1.233 X 10 -2 10 
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calibration strategy was performed in a similar step-wise approach. The daily interactions 

among the three components (water, N, and crop growth) make it more difficult to 

calibrate DRAINMOD-DSSAT and parameterize the three model components.  Since the 

hydrology is the main driver for both plant growth and N fate and transport, it is a good 

practice to start the calibration procedure by calibrating the hydrologic model, while 

reasonably initializing the nitrogen and crop models. Because of the interaction among 

model components, it took several iterations until predictions of three model components 

reached a satisfactory level. 

The calibration of the hydrologic model focused on minimizing errors in the monthly and 

yearly drain flow predictions. Soil related parameters included in the calibration process 

were the lateral saturated hydraulic conductivity of the three soil layers, and the vertical 

saturated hydraulic conductivity of the restrictive layer influencing the simulated deep 

seepage.  Previous studies showed that the hydrologic predictions of DRAINMOD are 

most sensitive to these parameters (Haan and Skaggs, 2003; Wang et al, 2006b). 

Thornthwaite PET correction factors were slightly adjusted, especially during winter 

months, to reduce errors in monthly flow predictions. In most cases, the slight adjustment 

of PET factors did not only result in better flow estimates but also improved crop yield 

predictions. The snowmelt base temperature and the critical ice content above which 

infiltration stops were included in model calibration to improve model performance 

during winter months. Finally, surface storage was calibrated within the range suggested 

by model developers for good surface drainage conditions. In general, the calibrated 

parameters were comparable to those used by Wang et al. (2006) who simulated the 
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hydrology of the same site using DRAINMOD. There are three main differences between 

this simulation and the previous simulation by Wang et al.: 1) Unlike Wang et al., this 

simulation considered freezing and thawing conditions and associated snow accumulation 

and melt, which affect the hydrologic predictions during winter and early spring; 2) the 

effective rooting depth used in this simulation is internally predicted by the crop model, 

which is different from the tabulated rooting depth function used by Wang et al.; 3) In 

this simulation, the model was manually calibrated using an iterative procedure while 

Wang et al. used an automatic calibration procedure. 

The crop model was calibrated by comparing predicted grain yield with measured values. 

Since no observations were available to describe crop development, phenological 

parameters (P1 and P5) were adjusted in order to trigger physiological maturity in a 

timely manner by the end of the growing season (late August to early September) (Larney 

et al., 1989; Fang et al., 2008). Kernel number (G2), grain filling rate (G3), and the 

phylochron interval (PHINT) were calibrated to minimize the error between measured 

and predicted yields.  

To calibrate the nitrogen model, estimated NO3 losses via subsurface drainage were 

compared with the model predictions on both monthly and annual bases. The preliminary 

results showed a consistent under-estimation of N leaching losses for all treatments which 

were mainly attributed to over-estimation of N grain removal under high fertilization 

rates (see Chapter 1). In order to eliminate the over-estimation of N grain removal and the 

associated under-estimation of N leaching losses, the upper limit of grain N concentration 

was set (internally in the code) to 1.5% instead of 1.8%; this new value is considered 
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reasonable (Cerrato and Blackmer, 1990). This adjustment did not show pronounced 

effects on crop yield predictions but substantially improved predictions of N leaching 

losses. 

The denitrification related parameters including the empirical exponent of SOM depth 

function (α) and  ichaelis-Menten parameters (Vmax and Km)  were calibrated to improve 

model predictions and to provide reasonable estimates of denitrification rates in similar 

agricultural systems with low OC soils. Parameters controlling nitrification process were 

also adjusted in order to achieve a reasonable balance between the NO3 losses via 

denitrification and subsurface drainage. Additionally, the parameter describing the 

maximum mineral N content at which organic materials enter the soil organic matter 

pools at the minimum C:N ratio was adjusted considering the higher N-content in the 

crop residue (predicted by the crop modules) when compared with previous default 

values used by Youssef et al. (2005b).  

In summary, the challenges to appropriately parameterize and manually calibrate such 

comprehensive models are to be expected; however, the numerous published 

experimental and modeling studies provide invaluable sources for obtaining model 

inputs. Future research should support the automatic calibration of this model. 

 

2.4. Statistical Model Evaluation Measures 

Using statistical measures is a recommended technique that helps direct model 

parameterization through model calibration, and provides quantitative indicators for the 

model predictive power through validation procedure. Moriasi et al. (2007) suggested 
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using three statistics, Nash-Sutcliff efficiency (NSE), percent bias (PE) (similar to % 

error), and the ratio of the RMSE to the standard deviation of the measurements (RSR) 

for model evaluation.  

In this study, model performance was quantified by calculating the statistical measures 

suggested by Moriasi et al. (2007) in addition to the index of agreement (DA) (Equations 

1, 2, 3, and 4). 
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where n is the total number of measurements, Oi and Pi are the i
th

 observed and predicted 

values, respectively, and Ō is the mean of measured values during the simulation period. 
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The model efficiency (NSE) (Nash and Sutcliffe, 1970) is usually used to quantify the 

accuracy of hydrologic models (Moriasi et al., 2007). Essentially, it ranges between 1 

downwards to -∞ where values closer to one denote high modeling performance; 

meanwhile negative values indicate poor performance.  The index of agreement (DA) 

(Willmott, 1981) can be interpreted very similarly to the coefficient of determination 

(R
2
), but unlike R

2
 and NSE, DA is more sensitive to means and variances of predicted 

and observed records (Legate and McCabe, 1999).  

The ratio of RMSE to the standard deviation of the measurements (RSR) (Moriasi et al., 

2007) is a normalized version of the root mean square error; the resulting statistic is 

independent on the constituent scale. A very good performance of the model is reflected 

by 0.0 < RSR < 0.5; the performance is good when 0.5 < RSR < 0.6, and satisfactory 

when 0.6 < RSR < 0.7, and unsatisfactory if RSR > 0.7 (Moriasi et al., 2007). 

Finally, Percent Error (PE) or as named “percent bias” reflects the average tendency of the 

model to over- or under-predict (Moriasi et al., 2007). This measure is most useful in 

evaluating cumulative monthly and annual measurements, as well as crop yield 

predictions. 

In addition to the quantitative performance indicators, qualitative assessment including 

visual comparison between predicted and measured monthly constituents (Houghton-

Carr, 1999). Visual ratings help identify and interpret discrepancies between model 

predictions and observations. 
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3. RESULTS AND DISCUSSION 

3.1. Hydrology:  

The six-year simulation period includes three wet years (1985, 1989, and 1990), and three 

dry years (from 1986 to 1988). As shown in Figure 2.3, annual measured drainage flow 

volumes for all treatments followed precipitation patterns a with few exceptions caused 

by differences in rainfall distribution within each year (Kladivko et al., 2004). Measured 

mean annual drainage was 16.6 cm (15% of mean annual rainfall) for the 20-m drain 

spacing, 22.3 cm (20% of annual mean rainfall) for the 10-m spacing, and 27.9 cm (25% 

of annual mean rainfall) for the 5-m spacing. Based on an earlier 15-year study (1985-

1999) at the SEPAC site, the majority of drain flow (around 80%) occurs in the period 

between November through April with few small flow events during the growing season.  

Hydrologic simulation results showed that DRAINMOD-DSSAT was able to adequately 

predict drainflow patterns during different years within each treatment.  Measured and 

predicted annual drainage for the 20-m (calibration treatment), 10-m, and 5-m spaced 

drains (validation treatments) are shown in Figure 2.4.  Predicted mean annual drainage 

was 16.1 cm, 24.2 cm, and 29.8 cm for the 20-, 10-, and 5-m drains, respectively. For the 

later treatments, percent errors indicate a slight over-prediction of annual drain flow, 

which becomes more pronounced in the last two wet years (1989 and 1990) (Table 2.7). 

The cumulative drainage over the six years was under-predicted by 2.9% for the 20-m 

drain, and over-predicted by 8.3% and 6.4% for the 10- and 5-m drain, respectively. 
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Averaged among treatments, 78% of both measured and predicted drainage occurred 

during the fallow season (November through April). 

Table 2.8 presents the model performance statistics of the predicted drainage on monthly 

basis. NSE was 0.85 for the 20-m treatment, 0.82 for the 10-m treatment, and 0.81 for the 

5-m treatment. DA and RSR were 0.97 and 0.38 for 20-m drain, and approximately 0.96 

and 0.43 for the other two drain spacings, respectively. These values suggest that the 

model performed slightly better for the calibration treatment (treatment with wider 

spacing) than for the validation treatments; yet, all measures indicate a “very good” 

efficiency rating according to Moriasi et al. (2007). Figure 2.5 displays a visual 

comparison between measured and predicted monthly values. Both drainage rates were in 

a good agreement in terms of timing and magnitude, however, there were a few incidents 

of over or under predictions.  

For example, in the extremely wet month of May 1990 (total rainfall of 25.3 cm), 

predicted drainage for the 20-m drain agreed with measured, but was higher than 

measured for the 5- and 10-m drains. The measured values were relatively similar for the 

three treatments (drain spacing). DRAINMOD simulated the hydrology of each treatment 

independently assuming hydrologic isolation among treatments. The model predicted 

greater infiltration rate (30% more) and less surface runoff (50% less) for the 5-m spaced 

drain, as compared to predictions for the 20-m drain. Field observations indicate that the 

field became flooded due to successive large storm events on an already wet soil 

(preceding a fallow season). Runoff from the 20-m treatment apparently flowed over the 

other plots, confounding results for the May-1990 period. 
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Figure 2.3 Comparison between measured annual drainage rates for the 5-, 10-, and 20-m 

drains. 

 

Table 2.7. Statistical comparison between measured and predicted annual drainage rates 

for the 20-, 10-, and 5-m drains. 

Y
ea

r
 

20 – m (calibration) 10 – m (validation) 5 – m (validation) 

Measured 

(cm) 

Predicted 

(cm) 

PE  

(%) 

Measured 

(cm) 

Predicted 

(cm) 

PE 

(%) 

Measured 

(cm) 

Predicted 

(cm) 

PE 

(%) 

1985 17.7 17.5 -0.9 26.5 27.6 4.0 34.5 34.9 1.33 

1986 15.7 13.1 -16.8 20.5 18.9 -7.6 27.1 22.8 -15.8 

1987 9.0 9.5 5.0 11.8 12.6 6.9 15 14.4 -3.9 

1988 15.2 15.2 0.1 21.7 22.8 5.2 25.6 28.0 9.4 

1989 20.6 22.5 9.1 29.2 35.0 19.8 35 42.9 22.5 

1990 21.2 18.8 -11.4 24.3 28.2 16.2 29.9 35.4 18.2 

Total 99.4 96.5 -2.8 134.0 145.5 8.3 167.1 178.4 6.4 
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Figure 2.4 A comparison between measured and predicted annual drain flow for 20-, 10-, 

and 5-m drains from 1985 through 1990. 
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Another very wet month was November 1985 (a total precipitation of 24.1 cm) that 

followed a relatively dry growing season. In this month, predicted subsurface drainage 

values were in very good agreement with the respective measured drainage flows. The 

difference in model performance between the May 1990 and November 1985 events may 

have been due to the difference in the antecedent soil moisture conditions. The 

availability of water table measurements would likely have helped to support these 

postulations. 

 

 

Table 2.8. Statistical measures of model predictions off monthly drainage rats for the 20-, 

10-, and 5-m drains for the period 1985 to 1990. 

 

 20 – m (calibration) 10 – m (validation) 5 – m (validation) 

NSE 0.85 0.82 0.81 

DA 0.97 0.96 0.96 

RSR 0.38 0.43 0.43 
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Figure 2.5  Measured and predicted monthly and cumulative monthly drain outflows 

for 20-, 10-, and 5-m drains from 1985 through 1990. 
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3.2. Crop growth  

Figure 6 shows visible changes in measured yields from one season to another; however, 

crop production exhibited insubstantial variation among treatments within each year. 

Basically, the 20-m and 10-m drains performed slightly better (in terms of crop yield) in 

the first three years which were classified as “drier-than-normal growing seasons” 

(Larney et al., 1989). The 5-m drain achieved the highest yield in the 1989 and 1990 wet 

growing seasons. Surprisingly, the highest corn yields for the three treatments were 

obtained in 1987; the driest growing season. This was presumably due to the sufficient 

amount of rainfall occurred during July of that year (about 60% above normal, (Kladivko 

et al., 2005)) along with early August precipitation which helped reducing drought 

stresses coinciding with the reproductive growth stage for this year. This shows that the 

timing of drought stresses (with respect to plant phenological stages) has a direct effect 

on crop production (Larney et al., 1989).  

 

Figure 2.6  Measured grain yields for the 20-, 10-, and 5-m drain treatments on SEPAC 

site during the growing seasons of 1985 to 1990. 

0

2000

4000

6000

8000

10000

12000

14000

1985 1986 1987 1988 1989 1990

M
e

as
u

re
d

 c
ro

p
 y

ie
ld

 (
K

g/
h

a)
 

Year 

20-m 10-m 5-m



106 

 

 

 

DRAINMOD-DSSAT was able to accurately predict corn yield patterns as affected by 

the variation in seasonal weather and drainage intensity (represented by drain spacing) 

(Table 2.9). The average absolute PE values were 3.7 for the 20-m drain spacing, 3.8 for 

the 10-m spacing, and 2.2 the 5-m spacing.  

 

Table 2.9. Statistical comparison between measured and predicted corn yields for the 20-, 

10-, and 5-m drains. 

Y
ea

r
 

20 – m (calibration) 10 – m (validation) 5 – m (validation) 

Measured 

(kg/ha) 

Predicted 

(kg/ha) 

PE 

% 

Measured 

(kg/ha) 

Predicted 

(kg/ha) 

PE 

% 

Measured 

(kg/ha) 

Predicted 

(kg/ha) 

PE 

% 

1985 11320 11339 0.2 11470 11370 -0.9 11062 11221 1.4 

1986 8485 9260 9.1 8297 8628 4.0 8090 8331 3.0 

1987 12160 11990 -1.4 12100 11862 -2.0 11640 11878 2.0 

1988 7665 8015 4.6 8360 8064 -3.5 8020 8150 1.6 

1989 8840 9420 6.6 9554 9380 -1.8 9868 10062 2.0 

1990 7731 7724 -0.1 7605 8393 10.4 8297 8567 3.3 
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Figure 2.7  Cumulative daily water stress factors for (a) photosynthesis and (b) expansive growth simulated by 

DRAINMOD-DSSAT for the 5- and 20-m spacing treatments under drier than normal (1986) and wetter than normal (1989) 

growing seasons. 
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Simulated water related stresses varied yearly and among treatments for each year. In 

1986 (for example), the model detected severe drought stresses coinciding with the 

effective grain filling period (Figure 2.7) resulted in substantial reduction in crop yield 

for all treatments; however, total simulated water stresses are higher for treatments with 

narrower drain spacing, representing “over drained” conditions (Larney et al., 1989). 

Predicted water stresses for the 1987 growing season were negligible because the model 

computed deeper and denser roots (i.e., partitioned more below-ground biomass) that 

could help plants withstand drought stresses. The predicted deep and dense root system 

along with adequate climatic conditions during the reproductive phase, are most likely 

the reasons for achieving the highest yield during the study period. On contrary, crops 

planted in the field plots with wider drain spacings were more susceptible to excess water 

stresses in 1989 and 1990, as expected (Figure 2.7). No apparent N deficiencies were 

detected by the model over all the simulation period. Kladivko et al. (2005) documented 

that corn on the SEPAC site rarely experienced nitrogen stresses even after reducing the 

fertilization rates. 

Simulated maximum leaf area indices ranged between 2.3 up to 3.1, which are 

comparable to those measured by Ma et al. (2006) for maize grown under similar water 

stressed conditions; yet, field specific measurements would have provided more robust 

model testing. Estimated corn LAI for the state of Indiana (based on remotely sensed 

meta-data) ranged between 0.5 and 4.0, but a value of 2.9 were more frequent (Fang et 

al., 2008)  



109 

 

 

 

Other crop growth variables, predicted by the model, are plant nitrogen uptake and N 

contents of different plant organs. Total plant uptake was positively correlated with 

allocated biomass and crop yield. Plant uptake ranged from 165 Kg N ha
-1

 yr 
-1

 up to 240 

kg N ha
-1

 yr
-1

, and the N harvest index varied between 62 to 70%; within the range 

reported by Subedi and Ma (2005).  Grain N content, averaged among all plot-years, was 

1.4%, a reasonable value for high N fertilizer application rate (Cerrato and Blackmer, 

1990). Accurately predicting plant N-uptake is essential for well balanced soil nitrogen 

predictions as shown in the following section. 

Overall, these results clearly demonstrate the substantial contribution of the newly added 

DSSAT crop modules for predicting grain yield and providing more details about plant 

life cycle on a more deterministic basis.  

Figure 2.8 compares crop yield predictions by DRAINMIOD before and after adding the 

DSSAT crop modules. Crop yields predicted by DRAINMOD-DSSAT were much 

improved compared to those predicted by DRAINMOD (Wang et al. (2006a). The 

capability of DRAINMOD-DSSAT to simulate the crop growth and phasic development 

as affected by the weather condition and soil water and N availability led to more 

accurate and reliable yield predictions. Discrepancies in crop yields predicted by the 

original DRAINMOD likely resulted from using specific limiting factors to predict crop 

yield (i.e., water stresses and planting delays), assuming a constant potential yield, using 

a fixed  rooting depth schedule, and neglecting the controlling effects of temperature and 

solar radiation. 
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Figure 2.8 A comparison between measured and predicted yield: a) using the original 

DRAINMOD, b) using DRAINMOD-DSSAT. 

* Crop yield predictions based on what was reported by Wang et al., 2006 
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3.3. Nitrogen analysis  

Following subsurface water flow patterns, observed nitrate losses increased as the drain 

spacing decreased (drainage intensity increased) (Figure 2.9), meanwhile, the majority of 

nitrate losses occurred in the fallow season (around 80%). Measured mean annual losses 

were 42.7, 58.2, and 62.9 Kg N ha 
-1

 for the 20-, 10-, and 5-m drain spacing, respectively.  

Excessive NO3 losses were measured during 1989 among all treatments. This could be 

attributed to the higher amounts of residual NO3 carried over from the previous dry year 

with low crop production. The residual NO3 were most likely flushed during the wet 

period of 1989 (Randall et al., 2003; Kladivko et al., 2004). The year 1985 was excluded 

from the analysis because water sampling was incomplete during this year. 

 

 

Figure 2.9 Comparison between measured annual NO3 loads for the 5-, 10-, and 20-m 

drains. 
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Both statistical and visual comparisons show good agreement between predicted and 

measured annual NO3 leaching for the calibration and validation treatments (Table 2.10 

and Figure 2.10). The absolute value of PE in NO3 predictions ranged between 0.7 to 

11.9% for the 20-m spaced drain, 2.9 to 21.8 % to the 10-m drain, and 3.9 to 22.5% for 

the 5-m drain. 

In many cases, nitrate loads were over- or under-predicted when drainage flow rates were 

over- or under-predicted, respectively. But in other years, such as in 1990 for the 5-m 

treatment, the model under-predicted nitrate loads, even though drainage volume was 

over-predicted. This could be caused by the overestimated yield in the same year. Both 

crop yield and nitrate losses were overestimated in the previous year, which may have led 

to predicted tile nitrate concentrations in 1990 lower than the actual levels. Hofmann et 

al. (2004) stated that mean annual nitrate concentration in tile drainage is strongly 

affected by crop yield of the previous year.  

For the 20-m spaced drain, the predicted total NO3 losses over the 5-year simulation 

period was 224.3 Kg N ha 
-1

 (PE = 4.7%) with a mean annual average of 44.9 Kg N ha
-1

. 

Predicted total NO3 losses for the 10-m drain was 281.2 Kg ha
-1

 (PE = -3.3%), and 305.9 

Kg N ha-1 (PE = -2.5%) for the 5-m drain. Predicted mean annual average was 56.2 Kg 

N ha
-1

 for the 10-m drain, and 61.2 Kg N ha-1 for the 5-m drain. The very good 

agreement between predicted and observed NO3 losses on longer time periods (-3.3% ≤ 

PE ≤ 3.0%) provides evidence for good model representation of the soil nitrogen balance 

and its ability to assess long term water quality impacts of management practices on 

water quality in drained agricultural fields. 
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Table 2.10. Statistical comparison between measured and predicted annual NO3-N losses 

for the 20-, 10-, and 5-m drains. 

 

On monthly basis, predicted NO3 drainage losses were in good agreement with observed 

values (Table 2.11). Over the 5-year period, the values of the statistical measures of the 

monthly predictions for the calibration treatment were 0.59, 0.64, and 0.90 for NSE, 

RSR, and DA, respectively. For the validation 10- and 5-m treatments: NSE values were 

0.73 and 0.82, RSR values were 0.52 and 0.43, and DA values were 0.95 and 0.96, 

respectively.  Based on visual comparisons, the lower performance of the calibration 

treatment resulted from the inconsistent timing of predicting monthly loads during the 

fallow season of 1988-1989. Summing losses over this specific period counter-balanced 

errors due to missing a peak or over-predicting a recession. Overall, fallow season nitrate 

leaching, which more than 80 of annual losses was well represented by the model (Figure 

2.11). In addition, the biweekly or less frequent water sampling for this study could cause 

uncertainty in the nitrate load calculations (Wang et al., 2003; Birgand et al., 2010). 

Y
ea

r
 

20 – m (calibration) 10 – m (validation) 5 – m (validation) 

Measured 

(kg/ha) 

Predicted 

(kg/ha) 

PE 

% 

Measured 

(kg/ha) 

Predicted 

(kg/ha) 

PE 

% 

Measured 

(kg/ha) 

Predicted 

(kg/ha) 

PE 

% 

1986 36.5 35.8 -1.9 50.0 43.4 -13.1 53.4 41.4 -22.5 

1987 25.9 24.4 -5.8 34.2 31.1 -9.0 39.6 31.5 -20.3 

1988 40.7 40.4 -0.7 59.7 51.2 -14.1 55.8 57.9 3.9 

1989 63.5 70.9 11.7 95.3 92.5 -2.9 96 111.0 15.6 

1990 47.1 52.7 11.9 51.7 63.0 21.8 69 64.1 -7.1 

Total 213.7 224.3 4.7 290.8 281.2 -3.3 313.8 305.9 -2.5 
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Figure 2.10 Measured and predicted annual NO3 loads for 20-, 10-, and 5-m drains from 

1986 through 1990. 

0.0

20.0

40.0

60.0

80.0

100.0

1985 1986 1987 1988 1989 1990

A
n

n
u

al
 N

it
ra

te
 lo

ad
s 

   
   

(K
g/

h
a)

 

Year 

20-m 

Measured Predicted

0

20

40

60

80

100

120

1985 1986 1987 1988 1989 1990

A
n

n
u

al
 N

it
ra

te
 lo

ad
s 

   
 

(k
g/

h
a)

 

Year 

10-m 

0

20

40

60

80

100

120

1985 1986 1987 1988 1989 1990

A
n

n
u

al
 N

it
ra

te
 lo

ad
s 

   
(k

g/
h

a)
 

Year 

5-m 



115 

 

 

 

Table 2.11. Statistical measures of model predictions for monthly NO3 load for the 20-, 

10-, and 5-m drains for the period 1986 to 1990. 

 

 

 

Figure 2.11 Measured and predicted seasonal* NO3 leaching for the period  1986 to 1990. 

*loads were summed up in the fallow season (November through April of the following year), while losses 

during the growing season were excluded because it was very low. 
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Measured seasonal NO3 loads (Kg/ha) 

20-m 10-m 5-m

 

20 – m  

(calibration) 

10 – m 

 (validation) 

5 – m  

(validation) 

NSE 0.59 0.73 0.82 

DA 0.90 0.95 0.96 

RSR 0.64 0.52 0.43 
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Good and reliable NO3-N export predictions should be accompanied by a proper 

quantification of other physical and chemical processes that regulate N transport and 

transformations in the soil-water-plant system. In agricultural fields, the major source of 

soil inorganic N is N-fertilizer application; whereas the largest three sinks are plant 

uptake, drainage leaching, and denitrification (Puckett et al., 1999; Gollany et al, 2004). 

Nitrogen can be added to or removed from the soil system via other processes such as 

residue incorporation, rainfall deposition, and ammonia volatilization; even though, their 

contribution is constrained by climatic variation, soil condition, and management 

practices. Averaged annual rates of the simulated nitrogen processes are reported in Table 

2.12. 

Rainfall depositions represented a minor source of inorganic N, compared to high N 

fertilizer input. Simulated net mineralization, for all treatments, during the first dry years 

(1986-1988) was relatively low followed by an apparent and gradual increase from 1989 

to 1990. At first, the relatively low values were reasonable considering the low soil 

organic matter and dry conditions that do not favor mineralization (Kladivko et al., 2004; 

Youssef et al., 2006). Later, mineralization rates could have been increased due to the 

continuous residue amendment, soil enrichment with inorganic-N (from N fertilizer), and 

better soil moisture conditions (David et al., 1997; Carpenter Boggs et al., 2000; Gollany 

et al., 2004). In comparison to narrower drain spacing (10-m and 5-m), predicted mean 

annual net mineralization for the 20-m drain was slightly lower (Table 2.12). This could 

be due, in part, to the slightly higher immobilization induced by higher inorganic N 

accumulated in the soil under lower drainage intensity. 
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Predicted mean annual N-uptake indicated no significant changes between treatments 

primarily due to the similarity in fertilization management and long term average crop 

yield; meanwhile, the year to year variation in predicted plant uptake is attributed to 

variation in soil and environmental conditions as well as the spatial and temporal changes 

in crop yield predictions (Youssef et al., 2006).  Predicted mean annual N uptake was 196 

kg N ha
-1

 for the 20-m plot,  205 kg N ha
-1 

for the 10-m plot, and was 202 kg N ha
-1 

for 

the 5-m plot.  

Simulated nitrate losses via denitrification ranged between 30.1 Kg N ha
-1

 yr
-1

 for the 5-

m plot up to 39.9 Kg N ha
-1

 yr
-1

 for the 20-m plot in the first dry years, and peaked in 

1989 to reach 52.7 Kg N ha
-1

 for the 5-m treatment, 64.0 Kg N ha
-1

 for the 10-m 

treatment, and 77.1 Kg ha
-1

 yr
-1

 for the 20-m spacing treatment. This abrupt increase is 

not surprising when considering the extreme wet conditions favoring denitrification, 

particularly when the wet conditions followed a low crop yield (drought) period during 

which significant N accumulation occurred. Estimated mean annual Denitrification rate 

for corn fields managed under similar practices was estimated to be 46 Kg N ha
-1

 yr
-1

 

(Hofstra and Bouwman, 2005) which is comparable to the current predictions.  

Simulated N losses through deep seepage and surface runoff averaged at 13.5 Kg N ha
-1

 

yr
-1

 and 1.8 Kg N ha
-1

 yr
-1

, respectively. Both spatial and temporal variations in predicted 

values were mainly driven by hydrologic predictions. 

An overall mass balance of simulated main input and output pathways showed that, on 

average, 65% of applied N fertilizer was taken up by plant, 20% was lost via subsurface 

drainage, and 15% was lost via denitrification. These values are comparable to rates 
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reported in the literature (Porter et al., 1996; David et al., 1997; Gollany et al., 2004; 

Mehnert et al., 2007). 

 

Table 2.12. Predicted annual rates (means and standard deviations) of net N 

mineralization, denitrification, N plant uptake, wet deposition, and drainage system losses 

for the 20-, 10-, and 5-m spacing treatments. 

Nitrogen Process  Mean simulated rate (Kg N ha
-1

 yr
-1

)  

 20-m plot 10-m plot 5-m plot 

Fertilizer application [1] 282.6 ± 28.4 

Rainfall deposition [1]  7.0 ± 1.2   

Net mineralization  45.1 ± 46.6  46.1 ± 47.3 47.7 ±  49.6 

Plant uptake [2] 196.3 ± 29.2 197.7  ± 26.8 201.6 ± 28.7 

Denitrification 53.6 ± 18.8  45.9  ± 13.7 40.4 ± 9.8 

 Leaching  44.9 ± 17.7  56.3  ± 23.4 61.2 ± 30.5 

Runoff losses 3.3 ± 2.1 1.2 ± 0.8 0.43 ± 0.34 

Deep seepage losses 13.0 ± 3.5 14.0 ± 3.9 14.7 ± 3.5 

[1] rates are similar among treatments. 
[2] Plant uptake is defined through the crop modules based on predicted soil N availability predicted by 

DRAINMOD-NII. 
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4. CONCLUSIONS  

The newly developed DRAINMOD-DSSAT was field-tested using a six-year data set 

collected from a subsurface-drainage experimental field in the Southeast Purdue 

Agricultural Center (SEPAC), Indiana. Soil on the site is a shallow poorly-drained silt 

loam with low organic carbon content. Subsurface plastic drain tubes were installed at 75 

cm depth and spaced at 20-, 10-, and 5-m. Over the entire simulation period (1985-1990), 

continuous corn was planted and received high N-fertilization rates. 

DRANMOD-DSSAT model was manually calibrated using the data set collected from 

the 20-m spacing treatment and validated for the other two treatments. Predicted annual 

and monthly sub-drainage flows were in a very good agreement with measured values for 

both calibration and validation treatments. The model was also able to make good 

predictions of monthly and annual nitrate losses. For the three treatments, cumulative 

NO3 losses over the 5-yr period (1985 was excluded from N analysis) were predicted 

within ±5% from respective measured loads. Annual rates of simulated nitrogen 

processes were in a reasonable range compared to published studies.  

DRAINMOD-DSSAT was able to accurately predict the variation in corn production as 

affected by the variation in seasonal weather conditions, as well as the variation in soil 

water and nutrient regimes within each year. The average absolute PE values in corn 

yield predictions were 2.6, 2.1, and 1.4% for the 20-m, 10-m, and 5-m treatment, 

respectively.  

The overall high performance of the DRAINMOD-DSSAT model clearly underscores the 

importance of modeling the interactions and feedback mechanisms provided by the 
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linkage between a deterministic crop growth model with robust hydrologic and nitrogen 

dynamics models. However, this model testing was relatively constrained by the limited 

data availability. The literature studies were utilized, in part, to compensate for missing 

site specific measurements. Future model evaluations should involve more detailed data 

sets that characterize water table fluctuation, ET patterns, plant phasic development, 

allocated biomass, leaf area indices, and grain N.  
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CHAPTER 3: Modeling In-Stream Nitrate Removal under Varying Hydraulic 

Loads and Stream Water Temperatures. 

ABSTRACT 

Given the continuous challenge of quantifying nitrogen (N) losses in stream networks, 

watershed modeling has become an increasingly used tool to help assess the effects of 

rate-controlling factors on N fate and transport in the aquatic environment. In the current 

study, we incorporated a mathematical model that uses the mass transfer coefficient 

concept and considers the effect of stream water temperature and flow depth on nitrate 

removal from stream networks. This equation has been implemented into DRAINMOD-

W, a hydrologic and water quality watershed scale model, to better simulate in-stream N 

removal. In addition, the model was supported by a new mathematical formula to 

estimate daily stream water temperatures based solely on daily air temperatures. The 

modified model has been tested using a well documented 14-month data set (June 1998-

July-1999) collected from a stream reach in watershed in eastern North Carolina. 

Simulation results were in very good agreement with measured values. Over the 14-

month period, daily flow volumes and nitrate loads were predicted with modeling 

efficiency (NSE) of 0.99 and 0.91, respectively. Net removal rate over the whole period 

was predicted with an error of -0.18%. On a monthly basis, removal rates were 

adequately represented by the model, however, there was a tendency of over-predicting 

nitrate removal during months with very low hydraulic loads. Monthly flow-weighted 

nitrate concentrations were predicted well (NSE=0.99) with the highest percent errors 
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occurring during months with low hydraulic loads. Overall, the modified model showed a 

high potential for accurately predicting in-stream transformations, compared with the 

fixed decay rate. The higher performance by the former approach could be attributed to 

the reasonable characterization of the influence of hydraulic and biological factors on 

nutrient removal. Sensitivity analysis indicated that predicted nitrate removal rates were 

very sensitive to hydraulic load, and to the mass transfer coefficient and dispersion 

coefficient. Further model testing should incorporate a wider range of spatial and 

temporal scales including watersheds with contrasting levels of nitrate enrichment and 

stream size.  

 

1. INTRODUCTION 

Understanding nitrogen (N) removal mechanisms throughout aquatic ecosystems, along 

with accurate determination of edge-of-field N loadings, are essential for quantifing the 

effects of changes in land use and management practicies on receiving water bodies 

(Donner et al, 2002;  Boyer et al., 2006; Harmel et al., 2006; Birgand et al., 2007; 

Opdyke and David, 2007; Appelboom et al., 2010). Significant portions of  riverine N 

loads (10 up to 80%) can be removed permanently from stream networks mainly via 

benthic denitrification before receiving sensitive waterbodies (Peterson et al., 2001; 

Donner et al, 2002; Seitzinger et al., 2002; Kellman, 2004; Opdyke and David, 2006; 

Birgand et al., 2007; Böhlke et al., 2009). Given the spatial and temporal heterogeneity in 

hydrological and biogeochemical factors controlling N removal rates, reach-scale 

measurements of denitrification rates become a continuous challenge and more site 
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and/or season specific (Galloway et al., 2004; Groffman et al, 2006; Sietzinger et al., 

2006). Thus, watershed modeling has become a frequently requested tool that help 

assessing the effects of rate-controlling factors on N loads at the watershed outlet ( Boyer 

et al., 2006; Alexander et al., 2009; Böhlke et al., 2009; Appelboom et al., 2010). 

 Watershed scale models incorporate either detailed mechanistic approaches to simulate 

in-stream nutrient transformations (e.g., WASP5 with EUTRO4 ( Ambrose et al., 1991), 

HSPF (Bicknell et al., 2001)) or empirical methods that lump in-stream processes to 

predict N losses (e.g., SPARROW  (Smith et al., 1997; Alexander et al.,2000 ), 

DRAINMOD-W  (Fernandez et al., 2005)); yet,  they all simulate stream N attenuation 

based on the first-order decay equation or a mass-flux rate expression (Boyer et al., 

2006). DRAINMOD-W and other DRAINMOD-based watershed scale models were 

developed to  simulate the hydrology of small agricultural and forested watersheds 

dominated by shallow water table soils where artificial  drainage systems are installed to 

facilitate food and timber production on these naturally poorly drained soils (Skaggs et al, 

2003; Fernandez et al., 2005). The accuracy of N export predictions at the reach level 

does not only require accurate hydrologic predictions (Amatya et al., 2004; Fernandez et 

al, 2005) but also requires accurate prediction of the edge-of-field N loadings as affected 

by land use and management practices as well as adequate simulation of N fate after it 

enters the stream network (Alexander et al., 2002a and 2002b; Fernandez et al., 2004). 

DRAINMOD-W uses regression equations to estimate field N exports to field water 

flows. These equations were developed using field measurements from a small watershed 

in eastern North Carolina. Thus, they are site specific and cannot be used for different 
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weather conditions, soil types, land uses, and management practice. DRAINMOD-NII 

(Youssef et al., 2005, 2006), a processes-based field scale carbon (C) and N dynamics 

model, has been fully integrated with DRAINMOD-W to provide detailed description of 

the edge-of-field N export (Chapter 4).  

The original version of DRAINMOD-W simulates N in-stream transformations using a 

fixed first-order decay equation, which ignores the effects of spatial and temporal 

variability in stream characteristics on nutrient removal rate. Uncertainty associated with 

the reaction rate constant contributes significantly to the uncertainty in predicted outputs 

(Fernandez et al., 2004). Numerous studies have shown that variation in flow conditions 

(channel hydraulic properties) and seasonal stream water temperatures could alter the 

removal rate by several folds from the assigned fixed value (Alexander et al., 2000 and 

2009; Peterson et al., 2001; Sheibley et al., 2003; Kellman , 2004; Birgand et al., 2007; 

Opdyke and David, 2007; Herrman et al., 2008; Böulk et al., 2009).  

The mass transfer coefficient (introduced by Kelly et al., 1987), defined as “the vertical 

velocity at which nitrate (NO3) mass migrates from the water column to the benthic 

sediment and is removed via denitrification” (Alexander et al., 2009), is a useful term for 

describing biogeochemical factors that cause variability in NO3 removal rates from 

stream water (Davis and Minshall, 1999). It has been utilized in computer simulations 

models to predict in-stream NO3 removal rate under varying stream, NO3 concentration, 

and water temperature (Birgand, 2000; Alexander et al., 2009; Böhlke et al., 2009; 

Appelboom et al., 2010). 
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The main objective of this study is to improve the in-stream processes component of 

DRAINMOD-W by incorporating a dynamic; yet, simple module that regulates N 

removal rate in response to spatial and/or seasonal variation of controlling factors. . The 

new in-stream processes module uses the mass transfer coefficient concept and considers 

the effects of both stream hydraulic load and water temperature on nutrient removal. The 

modified stream routing module has been tested using a 14-month data collected from an 

agricultural channel reach within a mixed-land use watershed located in the Lower 

Coastal Plain of North Carolina (Birgand, 2000). A simple sensitivity analysis has also 

been conducted to quantify the most relevant parameters to NO3 load predictions.  

 

2. MATERIALAS AND METHODS 

2.1. An Overview of the DRAINMOD-W Model 

DRAINMOD-W (Fernandez et al., 2005) is a watershed-scale model that consists of two 

main components: the field-scale hydrologic model, DRAINMOD (Skaggs, 1999), 

integrated on daily basis with a flow and N routing component to route water and N loads 

from the field edges through the stream network to the watershed outlet. The stream 

routing models deals with the stream network as a set of channel segments connected to 

each other at nodal points that may receive flows and daily N exports from fields. The 

model computes water elevations, velocities, and flow rates upstream and downstream of 

each stream section by solving the one-dimensional St. Venant partial differential 

equations numerically, using a four-point finite difference implicit scheme (Fernandez et 

al., 2005). DRAINMOD-W simulates nutrient transport by solving the one-dimensional 
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advection-dispersion-reaction (ADR) equation (Zheng and Bennett, 2002) using a 

solution technique similar to that used for stream hydraulics computations. The in-stream 

processes are described in the model by a constant lumped-parameter first-order decay 

equation; subsequently, the rate of N removal at a given period of time is merely depends 

on the constituent concentration. Even though this method could provide acceptable 

predictions (Fernandez et al., 2005), it generally masks the effects of hydrological and 

biological rate-controlling variables on nutrient removal (Schwarz et al., 2006). 

Therefore, a more mechanistic in-stream module is needed for predicting the variation in 

removal rates as influenced by rate-regulating factors including water temperature and 

flow depth. 

DRAINMOD-W is flexibly designed and allows the user to apply the stream routing 

component separately from DRAINMOD (the field scale component) provided that the 

user has the time series of inflows and constituents loads at the boundary nodes. This 

option was utilized in this study to test the newly introduced changes in the in-stream 

routing component as described in the following sections. 

 

2.2. In-Stream NO3 Removal Module 

The application of a constant delivery ratio or a lumped parameter exponential decay 

model to simulate in-stream nutrient delivery from field edges to the watershed outlet is a 

common procedure in watershed modeling (Amatya et al., 2004; Leon et al., 2004; 

Fernandez et al., 2005; Boyer et al., 2006). In DRAINMOD-W, the effect of the in-
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stream processes on the decline of a constituent concentration is characterized by a first-

order decay equation, 

                  
                                                                                                         (1) 

where C is the constituent concentration (ML
-3

), t is time (T), and k is the first-order 

decay rate constant (T
-1

) (the negative sign indicate removal of the considered 

constituent).  

The decay coefficient (k) accounts for permanent N removal; mainly via denitrification. 

Other removal processes (e.g., macrophytes and algae assimilation) should not be 

considered as effective because they may release N back to the water column (David et 

al., 2006; Birgand et al, 2007). SPARROW, a widely used surface water quality software, 

applies a discrete loss functions that assign decay rate coefficients based on stream-size 

class (i.e., the higher the stream order the lower the attenuation rate) to improve the 

accuracy of stream export predictions (Alexander et al., 2000; Elliott et al., 2005).    

A more descriptive estimation of the decay rate that considers non-hydrologic parameters 

can be derived by introducing the mass transfer coefficient. Equation 1 can be 

reformulated as: 

             (      )                                                  (2) 

where ρ is the mass transfer rate (LT
-1

) and D is the flow depth (L). By definition, the 

mass transfer rate describes the nutrients vertical uptake velocity from the water column 

due to the biochemical interactions occurring in the hyporheic zone. The mass transfer 

coefficient lumps the effects of biochemical factors such as N concentration, benthic 
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organic carbon (OC) concentration, and dissolved oxygen (DO) concentration on N 

removal rate independently of hydrologic related properties (Alexander et al., 2009). 

Therefore, it allows for feasible comparisons between streams that differ in hydraulic 

properties and NO3 concentrations (Davis and Minshall, 1999; Appelboom et al., 2010).   

Other critical environmental factor that regulates the seasonal variation in reaction rate 

coefficient is temperature. A study by Sheibley et al. (2003) emphasized that nitrification 

and denitrification rates were strongly dependant on temperature, while other factors such 

as microbial abundance, OC, and DO have small effects. Similar conclusions were 

reached by many other researchers (Dawson and Murphy, 1972; Kessel , 1977; Pfenning 

and McMahon, 1996; Bachand and Horne, 2000; Birgand et al., 2007; Herrman et al., 

2008). Böhlke et al (2009) applied a mathematical model (Equation 3), based on Vant’s 

Hoff equation, to predict the NO3 decay rate as affected by variations in stream size and 

temperature. 

       [    
    (     )]                                                                     

      (3) 

where ρ0 is the mass transfer coefficient at a reference temperature T0, and Q10 is a 

constant representing the percent change in the reaction rate due to temperature variation. 

Similarly, Appelboom et al. (2010) developed a relationship between denitrification rate 

and temperature (Equation 4) that is based on the Arrhenius Law to improve the accuracy 

of the predicted mass of NO3 removed from aquatic systems. 

         e 
0.10 9 (     )                                                            (4) 
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thus, Equation 2 can be rearranged as: 

         = - (
    e 

0.10 9 (     ) 
D

⁄ )                                          (5) 

They proved that the incorporation of a temperature term had improved the accuracy of 

predicting nitrogen removal from a stream reach receiving flow from a small foredted 

watershed in eastern North Carolina. A comparison between equation 3 and 4 shows an 

obvious similarity between both mathematical formulas. 

Alexander et al. (2009) developed a set of multi-regression equations that consider the 

effects of water depth (or flow), water temperature, and water column N concentration on 

denitrification rate. However, the relatively large number of the regression coefficients 

were site specific and could not be used to accurately predict denitrification rates for 

different watersheds. In the current study, the constant decay rate approach implemented 

in DRAINMOD-W was replaced by a dynamic transformation model that accounts for 

the effect of stream flow and water temperature on N removal rate. Equation 1 was 

modified as follows, 

        = - (
        

0.1 (T-T0) 
D

⁄ )                                                              (6) 

  where T is simulated daily average stream water temperature (°C) as described in the 

next Section (2.3), T0 is the base temperature (Default value = 21 °C), and D is simulated 
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flow depth (m). The mass transfer coefficient ρ0 and the Q10 coefficient are specified by 

the user.  f the later coefficient is set equal to “one”, then the temperature effect will be 

neglected. 

 

2.3. Estimating Stream Water Temperature Based on Air Temperature 

Stream water temperature remains an influential physical factor that regulates chemical 

reactions and biological activity (Dawson and Murphy, 1977; Seeley and Primrose, 1980; 

Caissie et al., 2005; Appelboom et al., 2010). Stream temperature can be affected by 

metrological conditions and flow regime (Sinokrot and Stefan, 1993; Stefen and 

Predud’homme, 1993;  ebb et al.,  003; Pederson and Jensen,  007; Pekar and Skoda, 

2008). However, air temperature has been identified as the major factor controlling 

fluctuation in stream water temperature.  

Although deterministic heat budget models could provide accurate water temperature 

estimations, they require extensive metrological data that are not available in many cases 

(SinoKrot and Stefan, 1993). Crisp and Howson (1982) concluded that air temperature 

accounted for 86-96% of the variance of water temperatures, while the effect of flow was 

negligible. Erickson and Stefan (2000) stated that groundwater inflow, wastewater 

contribution from industrial facilities, stream shading, and wind effects don’t influence 

the strong correlation between air and water temperature. Similarly, Webb et al. (2003), 

Pederson and Jensen (2007) and Peaker and Skoda (2008) demonstrated that the 

incorporation of other climatological data (including: solar radiation, relative humidity, 

precipitation) and/or discharge in multiple regression models showed insignificant or no 
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improvement in predicting stream water temperature when compared to models that use 

air temperature as a single estimator.  

Simple linear regression models that directly relate water temperature to air temperature 

were successfully applied in many studies and deemed to provide accurate predictions, 

except when air temperature falls below freezing point or rises above a threshold high 

temperature ( risp and  owson, 198 ; Stefen and Predud’homme, 1993; Erickson and 

Stefan, 2000; Morrill et al., 2005; Pederson and Jensen, 2007). In fact, water temperature 

becomes less responsive to additional increases in air temperature when it reaches 25 °C 

or above due to the evaporative cooling effect; meanwhile, water temperature remains 

positive at zero °C air temperatures because of the high turbulence of the flowing water 

(Mohseni et al., 1998; Mohseni and Stefan, 1999). Thus, Mohseni derived a logistic S-

shaped function for weekly stream temperatures that provided a better fit than a single 

straight line. Morrill et al. (2005) concluded that water temperature could be increased by 

0.6 to 0.9°C for every 1°C increase in air temperature when air temperature is below 25 

°C, and by 0.2 to 0.4°C when air temperature exceeds 25 °C. For the current study, and 

based on these findings, we derived a mathematical model to estimate daily water 

temperatures based solely on air temperature as following 

      

{
 
 

 
 

                                                                   

                                                              
       

                                                                             

                     (7) 
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where Ts  and Ta are the stream water and air temperatures (°C), respectively, Tso is water 

temperature (°C) of the previous day, ∆Ta is the difference between air temperatures (°C)  

of the current and previous days, while a and b are constants. The logistic regression 

equation derived by Mohseni et al. (1998) was used for comparison purposes as follows: 

       (    ) (      (    ) )                                                        (8) 

where μ is the minimum stream temperature (◦ ), α is the ma imum air temperature (◦ ), 

γ is the function slope at the inflection point, and β is the air temperature at inflection 

point (Mohseni et al, 1998). 

 

2.4. Model Testing 

Birgand (2000) conducted a 14-month long study to quantify the in-stream processes and 

fate of nutrients transported in agricultural canals. He carried out detailed measurements 

in a stream segment located within a flat artificially drained watershed. These data were 

utilized in the current study to test the newly modified in-stream processes component of 

the DRAINMOD-W model. 

2.4.1. Study Site and Experimental Setup 

The dynamic NO3 transport model was tested using a 14-month (from June-1998 to July-

1999) data set collected from a stream section included within a 10,000 ha heavily 

instrumented flat watershed located in Washington County, near Plymouth in the lower 

coastal plain of North Carolina (Figure 3.1).  The study reach (referred as A1P1 

hereafter) is 1125-m in length, averaging 7.8 m in top width, 1.45 m in depth, and has an 

average bed slope of 0.00025. The study reach receives water flow and nutrient exports 
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from an artificially drained 1531 ha subcatchment composed of managed forests (75% of 

land cover) and agricultural fields (25% of land cover). However A1P1 is described as an 

agricultural canal due to the exposure to sunlight (Birgand, 2000). The mineral Cape Fear 

soil series (fine, mixed, semiactive, thermic Typic Umbraquults) dominates the sub-

catchment draining into the stream reach.  

In-stream water discharge and nutrients concentrations were continuously measured at 

both ends of A1P1 where trapezoidal-shaped flumes were installed. Flow velocity, depth, 

and stream water temperatures were measured every 10-minutes and recorded by an 

electronic device (STARFLOW,  nidata™ Australia) placed at the bottom of the flumes.  

Flow discharges were calculated based on measured depth and mean velocity in the 

flumes.  

Automatic samplers connected to a water stage measuring device were used to collect 

water samples at adequate time intervals along storm hydrographs to capture periods with 

significant changes in water nutrient concentration that mostly followed dramatic changes 

in stream hydraulic loads (Birgand, 2000). Water samples were then collected from the 

site weekly or more frequently and kept on ice until laboratory analysis. Interpolation was 

applied to estimate N concentrations associated with the intensive flow measurements.  

Concurrently, lateral water contributions and associated nutrient loads were deemed to 

seep from A1P1 northern and southern banks. However, direct effect of lateral flow on 

A1P1 flow regime was not included in the current DRAINMOD-W simulations given the 

uncertainty implemented in respective measurements and the incapability of 

DRAINMOD-W to simulate lateral seepage effects on channel hydraulics. Nevertheless, 



141 

 

 

 

estimated trends of lateral contribution, as estimated by Birgand (2000), and its effect on 

the flow and nutrient gain at P1 will be addressed in the discussion sections. The reader is 

referred to Birgand (2000) for detailed description of field experimental setup, sampling 

protocol, and laboratory analysis. More information about the 10,000 ha watershed can 

be found at Chescheir et al. (1998) and Shelby (2002). 
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Figure 3.1 (A) Location, land use and flow direction in the subcatchment upstream of 

station A1 and (B) location of the canal reach A1P1 and the adjacent agricultural block to 

the south named P2 (From Birgand 2000 after permission). 
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2.4.2.  Model Parameterization 

DRAINMOD-W was applied to route flows and NO3 loads from A1 to P1 stations for the 

14-month data set. Inputs required to run the stream hydraulics and water quality include: 

channel geometry, boundary conditions, and initial conditions.  A1P1 reach was 

discretized in to 15 segments each is 75 m long. The cross section geometry and channel 

bed elevations were obtained from field surveys by Birgand (2000) (Figure 3.2).  Initial 

flow conditions (flow depth and discharges) and NO3 concentrations were set according 

to the available field measurements. Measured flow rates at A1 station served as the most 

upstream boundary condition. Flow contribution from intermediate nodes were set equal 

to zero as there was no direct drainage from a field or intersecting ditch along A1P1 

reach. The rating curve for P1; estimated based on measured water levels and flows, was 

set as the downstream boundary condition. Similarly, measured NO3 loads at A1 served 

as the boundary condition for simulating in-stream nitrogen transport. The model was set 

to read boundary measurements and route respective constituents at an hourly time step.  

Other parameters required by the model including Preismann coefficient for flow, 

Preismann coefficient for water quality, dispersion coefficient, mass transfer coefficient, 

and Q10 were estimated through model calibration so that predicted discharges and NO3 

loads at P1 matched measured values. Calibrated Preismann coefficients for flow and 

quality were set to 0.6 and 0.55, respectively. The dispersion coefficient was best 

represented by a value of 0.01 m
2
 sec

-1
 which well compared to those reported by 

Axworthy and Karney (1996) for similar hydraulic properties (i.e., flow velocity range).  



144 

 

 

 

A value of 0.11 m day
-1

 for the mass transfer coefficient was found to reasonably 

simulate monthly removal rates during the 14 month period. This value was lower than 

the 0.3 m day
-1

 obtained by Birgand (2000). This difference was justified because the 

later estimation was limited to the low flow and warm period of late August to mid 

September, 1998. For agricultural streams, mass transfer coefficient could vary between 

0.055 up to 0.25 m day
-1

 (Boyer et al., 2006; Birgand et al., 2007). 

Calibrated temperature coefficient ‘Q10’ was 2.4. Most studies reported Q10 values varing 

from 1.3 to 3.0 (Appelboom et al., 2010). 

Figure 3.2 Longitudinal profile of the A1P1 reach (Adapted from Birgand, 2000). 
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2.4.3. Statistical Measures 

Model evaluation criteria included both qualitative and quantitative measures of fit 

between measurements and model predictions (Houghton-Carr, 1999; Legates and 

McCabe, 1999, Moriasi et al., 2007). Qualitative rating involved a visual comparison of 

predicted and measured daily and cumulative stream flows and nitrate loads. Quantitative 

indicators combined relative and absolute error indices as follows:  

 

                                    (   )       
∑ (     )

  

   
 

∑ (    )  
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(11) 

 

where n is the total number of available measurments, Oi and Pi are the i
th

 measured and 

predicted values respectively, and Ō is the mean of measured values during the period of 

simulation. 
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3. RESULTS AND DISSCUSSION  

3.1. Simulated Stream Water Temperatures: 

This section tested the regression model introduced in the methods section of this chapter 

to predict daily stream temperature as a function of daily air temperature (Equation 7) 

along with logistic regression model introduced by Mohseni et al. (1998) (Equation 8). 

There were few instances when measured water temperatures reached unreasonably high 

temperatures due to measurement errors, so they were excluded from the analysis. 

According to field measurements, water temperature showed significant seasonal 

variation during the simulation period; meanwhile it did not fall below the freezing point 

even when air temperature did. Air and water temperatures were highly correlated and 

resembled almost a linear relationship; however, water temperature leveled off at very 

low air temperature because the high turbulence of flowing water makes the water 

temperature less responsive to very low air temperatures as discussed previously (Figure 

3.3). 

The multi-linear regression model (Equation 7) well predicted stream temperature (Figure 

3.4) with a NSE = 0.86 and MAE = 1.98 °C. The regression coefficients including the 

slope (a) and intercept (b) values were set to 1.0 and 2.0, respectively, to minimize errors 

between measured and predicted values. In other studies, the slope varied approximately 

between 0.6 to 1.1, and the intercept varied between 1.0 to 8.0 °C (Stefen and 

Predud’homme, 1993; Erickson and Stefan, 2000). 

. 
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The method developed by Mohseni et al. (1998) (Equation 8) showed comparable 

performance, with a NSE = 0.84 and MAE = 2.2 °C (Figure 3.5). The model parameters 

were set according to those estimated by Morrill et al. (2005) and slightly modified to 

improve the current predictions. Since both models showed almost equal performance, 

the former was selected in the current study for the ease of parameter estimation.  

 

 

Figure 3.3 Relationship between measured average daily air and water temperatures. 
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 Figure 3.4 Scatter plots for measured and predicted average daily water temperatures 

according to Equation 7 (NSE = 0.86, MAE = 1.97). 

Figure 3.5 Scatter plots for measured and predicted average daily water temperatures 

according to Equation 8 (NSE = 0.86, MAE = 1.97). 
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3.2. Stream Flow Predictions 

Accurate stream-flow prediction is essential for reliable predictions of in-stream nutrient 

transport and attenuation. Modeled daily flow discharges at P1 were in excellent 

agreement with measured values (Figure 3.6). Daily flow rates were predicted with a 

NSE = 0.99 and MAE = 426 m
3
 day

-1
. On monthly basis, the model tended to under-

predict the flow (Figure 3.7 and Table 3.1); it under-predicted monthly flows in 12 of the 

14 months of the study period with a normalized percent error equals -1.95%. High 

percent errors occurred in months with very low flow (Table 3.1) due in part to 

measurement errors when water velocity fell below the device detection threshold value 

(Birgand, 2000). According to measurements, Birgand (2000) attributed the significant 

flow gain at P1 during the months of October and November 1998 to concurrent flow 

overestimation at P1 and flow underestimation at A1 along with the occurrence of 

relatively high lateral seepage. The model was unable to predict flow gains caused by 

lateral seepage resulting in highest PE% in flow predictions during these two months.  

Cumulative flow at P1 during the considered period was underestimated by 37,180 m
3
, 

while seepage from A1P1 banks was estimated to range from 16160 m³ to 49,270 m
3
 

(Birgand, 2000). Thus, including lateral seepage could have reduced or eliminated the 

under-estimation of the flow. Another reason that could have added additional flow gain 

at P1, and not considered in the current simulations, was the few but substantial surface 

overflow incidents generated from the south side and directly added to A1P1 reach. 

Overall, stream flow in A1P1 was well predicted by the model. Future model 

modification should include the effect of lateral contribution on stream flow.  
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 Figure 3.6 Measured and predicted daily and cumulative stream flow at the P1 station for 

the period June-1998 to July-1999. 

 

Figure 3.7 A comparison between measured and predicted monthly flow rates at P1. 
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Table 3.1 Measured monthly flow at A1 and P1 stations, and simulated monthly flow at 

P1 station. 

 Measured Measured Predicted PE% * 

 A1 (m
3
) P1 (m

3
) P1 (m

3
) 

 Jun-98 146554 147020 151592 3.11 

Jul-98 5464.5 6049 5498 -9.11 

Aug-98 1238 1282 1205 -6.05 

Sept-98 154069 159511 154068 -3.41 

Oct-98 11320 17596 11298 -35.79 

Nov-98 4379 13185 4323 -67.21 

Dec-98 291405 286772 289304 0.88 

Jan-99 394552 399813 395863 -0.99 

Feb-99 267689 275858 266848 -3.27 

Mar-99 270782 270775 269764 -0.37 

Apr-99 146029 151977 148321 -2.41 

May-99 69414 72130 69384 -3.81 

Jun-99 92566 94291 92428 -1.98 

Jul-99 2520 3424 2609 -23.80 

∑ 1857980 1899684 1862504 -1.95 

* PE% represents percent error calculated as: [100* (Predicted – Observed)/Observed]. 

 

3.3. NO3-Nitrogen Load Predictions: 

Measured NO3 loads at the A1P1 reach were positively correlated with measured flow 

during the 14-month period. 65% of NO3 loads were exported in the period between 

December 1998 and April 1999 when 77% of total flow occurred, and about 28% 

exported in May and June of 1999 when very high NO3 concentrations (13.0 to 26.8 mg l
-

1
) were detected after fertilizer application on corn fields. There was an obvious trend of 



152 

 

 

 

NO3 removal from the stream segment (Figure 3.8) despite the continuous flow gain 

measured at P1 compared to measured flow at A1 station, and despite the additional NO3 

entering the stream segment with seeping ground water from A1P1 banks. This indicated 

the existence of NO3 removal that affected the overall NO3 budget through the study 

period. 

 
Figure 3.8 Measured monthly loads of NO3-N at stations A1 and P1. 
 

 

DRAINMOD-W was able to adequately simulate NO3 reactive transport from A1 to P1 

stations. Modeled daily NO3 loads and cumulative daily loads at P1 were in very good 

agreement with measured values (Figure 3.9). The goodness-of-fit statistics of the daily 

NO3 load predictions were: NSE =0.91 and MAE =1.46 Kg N day
-1

. Cumulative NO3 
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In addition, the NO3 removal model was effective at simulating variation in monthly NO3 

loads as well as monthly flow-weighted average NO3 concentrations (FWANC) (Figure 

3.10, Table 3.2 and Table 3.3). The goodness-of-fit statistics of the monthly NO3 load 

predictions were: NSE =0.99 and MAE = 20.3 Kg N month
-1

. For the monthly FWANC 

the goodness-of-fit statistics were: NSE = 0.99 and MAE = 0.24 mg l
-1

. The mean of 

predicted FWANC was 4.9 mg l
-1

 compared to a measured value of 4.81 mg l
-1

.  

Monthly NO3 loads were underestimated in 9 of the 14 month simulation period (Table 

3.2). Similarly, FWANC values were underestimated in 8 months (Table 3.3). The 

underestimation of loads could be attributed to the underestimation of water flow at P1 

and/or the exclusion of lateral nutrient release from water that seeped into A1P1. In 

addition, model could have over-estimate the decay rates under very low hydraulic loads 

(extreme low water stage) (Table 3.2 and Table 3.3). As with the load estimates, the 

largest errors in FWANC estimates occurred when flow rates were low. These errors may 

necessitate additional modification to Equation (6) in order to constrain decay rate from 

reaching exaggerated values under such extreme low flow conditions. On the other hand, 

there were a few months in which NO3 loads were slightly over predicted even though 

flow rates were slightly under predicted. According to a detailed data analysis carried out 

by Birgand (2000), NO3 removal in these months (February, March, and May of 1999, as 

well as September 1998) was slightly overestimated mainly because of errors associated 

with measurements during these periods. FWANC values for the same months were over 

predicted as well.  
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Figure 3.9 Measured and predicted daily and cumulative NO3 load at the P1 station 

during the period June-1998 to July-1999. 

 

 

Figure 3.10 A comparison between measured and predicted monthly NO3 loads at P1. 
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Table 3.2 Measured and simulated monthly NO3 load at P1 station. 

 Monthly NO3 Load (Kg N month
-1

) 

 Month Measured  Predicted  PE% ** 

Jun-98 147.21 144.76 -1.67 

Jul-98 *  1.85 0.41 -78.03 

Aug-98 * 0.74 0.61 -17.11 

Sep-98 372.00 389.95 4.82 

Oct-98 * 32.03 19.29 -39.77 

Nov-98 * 0.83 0.61 -26.55 

Dec-98 1989.68 1969.63 -1.01 

Jan-99 2272.00 2192.70 -3.49 

Feb-99 1097.00 1111.81 1.35 

Mar-99 558.43 572.44 2.51 

Apr-99 232.20 234.24 0.88 

May-99 1155.66 1241.03 7.39 

Jun-99 1274.67 1240.57 -2.67 

Jul-99 * 0.67 0.15 -77.19 

∑ 9135 9118 -0.18 

       * Months with very low flow (monthly flow ≤ 0.11 00 m3). 

** PE% represents percent error calculated as: [100* (Predicted – Observed)/Observed]. 
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Table 3.3 Measured and simulated monthly flow-weighted average NO3 concentrations at 

P1 station. 

  Monthly FWANC (mg l
-1

) 

 Month Measured Measured Predicted PE% ** 

 A1 P1  P1  

 Jun-98 1.08 1.00 0.95 -4.6 

Jul-98 * 0.70 0.31 0.07 -75.6 

Aug-98 * 1.23 0.58 0.51 -12.3 

Sep-98 2.73 2.33 2.53 8.5 

Oct-98 * 2.70 1.82 1.71 -6.2 

Nov-98 * 0.19 0.06 0.14 124.2 

Dec-98 6.92 6.94 6.81 -1.9 

Jan-99 5.83 5.68 5.54 -2.5 

Feb-99 4.33 3.98 4.17 4.8 

Mar-99 2.24 2.06 2.12 2.9 

Apr-99 1.79 1.53 1.58 3.4 

May-99 19.06 16.02 17.89 11.6 

Jun-99 14.52 13.52 13.42 -0.7 

Jul-99 * 0.91 0.20 0.06 -70.6 

Average 5.18 4.81 4.90 1.8 

* Months with very low flow (monthly flow ≤ 0.11 00 m3). 

** PE% represents percent error calculated as: [100* (Predicted – Observed)/Observed]. 
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3.4. Comparison between NO3 Removal Rate predicted Using Fixed and Dynamic 

Decay Rates 

One of the main objectives of the current study is to improve the accuracy of the model 

predictions by introducing a dynamic decay rate that considers the effects of spatial and 

temporal changes in the critical rate-controlling variable on in-stream N removal. Table 

3.4 illustrates the monthly net NO3 removal percents computed based upon measured 

loads at A1 and P1 stations, modeled values using fixed decay coefficient, and modeled 

value using the dynamic decay rate. A decay rate constant of 0.23 d
-1

 represents the 

average of values estimated by the dynamic model along the 14 month period. The same 

value can be obtained, as well, by dividing a mass transfer coefficient of 0.1 m day
-1

 

estimated at 20 °C (average stream temperature), divided by the average flow depth, 

which was equal to 0.4 m in the current study.  

Given that the dynamic model considers the effects of stream temperature and hydraulic 

load on nitrogen removal, it produced better results in the period between December-

1998 till February-1999 when average monthly temperatures fell below 10 °C and about 

51% of total flow occurred. Using a fixed decay rate of 0.24 day
-1 

resulted in almost 

twice removal rates when compared with the dynamic model predictions (Table 3.4). For 

the same reasons, the dynamic model predictions during March and April 1999 seemed to 

be slightly better and more reasonable provided that the 5% attenuation for March based 

on measured values was overestimated as mentioned above. 

During months with very dry conditions (low hydraulic and nutrient loads), both models 

overestimated percent removal mainly due to flow underestimation. Meanwhile, the 
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questionably high monthly averaged decay rates ( ≥ 0.44 day
-1

) estimated by the dynamic 

model seemed unrealistic  and could have overestimated the rates of N removal processes 

even though it produced similar or slightly higher percent removal compared with the 

0.23 day
-1

 decay coefficient. This was presumably due to the unavailability of nitrate, 

which limited the removal process. Again, caution should be taken when using equation 6 

under extreme low flow conditions in order to prevent the decay rate from reaching 

unrealistically high rates. 

The net NO3 removal for the whole period was better estimated by the dynamic model. It 

estimated that 5.1% of the NO3 loads measured at A1 was removed before reaching P1 

station compared to the actual 5% (computed based upon measured values). The fixed 

decay model estimated a 7.9% net removal. Errors induced by the later model during the 

winter period were responsible for 95% of the additional NO3 removal because of 

neglecting the effect of low temperatures in reducing removal rates. It should be noted 

that excluding of the in-stream processes from the simulations by setting the decay rate 

equals zero, resulted a 1% net gain of NO3 loads at P1 despite P1 flow underestimation 

(Figure 3.11). 

Overall, the dynamic model showed a potential improvement in predicting in-stream 

transformations, and provided explanation of the effects of hydraulic and non-hydraulic 

stream properties on N fate. The fixed model showed acceptable results as well, however, 

the relatively small prediction errors under low temperature/high flow condition could be 

magnified when applied on bigger size stream network for longer time periods. 
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Table 3.4 Percentages of NO3 removed from A1P1 reach. *  

 

Measured 

[%] 

Predicted [%] 

  

K = 0.23 K dynamic ** 

Jun-98 5.9 8.3 7.5 (0.29) 

Jul-98 51.9 84.1 89.4 (0.44) 

Aug-98 50.7 59.2 59.2 (0.44) 

Sep-98 11.7 8.4 7.4 (0.28) 

Oct-98 -5.0 36.7 36.7 (0.23) 

Nov-98 1.9 27.9 27.9 (0.16) 

Dec-98 1.3 5.9 2.3 (0.11) 

Jan-99 1.2 8.3 4.6 (0.06) 

Feb-99 5.4 8.0 4.2 (0.06) 

Mar-99 5.0 6.6 2.7 (0.08) 

Apr-99 10.0 12.2 9.2 (0.14) 

May-99 12.6 7.6 6.2 (0.25) 

Jun-99 5.2 9.1 7.7 (0.32) 

Jul-99 70.8 80.0 93.3 (0.47) 

Net Removal 5.0 7.9 5.1  (0.23) 

*Percent removed were calculated as [100* (P1 load – A1 load)/ A1 loads] 

 ** Values between parentheses represent the monthly average decay rate as predicted by 

DRAINMOD-W. 
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Figure 3.11 A comparison between predicted cumulative NO3 load at P1 using a fixed 

decay rate (K=0.23), a dynamic decay rate using equation 6, and neglecting NO3 

attenuation (K=0.0). 

 

4. SENSITIVITY ANALYSIS 

Sensitivity analysis has been conducted to identify the significance of variation in design 

parameters or input factors on model output, and determine which factors or hypotheses 

require more research to reduce output uncertainty (Hamby, 1994; Fernandez et al., 2002; 

Francois et al., 2003; Hall et al., 2009). In this section, we studied the sensitivity of NO3 

net removal predictions in response to variations in the following parameters: the mass 

transfer coefficient (ρ), dispersion coefficient (Disp.), and the Vant’s  off coefficient 

(Q10), in addition to the effect of changes in hydraulic factors (herein represented by 

water depth). During model calibration, these input factors seemed to contribute most to 

output variability. Less influential parameters (e.g.: Preisman coefficient Theta for flow 

and quality) were excluded from the current sensitivity analysis.  
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A simple approach to sensitivity analysis, as described by Hamby (1994), is to measure 

the change in the objective function resulting from repeatedly changing one input factor 

through several levels while keeping all other parameters unvaried. In the current 

analysis, calibrated numerical values (see section 2.4.2.) were considered as the baseline 

value from which each parameter was allowed to deviate, one-at-a-time, within a possible 

range (Table 3.5) Removal rate sensitivity to changes in hydraulic conditions was 

examined by hypothetically increasing or decreasing boundary flows and NO3 loads at 

A1 simultaneously. This procedure holds NO3 concentrations at their original levels. 

 

Table 3.5 Parameter variation space for the sensitivity analysis.  

*Specified based on most sited values and most relevant to the current study conditions, however, other 

studies may cited different values. 

** Flow variation was setup to match percent changes in other parameters for comparison purposes. 

 

 

 

Parameter 
Range of variation 

Literature 

values* 
Source 

Lower 

limit 

Upper 

limit 

 ass transfer coef. (ρ) 0.022 0.22 0.055   to  0.25 
Boyer et al. (2006), 

Birgand et al. (2007) 

Vant’s  off coef. (Q10) 1.00 4.8 1.0       to    4.5 
Kirschbaum (1995), 

Appelboom et al. (2010) 

Dispersion coef. (Disp.) 0.002 0.02 0.005    to   0.05 
Axworthy and Karney 

(1996), US EPA (2000) 

Flow ** X 0.2 X 2.0   
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Estimated net removal rates corresponded to percent changes in the independent variables 

were summarized in a single plot (Figure 3.12) to provide a visual illustartion of the 

parameters that the model is most sensitive to, and to show the relative impacts of each 

parameter within its entire range of variation (Pannell, 1997). In addition, the Sensitivity 

Index (SI) as proposed by Hoffman and Gardner (1983) was calculated for each 

parameter as follows: 

SI = (Dmax – Dmin) / Dmax                                                                  (12) 

where Dmin and Dmax represents the minimum and maximum output values, respectively, 

obtained by varying a parameter within its entire range (Hoffman and Gardner, 1983). 

 

Figure 3.12 A diagram summarizing the rate of change in the output variable (NO3 

removal rate) in response to percent change in input factors included in the sensitivity 

analysis. 

 

1

2

3

4

5

6

7

8

9

10

11

-100 -80 -60 -40 -20 0 20 40 60 80 100

N
e

t 
N

it
ra

te
 r

e
m

o
va

l (
%

) 

Input factor (% change from base) 

ρ 

Q10

Flow

Disp.



163 

 

 

 

The net removal rates were most sensitive to changes in hydraulic loads with a SI equals 

0.69, followed by the dispersion coefficient and mass transfer coefficient with SI values 

equal 0.68 and 0.58, respectively. The Q10 coefficient was the least influential input with 

a SI of 0.14. Comparable results were obtained by Fernandez et al. (2002). A different 

ranking could be estimated, however, when comparing the rate of change (the slope) in 

the removal level with respect to only increasing the baseline flow rate (Figure 3.12). In 

other words, nutrient decay rate becomes less sensitive to variation in flow depth under 

high hydraulic loads, compared to the sensitivity of decay rate predictions to changes in 

either mass transfer or dispersion coefficients. Again, the model sensitivity to stream 

hydraulic properties could be somewhat exaggerated under very low conditions as 

discussed in a previous section. 

Even though the dispersion coefficient does not represent a direct control on 

denitrification process, its determination had a pronounced effect on the model 

prediction. This could be attributed to the role of dispersive mechanisms in reducing the 

rate of nutrient transport further downstream via advection, which implicitly increases a 

constituent susceptibility for removal by increasing its residence time. Note that the 

model sensitivity to changes in dispersion coefficient could be less when applied on 

larger channel networks where high velocities ensures that advection dominates nutrient 

transport (Axworthy and Karney, 1996). Similar to dispersion coefficient, the 

contribution of the mass transfer coefficient to output variability was significant over its 

entire range of variation.  
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The net removal predictions showed an inverse response to reduction in the Q10 

coefficient because of ignoring the effect of low temperatures on limiting denitrification 

rates. However, net removal rates were irresponsive to any increase in the Q10 value from 

its baseline (Figure 13). By looking at the variation in monthly removal rates induced by 

increasing the Q10 value, we found that an increase in Q10 was met by additional removal 

reductions in cold months, counterbalanced by removal rate increase during warmer 

months where average monthly temperature rose above 21°C. Other input factors showed 

either consistent increase or decrease on monthly removal rates when changed from the 

base line.  

Over all, these results are in good agreement with other studies that considered the effect 

of hydraulic, biogeochemical, or both factors on in-stream NO3 removals (Fernandez et 

al., 2002; Alexander et al., 2009; Böulke et al., 2009). Further analysis should be applied 

on a wider range of spatial and temporal scales including contrasting levels of NO3 

enrichment to explicitly study the effect of NO3 concentrations in removal rate. 

 

5. SUMMARY 

DRAINMOD-W, a DRAINMOD-based watershed scale model, simulates nutrient 

removal from stream networks using a lumped parameter reaction rate constant that 

ignores the effects of variation in stream hydraulic or biologic characteristics on removal 

rate. Uncertainty associated with the reaction rate constant contributed significantly to the 

uncertainty in predicted outputs. The current study reports a simple mathematical model 

that uses the mass transfer coefficient and considers the combined effect of water 
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temperature and hydraulic load to estimate nutrient removal rates from small streams. 

This equation was implemented in to the stream routing component of DRAINMOD-W 

and was tested against a well documented 14-month data set collected from an 

agricultural stream segment within a watershed located in the lower coastal plain of 

North Carolina. A new mathematical formula was added to the model to estimate daily 

water temperature based on air temperature.   

The modified model accurately simulated stream hydraulics over the 14-month period. 

Cumulative flow at the downstream end was underestimated by 1.95% most likely due to 

the exclusion of the lateral groundwater flow contribution from the current simulations. 

Net removal rate over the whole period was underestimated by 0.18%. The incorporation 

of temperature term along with considering hydraulic load effects on nitrate removal 

improved monthly predictions, compared to predictions by the constant reaction rate 

model. However, the model showed an over-prediction during months with very low 

hydraulic loads.  

 Sensitivity analysis indicated that predicted NO3 removal rates were very sensitive to 

hydraulic load, and to the determination of the mass transfer coefficient and dispersion 

coefficient. Overall, the modified model showed potential to characterize the interacting 

effects of the hydraulic and biological driving factors on nutrient removal, and at the 

same time the model is computationally simple and requires a small number of 

parameters. Further model testing should incorporate a wider range of spatial and 

temporal scales including watersheds with contrasting levels of NO3 enrichment and 

stream size.  
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CHAPTER 4: Modeling the Hydrology and Nitrogen Fate and Transport in 

Artificially Drained Watersheds 

ABSTRACT 

Watershed modeling is a powerful tool that provides valuable knowledge for better 

watershed planning and management. Accurate predictions of nitrogen (N) loads at field 

edges are a major contributor to accurate predictions of nitrate loads at the watershed 

outlet. The watershed scale model DRAINMOD-W uses flow-based site specific 

regression equations to estimate edge of field loads which limits the model’s 

applicability. This chapter reports a modified version of DRAINMOD-W that is fully 

integrated on a day-by-day basis with the field scale carbon (C) and N dynamics model, 

DRAINMOD-NII, to predict the edge-of-field N loadings as affected by soil type, 

drainage design and management, climatic conditions, and farming practices. This step is 

expected to significantly improve the model capability to quantify the cumulative impacts 

of land use and management practices on N exported to the watershed outlet.  The 

modified model features and capabilities were demonstrated through a simple case study 

that utilized limited data and surveys collected from a lower coastal plain watershed. 

Neither water yields nor nitrate load (NO3-N) measurements at the watershed outlet were 

available. Previous DRAINMOD-W and DRAINMOD-NII application in addition to 

available measurement from adjacent or enclosed sub-watersheds were utilized to justify 

model parameterization and predictions. Future work should comprise of a complete 

dataset for a thorough model testing 
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1. INTRODUCTION 

The negative impacts of non-point sources of nitrogen (N) pollutants, originated at the 

field edges, become increasingly detrimental at the watershed outlets adjacent to sensitive 

water bodies (Skaggs et al., 2003; Fernandez et al., 2005). Significant portions of these 

pollutants can be leached from flat poorly-drained agricultural fields that require 

improved drainage systems and fertilizer to support economically viable food and feed 

production (Burkart and James, 1999; Tesoriero et al., 2005; Goswami et al., 2009). 

Agricultural drainage enriched by N loads has been identified as a major contributor of 

many of elevated N concentrations of the nation’s surface water bodies. A prime example 

is the severe water quality degradation in the Gulf of Mexico caused by high nitrate 

(NO3) loads in drainage water from agricultural regions in the Mississippi River basin 

(Rabalais et al., 2001 and 2002). Elevated concentrations of NO3-N and subsequent 

accelerated eutrophication have been also reported in the Neuse, Pamlico, and Chown 

river basins which drain to critical and commercially valuable estuaries, Albemarle and 

Pamlico Sounds (Duda, 1982; Thomas et al., 1992).  

Numerous studies have been conducted at varying levels of detail to investigate the 

cumulative effects of land use and management practices on nutrient export and fate 

(Carpenter-Boggs et al., 2000; McIsaac and Hu, 2004; Skaggs et al., 2005; Kroger et al., 

2007; Singer et al., 2007; Drury et al., 2009; David et al., 2010; Luo et al., 2010). The 

spatial and/or temporal heterogeneity in environmental conditions, land use, and 

management practices make watershed-scale experimental studies extremely difficult and 
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prohibitively expensive. Watershed scale models are often used to assess the long term 

effects of land conversion and management practices on land productivity and water 

quality at the watershed outlet (Fernandez et al., 2006). In addition, watershed scale 

models can efficiently contribute to policy making and environmental conservation 

planning (Moriasi et al., 2007).  

DRAINMOD-based watershed-scale models integrate the widely-used field scale 

hydrologic model, DRAINMOD (Skaggs, 1999), with a number of different stream 

routing methods to simulate field hydrology, stream flow, and in-stream nutrient 

transport and transformations for relatively flat watersheds dominated by artificially 

drained fields (Amatya et al, 2004; Fernandez et al., 2002, 2005, 2006). DRAINMOD-

DUFLOW (Fernandez et al., 2005) is a model, developed by linking DRAINMOD to the 

Dutch hydraulic model DUFLOW (Aalderink et al., 1995).  DRAINMOD-W (Fernandez 

et al., 2005) is another watershed-scale model that integrates DRAINMOD with modules 

for one-dimensional flow and water quality routing. Fernandez et al. (2005) tested both 

models using data from a forested watershed in the coastal plain of eastern North 

Carolina. They attributed the accurate predictions of flow rates and nitrate-nitrogen loads 

at the watershed outlet to DRA N OD’s adequate simulations of field hydrology. 

Neither model, however, incorporates a physically based model to simulate field N 

dynamics and predict N export from fields to receiving streams. Alternatively, field 

nitrate loadings to streams were approximated using site-specific regression equations 

relating daily N loads to mean daily flow. These equations are not readily applicable to 
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different field situations and do not reflect the effects of different water management and 

fertilizer management practices on N losses at the field edge. 

In a subsequent study, DRAINMOD-GIS (Fernandez et al., 2006); a watershed model 

that applies a relatively simpler spatially distributed routing model using a Kernel 

function, was applied to evaluate the effects of land use alteration on water and NO3-N 

yields from an 11,100 ha mixed land use (55% agriculture, 45% forest) watershed located 

in the North Carolina Coastal Plain (Fernandez et al., 2007). In this application, the edge-

of-field NO3-N loads were calculated by multiplying daily field drainage rates by 

constant concentrations estimated for each combination of soil type and land use. This 

method does not fully represent the effect of alternative drainage practices, such as 

controlled drainage, on nitrogen export. Furthermore, it does not take in to account the 

effects of nutrient and farming practices on N exports from fields to streams 

Sensitivity analyses showed that predicted outlet loads were highly sensitive to the 

estimated field export (i.e.; 1% change in field N-export resulted in 1% change in model 

prediction), and the uncertainty in determining those values contributed significantly to 

the uncertainty in predicted the loads at the watershed outlet (Fernandez et al.; 2002, 

2005, 2006).  

The current chapter was directed to improve the water quality component of the 

watershed-scale model, DRAINMOD-W. The process-based, field-scale C and N cycling 

model, DRAINMOD-NII (Youssef et al., 2005), was fully integrated into DRAINMOD-

W on a day-by-day basis so the former can predict edge-of-field N export. DRAINMOD-
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NII is recognized for its capability of predicting the effects of water and fertilizer 

management practices on water quality in artificially drained fields (Youssef et al., 2006; 

Betchold et al., 2007; David et al., 2009; Salzar et al., 2009; Thorp et al., 2009; Luo et al., 

2010). In addition, a simple mathematical model (described in chapter 3) that uses the 

mass transfer coefficient concept and considers the effect of stream water temperature 

and flow depth on stream N removal was implemented in DRAINMOD-W. The second 

part of this chapter presents an application of the modified model on a mixed-land use 

watershed in the North Carolina lower coastal plain to demonstrate the new features and 

potential applicability of the model. Hypothetical scenarios of commonly used cultural 

practices are also included in the model application.   

 

2. MATERIALS AND METHOD  

2.1. Models Review 

Watershed Scale Model 

DRAINMOD-W (Fernandez et al., 2005) is a watershed scale model that consists of two 

components: the field-scale hydrologic model, DRAINMOD (Skaggs, 1999), integrated 

(on daily basis) with flow routing and nutrient transport components that route water and 

nitrogen loads from field edges through the stream network and ultimately to the 

watershed outlet.  

DRAINMOD simulates field-scale hydrologic processes including infiltration, 

evapotranspiration, surface and subsurface drainage losses, as well as lateral and vertical 
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seepage. DRAINMOD-predicted hourly drainage losses are routed to the field boundary 

using an instantaneous unit hydrograph modified for flat lands (Fernandez et al., 2005). 

Lateral contributions of water seeped from fields to adjacent streams are not considered 

in the current version of DRAINMOD-W. Despite being capable of routing N through the 

stream network to the watershed outlet, DRAINMOD-W does not simulate N dynamics 

at the field scale in order to predict the edge-of-field N loads as affected by field 

conditions (climatological conditions, soil type, farming practices, and drainage system 

design and management). Alternatively, the edge-of-field N loads are estimated using 

site-specific regression equations that relates nutrient load to the mean daily flow at the 

field boundary.  

 The stream routing component deals with the stream network as a combination of 

connected segments that receive edge-of-field flows and nitrogen exports at either or both 

ends. The model computes water elevations, velocities, and flow rates upstream and 

downstream of each section by solving the one-dimensional St. Venant partial differential 

equations numerically, using a four-point finite difference implicit scheme (Fernandez et 

al., 2005). The general partial differential equation for continuity and momentum can be 

written, respectively, as (Liggett and Cunge, 1975): 

 

  
  

 t
+ 
 Q

  
=0.0 

(1) 
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where x and t are space and time coordinates, Z is the water surface elevation, v is the 

average cross-sectional velocity, Q is the discharge, R is the hydraulic radius of the cross-

section, A is the cross-sectional area of flow, B is the cross-sectional flow width, g is the 

gravitational acceleration,   is the  hezy’s coefficient, and α is a factor that describes the 

non-uniformity of the velocity profile. Within DRAINMOD-W, this partial differential 

equation is discretized and transformed to a number of flow equations equal to the 

number of nodes (points where two segments connect). This set of equations by which 

discharges are expressed as functions of water surface elevations, is then solved for a user 

specified time step (one hour by default) using an iterative technique similar to the 

DUFLOW model (Aalderink et al., 1995). Simulated water elevations in the stream 

segments by the end of a given day control the field hydrology simulation for the 

following day. 

DRAINMOD-W simulates in-stream nutrient transport by using a numerical solution for 

the one-dimensional advection-dispersion-reaction (ADR) equation that can be 

formulated as (Zheng and Bennett, 2002):  

  

  
   

   

  
  

 

  
 (   

  

  
 )   

  

  
 

(3) 

where C is the constituent concentration, U is velocity, Ds is the dispersion coefficient, x 

and t are space and time coordinates, and dC/dt is the in-stream process term. This 
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equation is solved following the stream flow computation technique where a nutrient 

constituent transport with in a segment is expressed as a function of the constituent 

concentration. The in-stream processes term was originally characterized by a first-order 

decay equation as follows:  

  

  
       

(4) 

where K is a lumped parameter coefficient used to describe the rate at which a nutrient is 

removed from the stream network.  The later equation has been modified to a more 

descriptive approach that considers the effect of hydrologic and biologic rate-controlling 

variable on in-stream contaminant removal. By introducing temperature and water depth 

terms, this equation can be reformulated as: 

  

  
   (

       
    (    )

 
⁄ )  

(5) 

where ρ is mass transfer coefficient at reference temperature T0, T and T0 are stream and 

reference temperatures (T0 =  1 ◦  by default), respectively, Q10 is a constant 

representing the percent change in the reaction rate due to temperature variation, and D is 

the flow depth. In addition, the model was supported by a new mathematical formula to 

estimate daily stream water temperatures as a function of daily air temperatures. A 

detailed description of the modification and testing of the in-stream processes component 

is included in Chapter Three. 
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Field Scale Nitrogen Dynamics model 

DRAINMOD-NII (Youssef et al., 2005) is a process-based field scale model that 

simulates N and C dynamics in drained agricultural fields under different water and 

nutrient management practices and environmental conditions. The model solves a 

multiphase form of the one-dimensional advection-dispersion-reaction equation using a 

finite difference solution to simulate N reactive transport in the soil column. 

DRAINMOD-NII includes a detailed N cycling among three soil N pools: NO3-N, NHx-

N, and organic nitrogen (ON). The model can operate in three modes with different levels 

of complexity: 1) the simplest ignores ammoniacal-nitrogen pool and considers all 

mineral N as NO3–N, 2) the second level allows for the partitioning of NH4-N pool 

between the solid and aqueous phases, and 3) the third considers both NH4-N pool and 

NH3-N pool; the later can partition into the solid, aqueous, and gaseous phases (Youssef 

et al., 2005). Nitrogen transformation processes simulated in the model include 

atmospheric deposition, mineral N fertilization including anhydrous ammonia and urea, 

manure application, N fixation by legumes, plant residue incorporation, N plant uptake, N 

mineralization and immobilization, nitrification, denitrification, ammonia volatilization, 

and N losses via subsurface drainage, deep seepage and surface runoff. The effects of 

several environmental factors including soil temperature, soil moisture, and soil pH on 

nitrogen transformation rates are simulated using a dimensionless response function for 

each factor. DRAINMODN-II incorporates a sub-model that simulates soil C dynamics 

adapted from CENTURY model (Parton et al., 1987). It simulates three soil organic 
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matter pools (active, slow, and passive), a surface microbial pool, and two above- and 

below-ground litter pools (metabolic and structural). Each pool is characterized by its 

organic carbon (OC) content, potential decomposition rate, and carbon to nitrogen ratio 

(Youssef et al., 2005).  

Models Integration 

The main objective of this research is to enhance the water quality component of 

DRAINMOD-W by integrating DRAINMOD-NII into the watershed-scale model on a 

daily time step, which will predict the edge-of-field N loadings as affected by soil type, 

drainage design and management, climatic conditions, and farming practices. The current 

integration framework keeps the method by which DRAINMOD is connected to the 

stream routing component as is, and setups the DRAINMOD-NII model for a daily run 

called from the main DRAINMOD routine. Thus, DRAINMOD simulates daily water 

balance for a given field and feeds DRAINMOD-NII with necessary hydrologic 

parameters to simulate nitrogen transport and transformation processes within the soil-

water-plant system and predict daily field N export. The stream component reads in the 

edge-of-field flows and N loads and simulates the stream hydraulics and N transport and 

fate to predict the water and N yields at the watershed outlet. Simulated flow depths in 

the main canals at the end of each day are considered the control conditions for field 

hydrology for the next day.  
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2.2. Study Site 

The modified watershed-scale model (referred to as DRAINMOD-W II hereafter) was 

applied on a 5,450 ha watershed (C3) located in the lower coastal plain of North 

Carolina. The watershed is comprised of a 2,500 ha mixed land use subwatershed (C2), 

and a 2,950 ha managed forest subwatershed (S4) (Figure 4.1). C3 is a part of a larger 

10,000 ha watershed that drains into Kendricks Creek, 16 Km upstream of the Albemarle 

Sound (Chescheir et al., 2003). The watershed is dominated by flat very poorly drained 

mineral and organic soils with drainage ditches installed to improve field workability and 

to provide adequate soil moisture for plant growth. The prevailing organic soil series 

which dominates the middle and eastern part of  3 watershed (≈ 60% of total area) is 

Belhaven muck (loamy, mixed, dysic, thermic Terric Haplosaprists), a soil characterized 

by highly decomposed black organic muck surface horizon. Mineral soils occur in the 

western part of the watershed dominated by the Cape Fear soil series (fine, mixed, 

semiactive Typic Umbraquult). Other mineral and organic soils are present in the 

watershed, but their coverage is relatively small compared with the two dominant soil 

series. Thus, both mineral and organic soil series present in the watershed were lumped 

into the Cape Fear and Belhaven muck soil series, respectively. Rainfall data were 

measured from a number of gauges distributed through the study site to account for 

spatial variability of rainfall. Other weather parameters required to estimate daily PET by 

the Penman-Monteith method for the forested sites were recorded from an automatic 

weather station R6 (Figure 4.1). 
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The drainage system for the forested fields consists of open ditches that are 

approximately 100 m apart and 0.9 m deep which drain into collector canals and main 

canals flowing to the watershed outlet. The drainage system at the cropped fields was 

slightly more intense with open ditches, 100 cm deep below soil surface and spaced 

approximately at 80 m apart. 

No flow or nitrogen load measurements were taken at C3 or C2 outlet. However, 

drainage outflows were continuously measured at selected fields and at the S4 

subwatershed outlet during the period between 1996 till 2000. Flow was measured using 

V-notch weir structures. In addition, water samples were collected for water quality 

analysis. These measurements along with previous DRAINMOD simulations for similar 

sites were utilized for model parameterization. A DRAINMOD-W II simulation of the S4 

forested watershed preceded the model simulation of the C3 watershed. 
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Figure 4.1 A map for C3 watershed and its two sub-watersheds S4 and C2. 

 

R6 
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2.3. Preparation of model inputs: 

DRAINMOD-W II was run for 5 years simulating different hypothetical scenarios. Inputs 

required for running DRAINMOD-WII include input parameters to run field hydrology 

and nitrogen dynamics, in addition to inputs to simulate stream hydraulics and nutrient 

transport and transformation. Field scale data shown herein represent inputs for a typical 

field with a specific land use and soil type combination.  

 

 Field hydrology: 

Soil Data: Even though both agricultural fields and forested sites share common mineral 

and organic soil series, the difference in land cover has been shown to affect soil 

properties according to a recent study conducted by Skaggs et al. (2011). They found that 

the hydraulic conductivities for the surficial layers of the forested sites were higher by 

more than two orders of magnitude, compared with the corresponding layer of the same 

soil type at the agricultural fields. Similarly, the drainable porosity was much higher for 

the forested lands as well. Thus, these effects were considered by adjusting soil 

parameters for the current simulations. Table 4.1 summarizes the soil properties of the 

dominant soil series according to previous field measurements and DRAINMOD 

application on the same watershed (Diggs, 2004; Fernandez et al., 2005; Poole, 2006; 

Skaggs et al., 2011).  
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PET estimation: The weather routines in DRAINMOD-W allow for using in one 

simulation both the Thornthwaite method to internally calculate PET and reading in pre-

calculated daily PET values. So the user can specify the appropriate method for each field 

based on data availability. PET input file based on Penman-Monteith method were 

available for the forested sites only, so the Thornthwaite temperature based method was 

applied on agricultural fields using suitable monthly PET correction factors (Kim, 2009) 

(Table 4.2).  

 

Drainage design: Drainage system parameters were set similar to the actual physical 

dimensions. Surface storage (ST AX) and  irkham’s depth (STORRO) for forested 

fields were set to be 10 and 6 cm, respectively. For agricultural fields, they were set to 2 

and 1 cm, respectively. The effective radius of drains used to describe open ditches was 

set to 25 cm for all fields. All fields in C2 subwatershed were operated under 

conventional drainage mode, however, controlled drainage were implemented in selected 

plots in the S4 subwatershed. When applied, weir levels was set to 55 cm (Fernandez et 

al., 2005). Table 4.3 summarizes field drainage design parameters. 

 

Crop Parameters: A typical crop rotation in the lower coastal plain consists of corn, 

winter wheat, and soybean. Desired planting dates, the length of growing seasons, as well 

as rooting depth schedules were set according to Youssef et al. (2006). For the forested 

plots, mainly managed loblolly pine plantations, the growing season extents the whole 

year round with a rooting depth averaged at 45 cm according to Diggs (2004). 

http://www.cprl.ars.usda.gov/wmru/pdfs/Allen%20AGWAT%2081-1-2-1-22.pdf
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Table 4.1 Hydraulic properties for dominant soils in the C3 watershed. 

Agricultural Fields Forested Field 

Cape Fear Belhaven Muck Cape Fear Belhaven Muck 

Depth 

(cm) 

K            

(m d-1) 

Depth   

(cm) 

K             

(m d-1) 

Depth                    

(cm) 

   K          

(m d-1) 

Depth 

(cm) 

   K             

(m d-1) 

0-36 5.0 0- 60 2.0 0-30   240  0-30  400 

36-42 14.0 60-100 3.0 30-40   200 30-45  200 

42-65 2.0 100-270 3.0 40-50   120 45-60  10 

65-240 0.1   50-70    9.6 60-240   2  

    70-240    1.2   

 
                          Drainable Porosity (%) 

 Agricultural Fields       Forested Field 

WTD 

(cm) 
Cape Fear Belhaven Muck   Cape Fear Belhaven Muck 

0-25 2.5 3.1 24       24 

25 - 50 2.8 4.3 19       20 

50- 75 4.9 5.2 11       10 

75-100 3.5 6.7 6.6       11 

100-150 11.7 12.3 3.0       14 
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Table 4.2 Thornthwaite PET Correction factor for agricultural fields. 

Month Factor Month Factor 

January 2.01 July 0.9 

February  2.32 August 0.87 

March 1.40 September 1.0 

April 1.42 October 1.2 

May 1.3 November 1.22 

June 1.0 December  1.44 

 

Table 4.3 Field drainage design parameters for DRAINMOD-W II. 

Parameter Forested Agriculture 

STMAX, cm 10 2 

STORRO, cm 6 1 

Drain depth, cm 90 100 

Drain spacing, m 100 80 

Effective drain radius, cm 25 25 

Growing season (DOY) 
[1]

 1 – 366  120 – 250 (corn) 

  320 – 100 (wheat) 

  170 – 310 (soybean) 
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Nitrogen dynamics 

Model inputs required to simulate C and N dynamics include parameters describing 

agronomic management, soil physical and chemical properties, N transport and 

transformation parameters, and organic matter parameters. Many of the DRAINMOD-

NII input parameters used for simulating nitrogen balance in agricultural fields were 

adapted from a previous model application on the Tidewater Research Station (T4) 

(Figure 4.1) located within the 10,000 ha watershed (Youssef et al., 2005 and 2006). 

These parameters were slightly modified for the forested site according to Diggs (2004) 

who applied DRAINMOD-NII for forested field within S4 and C2 subwatersheds. The 

reader is referred to Diggs (2004) and Youssef et al. (2005 and 2006) for a detailed 

description of all input parameters. 

The current crop model adapted in DRAINMOD-W II does not feed the nitrogen model 

with the daily plant growth parameters; thus, potential yields were set to the long term 

average actual yields (i.e.; 80% of potential yield). Average actual yield was set to 8,000 

Kg ha
-1

 for corn, 4,000 Kg ha
-1

 for winter wheat, and 2,700 Kg ha
-1

 for soybean. Other 

crop related parameters were selected according to Youssef et al. (2006). 

For forested sites, vegetative parameters were set based on values estimated by Diggs 

(2004) who used the forest productivity model PnET-CN (Aber et al., 1997) to estimate 

potential N uptake and litter fall which affects the input rate of fresh organic material to 

the forest floor and topsoil layer. Within DRAINMOD-NII, estimated litter fall was 

considered as surface-applied organic matter. 
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Commonly applied management practices such as fertilizer application, tillage practices, 

residue application, were considered in the current simulations. Fertilizer rates for the 

baseline simulation were set to 200 Kg N ha
-1

 applied for corn, and 160 Kg N ha
-1

 applied 

for wheat. No N fertilization for soybean. However, no management practices were 

considered for forested sites and DRAINMOD-WII model was run assuming an average 

15-year tree stand.  

 

 Stream network configuration 

The watershed was delineated into 49 fields, 27 fields within S4 subwatershed and 22 

fields within C2 subwatershed. Field sizes ranged from 39 to 210 ha with an average of 

108 ha. The field ditches drain into a stream network discretized into 61 segments of 

collector and main canals. C2 stream network intersects with S4 network 1.2 miles 

upstream of the C3 main outlet.  Stream length, geometry, and relative bed elevation 

were set according to field surveys (Birgand, 2000; Fernandez et al.; 2005). The 

delineation process and preparation of input files were performed manually as no 

automatic delineation was available in the current version of DRAINMOD-WII. This 

process is known to be time consuming, and becomes more challenging as the watershed 

size increases. Therefore, it is highly recommended to support DRAINMOD-WII with a 

GIS interface that can facilitate watershed delineation and input file preparation to 

expand the applicability of the model to larger size watersheds. 

Other parameters required to run stream hydraulics and nutrient transport including 

manning’s “n”, Preismann coefficients for flow (Ѳ) and quality (Ѳq), dispersion 
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coefficient (Ds), mass transfer coefficient (ρ), and Q10 were set according to what was 

estimated through model calibration for the A1P1 flow and water quality simulations 

presented in Chapter 3 (Table 4.4). Additional inputs required by the stream routing 

component are stream flow and nitrate concentration initial conditions. No measurements 

were available for the first day of simulation, therefore, the first month of the simulation 

period was considered as a warm up period and excluded from the current analysis. The 

rating curve at C3 outlet was set for the downstream boundary conditions. 

Table 4.4 Flow and nitrogen routing parameters. 

Prameter Ѳ Ѳq Manning n ρ (m/day) Q10 D 

Value 0.67 0.55 0.04 0.11 2.4 0.01 

 

 

3. SIMULATION RESULTS AND DISCUSSION 

As discussed earlier, the objective of this case study is to demonstrate the features of the 

new DRAINMOD-WII which extend its applicability to mixed land-use watersheds with 

agricultural fields managed with different scenarios of water and nutrient management 

practices. Model performance evaluation is beyond the scope of this study. However, 

available measurements for flow and nitrate export at the S4 subwatershed during the 

period from 1996 to 2000 were utilized for model parameterization for the forested sites, 

given the limited capability of DRAINMOD and DRAINMOD-NII to simulate the 
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effects of tree growth and forest productivity on the hydrology and soil C and N cycling. 

This step also helped verifying that the models were adequately integrated.  

The following sections present the model simulation of the S4 forested watershed 

followed by the simulation of the mixed land use C3 watershed. Hypothetical scenarios 

of commonly used cultural practices were simulated for agricultural fields. 

 

3.1. Case study 1 (S4 subwatershed) 

Flow Predictions 

As shown in Table 4.5, simulated annual flows from a typical forested field during the 

period from 1996 till 2000 were comparable to measured values at F3, F5, and F6 fields. 

These three sites were all in the C3 watershed, with the later two located within the S4 

subwatershed. More details about these sites can be found in Diggs (2004). Water 

balance components averaged across the considered period compared well to those 

estimated by Skaggs et al. (2011) for the same study site based on long term 50-year 

simulations (Table 4.5). Annual rainfall during the simulation period averaged at 122.7 

cm (95.3% of 50 yr average). Estimated annual ET and drainage flow averaged at 92.0 

cm and 30.7 cm compared to the 50-year annual average of 91.2 and 37.0 cm, 

respectively. Surface runoff was estimated to be zero in both cases where water table 

rarely reaches the soil surface and surface storage is very high on the typical forested site 

(Skaggs et al., 2011). 

At the watershed outlet, annual flows were well predicted by the model with a Nash 

Sutcliff efficiency (NSE) of 0.91 and Percent Error (PE%) ranged from 0.1 to 17.3% 
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(Table 4.6). For the 5-year simulation period, cumulative outflow were underestimated by 

6.7%. Predicted daily outflow averaged 0.81 mm/day, equivalent to what estimated by 

Shelby et al. (2005) who studied the hydrologic and water quality of the S4 

subwatershed. Table 4.7 and Figure 4.2 show a comparison between measured and 

predicted seasonal outflows. In general, annual and seasonal outflow predictions were 

reasonably predicted and deemed to be acceptable for adequate water quality simulations. 

Table 4.5 Hydrologic predictions for a typical field compared with previous estimated 

values for the same study site.  

Year Rainfall Annual Drainage 

 (mm) Measured (mm) 
[1]

 Predicted (mm) 

1996 1301     478 ± 305 500 

1997 957      184 ± 96 114 

1998 1275      283 ± 160 320 

1999 1382      274 ± 113 320 

2000 1220      229 ± 74 270 

Average annual 

hydrologic component 

 

5-yr average 

(mm) 
[2]

 

 

50-yr average 

(mm) 
[3]

 

 

Rain 1227 1287 

ET 920 912 

Drainage 327 376 

Runoff 0.0 0.0 

[1] Annual means and standard deviations computed based on measured outflow from F3, F5, F6 forested 

fields (Diggs, 2004). 
[2] Annual average from 1996 till 2000 based on current simulations. 
[3] Based on DRAINMOD 50-yr simulations by Skaggs et al. (2011) 
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Table 4.6 Summary of measured and predicted annual outflows at S4 outlet.  

  Rainfall Outflow  (mm) PE 

  (mm) Measured Predicted. (%) 

1996 1301 464.0 472.6 1.9 

1997 957 144.0 132.3 -8.1 

1998 1275 370.0 325.0 -12.2 

1999 1382 324.0 268.0 -17.3 

2000 1220 259.0 258.8 -0.1 

     
1996 - 2000 6135 1561.0 1456.7 -6.7 

Average daily flow 

 

0.80 0.81 

  

 

Table 4.7 Measured and predicted seasonal outflows at the S4 subwatershed outlet. 

    Rainfall Outflow (mm) Deviation 

  (mm) Measured Predicted (mm) 

1996 Feb. -March 211 97.2 91.7 -5.5 

 

April-June 208 43.5 26.9 -16.6 

 

July-Sept. 541 105.5 146.2 40.7 

  Oct.-Dec. 341 200.8 207.8 7.0 

1997 Jan.-March 220 114.4 122.9 8.5 

 

April-June 208 24.0 7.0 -17.0 

 

July-Sept. 280 0.1 0.1 0.0 

  Oct.-Dec. 249 5.5 0.0 -5.5 

1998 Jan.-March 426 326.9 254.5 -72.4 

 

April-June 354 41.8 69.6 27.8 

 

July-Sept. 217 0.0 0.9 0.9 

  Oct.-Dec. 278 1.5 0.0 -1.5 

1999 Jan.-March 217 49.5 11.8 -37.7 

 

April-June 280 9.0 3.1 -5.9 

 

July-Sept. 630 146.0 94.6 -51.4 

  Oct.-Dec. 255 119.9 158.5 38.6 

2000 Jan.-March 243 104.8 85.3 -19.5 

 

April-June 346 39.6 39.5 -0.1 

 

July-Sept. 507 86.7 106.9 20.2 

  Oct.-Dec. 125 28.3 26.7 -1.6 
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Figure 4.2 A visual comparison between measured and predicted seasonal outflows at the 

watershed outlet during the period 1996 -2000. 

 

Nitrate-Nitrogen Load   

The accuracy of nitrate export predictions at the watershed outlet is greatly affected by 

the accuracy of estimating the edge-of-field NO3-N exports (Alexander et al., 2002; 

Fernandez et al., 2004). NO3-N field leachate estimated by the process based 

DRAINMOD-NII model through the period 1996 till 2000 is shown in Table 4.8. 

Predicted annual exports from a typical field with organic soils (> 70% of the land area) 

were higher than exports from a corresponding field with mineral soil. The spatial 

variability in predicted field nitrate exports was unsubstantial (within the same soil series) 

since the current simulations assumed similar characteristics and management among all 

forested fields.  
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Predicted annual rates of N transformation processes (Table 4.9) were comparable to 

results estimated by Tian (2011), who applied a new sophisticated version of 

DRAINMOD-NII (DRAINMOD-FOREST) (Tian, 2011; Tian et al., 2012) to study the 

soil C and N dynamics and plant growth on an artificially drained forest in eastern North 

Carolina. 

At the main outlet, predicted and measured annual NO3-N loads were in agreement with a 

NSE of 0.70 and normalized PE of -15.5% (Table 4.10). The tendency of the model to 

under-predict the loads, in some years, could be attributed to underestimation of nitrate 

field e port and/or to an overestimated mass transfer coefficient (ρ). The value of 0.11 m 

day
-1

 assigned for this parameter herein was based on that estimated for an agricultural 

reach (see Chapter 3) that was exposed to higher solar radiation and algae growth; thus, 

increasing nutrient removal rates than a corresponding shaded reach. 

 

Table 4.8 DRAINMOD-NII predictions of NO3-N export form a typical forested field in 

comparison with previous measured values for the same study site.  

Year Rainfall Annual NO3-N export 

 (mm) Measured (Kg ha
-1

) 
(1)

 Predicted (Kg ha
-1

) Predicted (Kg ha
-1

) 

  F3 F5 F6 Organic soil Mineral soil 

1996 1301 11.2 13.4 21.6 19.1 15.8 

1997 957 3.9 1.7 3.9 4.14 1.4 

1998 1275 3.0 2.1 7.6 9.1 2.5 

1999 1382 2.0 2.0 9.0 8.5 3.1 

2000 1220 1.0 1.8 1.2 5.6 1.3 

[1] Annual measured NO3-N  losses at F3 (mineral soil) and at F5 and F6 (organic soil) (Diggs, 2004). 
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Table 4.9 Summary of predicted annual rates of soil N transformations from 1996 to 

2000 
[1].

 

 Net 

Mineralization 

Nitrification Denitrification Plant Uptake Nitrate 

leaching 

  Kg ha
-1 

yr
-1

   

Mean ± Std 63 ± 17 46.2 ± 25 2.2 ± 1.6 65 ± 3.0 7.2 ± 6.2 

 

 

On seasonal basis, the model predictions were adequately correlated with measured 

values as shown in Table 4.11 and Figure 4.3. In most cases, nitrate loads were over- or 

under-estimated when water flows were over- or under-estimated, respectively. Given the 

heterogeneity among field conditions that were not considered in the current simulations, 

the overall hydrologic budget and nutrient dynamics at both field and watershed scale 

were reasonably estimated, indicating a proper model parameterization and showing the 

potential for adapting DRAINMOD-NII algorithms to study the impact of environmental 

conditions and management on nutrient export from managed forest watersheds. 
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Table 4.10 Measured and predicted NO3-N annual loads at the outlet of S4 watershed 

from1996 to 2000. 

  Rainfall       NO3-N Loads (Kg ha
-1

) PE 

  (mm) Measured Predicted  (%) 

1996 1301 15.3 14.5 -5.1 

1997 957 1.7 2.3 35.8 

1998 1275 12.3 6.7 -45.5 

1999 1382 9.0 9.9 9.9 

2000 1220 5.2 3.3 -36.7 

1996 - 2000 6135 43.5 (2.8) 
[1]

 36.7 (2.5)
 [2]

 -15.5 

[1] Flow weighted nitrate concentration based on measured values (Shelby et al., 2005) 
[2] Simulated flow weighted NO3-N concentration. 

 

 

Table 4.11 Measured and predicted seasonal NO3-N export at the S4 subwatershed outlet. 

    Rainfall        NO3-N Loads (Kg ha
-1

) Deviation 

  (mm) measured predicted (Kg ha
-1

) 

1996 Feb. -March 211 6.0 5.5 -0.6 

 

April-June 208 1.6 1.0 -0.6 

 

July-Sept. 541 3.5 2.6 -0.9 

  Oct.-Dec. 341 4.3 3.2 -1.1 

1997 Jan.-March 220 1.5 2.2 0.6 

 

April-June 208 0.1 0.1 0.0 

 

July-Sept. 280 0.0 0.0 0.0 

  Oct.-Dec. 249 0.1 0.0 -0.1 

1998 Jan.-March 426 11.8 5.9 -5.9 

 

April-June 354 0.4 0.8 0.4 

 

July-Sept. 217 0.0 0.0 0.0 

  Oct.-Dec. 278 0.1 0.0 -0.1 

1999 Jan.-March 217 1.8 0.2 -1.6 

 

April-June 280 0.1 0.0 -0.1 

 

July-Sept. 630 5.3 3.1 -2.1 

  Oct.-Dec. 255 1.8 6.5 4.7 

2000 Jan.-March 243 2.1 1.3 -0.8 

 

April-June 346 0.7 0.4 -0.3 

 

July-Sept. 507 2.1 1.4 -0.7 

  Oct.-Dec. 125 0.3 0.2 0.0 
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Figure 4.3 Visual comparison between measured and predicted seasonal NO3-N load at 

the watershed outlet during the period 1996 -2000. 

 

3.2. Case study 2 

In the second study, DRAINMOD-WII was applied to simulate the C3 watershed for the 

same period (1996-2000) in order to demonstrate the potential applicability of the model 

on watersheds encompassing forests and agricultural fields with the latter land use 

managed with different scenarios of nutrient practices common to the region. There was 

no measured data at the C3 watershed. The parameters obtained from the model 

simulation of S4 watershed were used to parameterize the model for the forested sites of 

C3 watersheds. Hydrologic and nitrogen parameters for agricultural fields were obtained 

from previous model application to an intensively monitored research site located within 

the watershed (Youssef et al., 2006).  
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In the first scenario, we presented management practices following the general trend 

applied within C3 agricultural fields.  The results from this initial run are considered as 

the “baseline” to which the results of the other hypothetical scenarios were compared. 

The following sections present and discuss the effects of applying alternative field 

management practices (one at a time) on changes in nitrate load at the watershed outlet. 

No changes in any of the forested sites were considered in the current simulation since 

the current version of DRAINMOD/DRAINMOD-NII has limited applicability to well 

address the effects of related management practices in forested sites. 

 

Baseline Scenario  

In this scenario, all agricultural fields (27% of total area) were managed in conventional 

drainage mode. Fertilizer application rates were set to represent typical rates applied in 

the region (200 Kg N ha
-1

 for corn, 160 Kg N ha
-1

 for winter wheat). Other drainage 

design parameters and management were set as described in section 2.3. 

Figure 4.4 presents average annual hydrologic predictions for typical agricultural and 

forested fields, which agreed well with estimates by Skaggs et al. (2011). The average 

annual outflows (drainage + surface runoff) for agricultural sites were 59% higher, 

compared to forested sites, which has higher ET and zero surface runoff. This increase in 

the edge-of-field outflows due to the change in land cover is reflected on predicted 

outflows at C3 outlet. Predicted average daily and average annual outflows for C3 were 

1.1 mm day
-1

 and 386 mm yr
-1

 (Figure 4.5 and Table 4.12), compared to 0.8 mm day
-1
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and 312 mm yr
-1

 for S4, respectively. Measured daily outflows from mixed land use T4 

subwatershed (Figure 4.1) where agricultural field occupies 55% of its area averaged 1.5 

mm day
-1

 (Shelby et al., 2005).  

 

 

Figure 4.4 5-yr average annual (1996-2000) hydrologic components for forested and 

agricultural fields in C3 watershed as predicted by DRAINMOD-W II. 
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Figure 4.5 Predicted Daily flow at C3 watershed for 1996-2000. (5-yr average daily flow 

= 1.1 mm day
-1

). 

 

Edge-of-field nitrate losses for a typical agricultural field averaged at 20 Kg N ha
-1

 

compared to 7.2 Kg N ha
-1

 for a forest site (Figure 4.6). The higher N loading for 

agricultural fields is expected due to N fertilizer application accompanied with higher 

drain flows. Other N transformation processes for agricultural fields are summarized in 

Figure 4.6. According to literature, these values were deemed to be reasonably predicted 

(Diggs, 2004; Youssef et al., 2005 and 2006). At the watershed outlet, predicted average 

annual nitrate load was 10.8 Kg N ha
-1

 with average flow weighted nitrate concentrations 

equal to 2.2 mg l
-1 

(Table 4.12). Annual nitrate losses from T4 averaged 9.5 Kg N ha
-1

 

with a flow-weighted concentration of 2.0 mg l
-1

 (Shelby et al., 2005). Even though T4 

covers higher percentage of agricultural fields, measured nitrate concentrations and loads 

were lower than predicted concentrations for the C3 watershed. This is presumably due to 
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the use of controlled drainage and lower fertilizer application rates associated with 

agricultural fields in T4 watershed. 

 

Table 4.12 Predicted annual flow and nitrate export at C3 watershed for the baseline 

scenario. 

Year Rainfall Flow NO3-N Load 

 

(mm) (mm) (Kg ha
-1

) 

1996 1301 552.4 17.3 

1997 957 172.5 2.9 

1998 1275 395.0 12 

1999 1382 451.1 10 

2000 1220 359.9 11.9 

Average 1227 386.2 (1.1)
[1]

 10.8 (2.2)
[2]

 

[1] Average daily flow (mm/day) 
[2] Average flow weighted NO3-N concentrations (mg/l). 

 

 

 

 

Figure 4.6 5-yr average annual (1996-2000) major N transformations for forested and 

agricultural field in C3 watershed as predicted by DRAINMOD-W II. 
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Controlled drainage implementation 

Controlled drainage, also referred to as ‘drainage water management’, is being used to 

adjust the drainage intensity to match the drainage requirements; thus, reducing nutrient 

leaching to surface waters. In this scenario, controlled drainage was applied to 

agricultural fields by raising weir levels to 50 cm below the soil surface during warm 

growing seasons to conserve water and nutrients for crop growth, and during the fallow 

season following soybean harvest. Weir levels were lowered back to drain depth prior to 

planting and harvesting operations to ensure trafficable conditions.  Table 4.13 shows 

predicted water flows and nitrate losses at C3 outlet with and without controlled drainage. 

According to model predictions, controlled drainage reduced outflows at C3 by 1.8% on 

average. Nitrate loads and flow-weighted nitrate concentrations were reduced by 10.8% 

and 13% on average, respectively. These reductions followed the decrease in drainage, 

the increase of denitrification, and the increase in plant uptake rates as predicted by 

DRAINMOD-NII. Thus the decrease in the edge-of-field outflows and nitrate export 

were the main contributor to nitrate load reductions at the watershed outlet. 
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Table 4.13 Annual water flows and NO3-N loads at C3 watershed outlet with and without 

drainage water management in agricultural fields. 
[1] [2]

 

Year Flow (mm) NO3 Load (kg ha
-1

) 

  Conv. Cont. Conv. Cont. 

1996 552.4 545.5 17.3 16.3 

1997 172.5 167.0 2.9 2.7 

1998 395.0 386.2 12 9.5 

1999 451.1 444.1 10 9.0 

2000 359.9 353.7 11.9 10.7 

Average  386.2 379.3 10.8 (2.2)
[3]

 9.7 (1.9)
[3]

 

% Change   -1.8   -10.8 

[1] Conv. : conventional drainage mode, Cont. : controlled drainage mode. 
[2] Drainage mode at forested site was kept according to original mode. 
[3] Flow weighted nitrate concentrations (mg/l). 

 

 

Fertilizer application rate: 

Nitrogen fertilization has been identified as the major source of the elevated nitrogen 

concentrations in streams and rivers (Goosly and Battaglin, 2001). Reducing application 

rates by 15 to 40% from what was normally applied can still ensure high crop production; 

meanwhile, N drainage losses can be significantly reduced (Kladivko et al., 2005; Thorp 

et al., 2007). In this scenario, Fertilizer rates were reduced by 35% (for medium 

application rate) and 60% (for low application rate) from the baseline scenario (Table 

4.14). 

At the field-scale, simulated average annual N drainage losses reduced from 20.3 to 14.61 

Kg N ha
-1

 (29% reduction) for the medium rates, and to 11 Kg N ha
-1

 (46% reduction) for 

low N rates. Based on a 45-year simulation for an agricultural site planted to corn and 
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soybean rotation, Thorp et al. (2007) concluded that reducing application rates from 180 

to 100 Kg N ha
-1

 (45% reduction) caused a 27% reduction in N drainage losses. 

Table 4.15 shows simulated annual NO3-N loads at the main outlet of C3 watershed. For 

the medium application rate, the 5-yr average nitrate load was reduced by 12.9%, 

compared to the baseline simulations; a corresponding reduction of 19.8% was predicted 

for the low application rate. Reducing fertilization rates had lower impacts on nitrate 

loads attenuation at the watershed outlet compared with the respective field export 

reductions because no changes had been implemented on forested fields which occupy 

more that 70% of the total area of the watershed. 

 

Table 4.14 Fertilizer rate management scenarios. 

 

Fertilizer application rate (Kg N  ha
-1

) 

 

High Medium Low 

Corn 200 130 85 

Wheat 160 104 67 

Soybean -- -- -- 
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Table 4.15 Annual and average annual nitrate loads at the C3 watershed outlet in 

response to different fertilizer application rate. 

Year Flow (mm) NO3 Load (kg ha
-1

) 

  

High Medium Low 

1996 552.4 17.3 15.8 14.8 

1997 172.5 2.9 2.5 2.3 

1998 395.0 12 9.1 8.5 

1999 451.1 10 9 8.2 

2000 359.9 11.9 10.7 9.6 

     Average 386.2 10.8 (2.2)
[1]

 9.4 (1.8) 8.7 (1.6) 

% Change 

  

-12.9 -19.8 
[1]

 Average flow weighted nitrate concentrations.   

 

4. SUMMARY AND CONCLUSION  

DRAINMOD-W is a watershed-scale model primarily developed to simulate the 

hydrology and water quality of flat high water table lands. This model, however, 

estimates field N export using site-specific regression equations relating loads to 

estimated flows, which limits the model’s ability to consider the impacts of water and 

fertilizer management practices. In the current study, the process-based field-scale C and 

N cycling model, DRAINMOD-NII, was fully integrated on a daily time step with 

DRAINMOD-W  to predict edge-of-field N loads as affected by soil type, drainage 

design and management, climatic conditions, and farming practices. Estimating edge-of-

field nitrogen loads with a physically based model could significantly improve nutrient 

load predictions at the watershed outlet especially when the model is to be applied on 
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mixed land use watersheds incorporating spatial and temporal variations of management 

practices.  

A simple case study was conducted to demonstrate the new features of DRAINMOD-WII 

using limited available data. Previous DRAINMOD-W and DRAINMOD-NII 

applications in addition to available measurement from adjacent or enclosed sub-

watersheds were utilized to parameterize the model. Overall, simulation results showed 

the potential of the modified model for predicting nitrogen export from watersheds under 

different management scenarios. The model needs to be rigorously tested using a 

complete dataset. In addition, support of the model with GIS tools that can facilitate 

watershed delineation processes, writing input files, and visualize simulation outputs 

could dramatically broaden the model application. 
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APPENDICES 

APPENDIX 1: Input Files of DRAINMOD-DSSAT for the Agricultural Study Site 

near Story City, Iowa 

DRAINMOD inputs 

 

*** Job Title *** 

SU 2RRIGATION,  CORN YIELD, PORTSMOUTH-E SOIL                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

PLYMOUTH, NC WEATHER DATA                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

*** Printout and Input Control *** 

 1 100 C:\DrainMod\outputs                                                                                                 

*** Climate ***                                                                  

126435 C:\Drainmod\weather\LarsonRain91-05.RAI                                                                           

126435 C:\Drainmod\weather\LarsonTemp91-05.TEM                                                                           

1991  1 2005 12 4212  51 0 

2.20 1.60 1.40 1.00 0.80 0.80 0.90 1.10 1.20 1.40 1.90 2.30 

*** Drainage System Design ***                                                   

 1 

145.00    101.82   2740.00      0.75      1.40      0.25     

11.59    225.00 

           0        2.000000      500.000000 

           1      200.000000      200.000000    6.000000E-04 

           0    0.000000E+00    0.000000E+00    0.000000E+00    

0.000000E+00 

      0.01      0.01       .00 

 1120 1120 1120 1120 1120 1120 1120 1120 1120 1120 1120 1120 

*** Soils ***                                                                    

    299.00      1.10 

15.00 2.0060.00 1.0090.0010.00150.0 2.00299.0 2.00 

99     .00 

*** Trafficability ***                                                           

 4 1 5 1 820               3.9       1.2       2.0 

12321232 820               3.9       1.2       2.0 

*** Crop ***                                                                     

     0.300 

 410 818       30.00 

 410 818 

11 
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 1 1  3.00 416  3.00 5 4  4.00 517 15.00 6 1 25.00 620 30.00 718 

30.00 820 20.00 

 924 10.00 925  3.001231  3.00 

*** Wastewater Irrigation ***                                                    

 0    1 1  10   1  6 

 0 0       0 0       0 0       0 0 

   7.00000   1.00000  .40  .40  .40  .40  .40  .40  .40  .40  .40  

.40  .40  .40 

WET *** Wetlands Information *** 

 0 

   1 365 

 30.0  14 

COM *** Combo Drainage Weir Settings *** 

 0  0  0    .0 

 0  0  0    .0 

 0  0  0    .0 

FPE *** Fixed Monthly PET *** 

    1.00    1.00    1.00    1.00    1.00    1.00    1.00    1.00    

1.00    1.00    1.00    1.00 

MRA *** Monthly Ranking *** 

 1 

FAC *** Daily PET Factors *** 

 0 

OVR *** Contributing Area Flow *** 

 0        .000                                                                                                                                  

STM *** Soil Temperature *** 

ZA      ZB     TKA     TKB      TB    TLAG   TSNOW   TMELT    

CDEG    CICE 

2.50    1.21    0.39    1.33    9.11    8.00    0.00    1.00    

5.00    0.20 

Initial Soil Temperature 

 2 

  0.00    0.00 

299.00   09.11 

Initial snow depth(m) & density(kg/m3) 

     0.00   100.00 

Freezing characteristic curve 

 4 

  0.00    0.530 

 -1.00    0.100 

 -3.00    0.010 

-35.00    0.000 
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DRAINMOD-NII inputs 
 

*General 

&======= 

&Nrot Ncrop 

    1    15 

&IsNH4 IsUniform   IsYield    IsTemp IsResidue  IsManure 

    .T        .T        .T        .T        .T        .T  

&OutFlag OutPath 

       1  

&IsDRN     IsNIT     IsFLX     IsMCT 

    .T        .T        .T        .T 

*Grid  

&==== 

&DelZ 

  5.0 

&G DEPgrid  DZgrid 

&1   299.0     5.0 

*Field 

&=====                                                                           

&Soil files                                                                       

C:\Drainmod\soils\Larson.MIS                                                     

C:\Drainmod\soils\Larson.WDV                                                     

&ProfDepth    YesWTD    YesDDZ 

     299.0     175.0       0.0 

&L DEPsoil HydrCond  WltPnt  ClyFrc  SltFrc  Rho_b   SoilpH   K_d 

 1   15.0    3.50    0.300    0.450   0.330   1.60    6.8     2.60 

 2   60.0    3.50    0.290    0.460   0.330   1.65    6.7     2.60 

 3  120.0    3.50    0.240    0.240   0.290   1.90    6.7     2.00 

 4  150.0    3.50    0.190    0.250    0.400  1.90    6.7     2.00 

 5  299.0    3.50    0.180    0.250    0.400  1.90    6.7     2.00 

*Crops 

&===== 

&C IC Leg Pday Lgrw PotYld HI RSR CrpN ShtN RotN Tl Fr Rt Up Rs Mn RtCf 

C1 1 .T 125  153  3500.0 0.40 0.10 5.90 2.20 5.20 1  0  1  1  1  0 1.00 

C2 2 .F 114  169 12000.0 0.52 0.12 0.20 0.55 0.85 2  2  2  2  2  0 1.00 

C3 3 .T 125  153  3500.0 0.40 0.10 5.90 2.20 5.20 3  0  3  3  3  0 1.00 

C4 4 .F 113  161 12000.0 0.52 0.12 0.20 0.55 0.85 4  4  4  4  4  0 1.00 

C5 5 .F 113  167 12000.0 0.52 0.12 0.20 0.55 0.85 5  5  5  5  5  0 1.00 

C6 6 .F 115  191 12000.0 0.52 0.12 0.20 0.55 0.85 6  6  6  6  6  0 1.00 

C7 7 .T 125  149  3500.0 0.40 0.10 5.90 2.20 5.20 7  0  7  7  7  0 1.00 

C8 8 .F 116  148 12000.0 0.52 0.12 0.20 0.55 0.85 8  8  8  8  8  0 1.00 

C9 9 .T  125  139  3500.0 0.40 0.10 5.90 2.20 5.209  0  9  9  9  0 1.00 

C10 10  .F  116  149 12000.0 0.52 0.12 0.20 0.55 0.85 10 10 10 10 10  0  

1.00 

C11 11  .T  125  164  3500.0 0.40 0.10 5.90 2.20 5.20  0 11 11 11 11  0  

1.00 

C12 12  .F  110  177 12000.0 0.52 0.12 0.20 0.55 0.85 12 12 12 12 12  0  

1.00 

C13 13  .T  125  156  3500.0 0.40 0.10 5.90 2.20 5.20  0  0 13 13 13  0  

1.00 
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C14 14  .F  110  173 12000.0 0.52 0.12 0.20 0.55 0.85 14 14 14 14 14  0  

1.00 

C15 15  .T  125  140  3500.0 0.40 0.10 5.90 2.20 5.20  0  0 15 15 15  0  

1.00 

*Tillage 

&======= 

&T    TilDay    PlwDep TilFactor 

 1        -1      10.0      0.25 

 2      -194      20.0      0.60 

 2        -1      10.0      0.25 

 3      -201      20.0      0.60 

 3        -1      10.0      0.25 

 4      -193      20.0      0.60 

 4        -1      10.0      0.25 

 5      -197      20.0      0.60 

 5        -1      10.0      0.25 

 6      -193      20.0      0.60 

 6        -1      10.0      0.25 

 7      -176      20.0      0.60 

 7        -1      10.0      0.25 

 8      -198      20.0      0.60 

 8        -1      10.0      0.25 

 9      -217      20.0      0.60 

 9        -1      10.0      0.25                                               

10      -191      20.0      0.60 

10        -1      10.0      0.25 

&11      -160     20.0      0.60 

12      -177      20.0      0.60 

12        -1      10.0      0.25 

&13      -160     20.0      0.60 

14      -185      20.0      0.60 

14        -1      10.0      0.25 

&15      -160      20.0      0.60 

16      -201      20.0      0.60 

*Fertilization               

&=============               

&F  AppDay FerType  AddFer  AddInh AppMeth  IncDep   

&1      -3       3   200.0    0.56       3    15.0 

 2      -7       2   202.0               2    15.0 

&3      -3       3   200.0    0.56       3    15.0 

 4      -7       2   202.0    0.00       2    15.0 

 5      -7       2   202.0               2    15.0 

 6      -6       2   202.0               2    15.0 

 6      -3       2     8.0               2    15.0 

&7      -3       2   200.0    0.56       3    15.0 

 8      18       1    43.0               2    15.0 

 8      18       2    43.0               2    15.0 

 8      18       4    86.0               2    15.0 

&9      -3       3   200.0    0.56       3    15.0 

10      15       1    49.8               2    15.0 
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10      15       2    49.8               2    15.0 

10      15       4    99.5               2    15.0 

11     164       2     8.0               2    15.0 

12      31       1    49.8               2    15.0 

12      31       2    49.8               2    15.0 

12      31       4    99.5               2    15.0 

&13      -3       3   200.0    0.56      3    15.0 

14      44       1    49.8               2    15.0 

14      44       2    49.8               2    15.0 

14      44       4    99.5               2    15.0 

&15      -3       3   200.0    0.56      3    15.0 

&16      -3       3   200.0    0.56      3    15.0 

*Residue Recycling 

&===================== 

&R IsShoot  IsRoot ShootOC  RootOC ShotLgn RootLgn  IncDep 

 1      .T      .T    44.0    44.0     9.1    24.7    20.0 

 2      .T      .T    44.0    44.0     3.5     8.3    20.0 

 3      .T      .T    44.0    44.0     9.1    24.7    20.0 

 4      .T      .T    44.0    44.0     3.5     8.3    20.0 

 5      .T      .T    44.0    44.0     3.5     8.3    20.0 

 6      .T      .T    44.0    44.0     3.5     8.3    20.0 

 7      .T      .T    44.0    44.0     9.1    24.7    20.0 

 8      .T      .T    44.0    44.0     3.5     8.3    20.0 

 9      .T      .T    44.0    44.0     9.1    24.7    20.0 

10      .T      .T    44.0    44.0     3.5     8.3    20.0 

11      .T      .T    44.0    44.0     9.1    24.7    20.0 

12      .T      .T    44.0    44.0     3.5     8.3    20.0 

13      .T      .T    44.0    44.0     9.1    24.7    20.0 

14      .T      .T    44.0    44.0     3.5     8.3    20.0 

15      .T      .T    44.0    44.0     9.1    24.7    20.0 

16      .T      .T    44.0    44.0     3.5     8.3    20.0 

*Manure Application 

&================== 

&M  AppDay  AddMan   ManOC  ManLgn  ManCNR AppMeth  IncDep 

&1     210  6867.0    42.6     5.7   100.0       1     0.0 

&2     210  6867.0    42.6     5.7   100.0       1     0.0 

&3     210  6867.0    42.6     5.7   100.0       1     0.0 

&4     210  6867.0    42.6     5.7   100.0       1     0.0 

&5     210  6867.0    42.6     5.7   100.0       1     0.0 

&6     210  6867.0    42.6     5.7   100.0       1     0.0 

&7     210  6867.0    42.6     5.7   100.0       1     0.0 

&8     210  6867.0    42.6     5.7   100.0       1     0.0 

&9     210  6867.0    42.6     5.7   100.0       1     0.0 

&10    210  6867.0    42.6     5.7   100.0       1     0.0 

&11    210  6867.0    42.6     5.7   100.0       1     0.0 

&12    210  6867.0    42.6     5.7   100.0       1     0.0 

&13    210  6867.0    42.6     5.7   100.0       1     0.0 

&14    210  6867.0    42.6     5.7   100.0       1     0.0 

&15    210  6867.0    42.6     5.7   100.0       1     0.0 

&16    210  6867.0    42.6     5.7   100.0       1     0.0 
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*Uptake 

&======                                                                          

&U  FracGrow  FracUptk                                                                   

 1      .000      .000 

 1      .100      .014 

 1      .200      .071 

 1      .300      .200 

 1      .400      .336 

 1      .500      .471 

 1      .600      .650 

 1      .700      .800 

 1      .800      .929 

 1      .900      .993 

 1     1.000     1.000 

 2     0.000     0.000 

 2     0.100     0.014 

 2     0.200     0.071 

 2     0.300     0.200 

 2     0.400     0.336 

 2     0.500     0.471 

 2     0.600     0.650 

 2     0.700     0.800 

 2     0.800     0.929 

 2     0.900     0.993 

 2     1.000     1.000 

 3      .000      .000 

 3      .100      .014 

 3      .200      .071 

 3      .300      .200 

 3      .400      .336 

 3      .500      .471 

 3      .600      .650 

 3      .700      .800 

 3      .800      .929 

 3      .900      .993 

 3     1.000     1.000 

 4      .000      .000 

 4      .100      .014 

 4      .200      .071 

 4      .300      .200 

 4      .400      .336 

 4      .500      .471 

 4      .600      .650 

 4      .700      .800 

 4      .800      .929 

 4      .900      .993 

 4     1.000     1.000 

 5      .000      .000  

 5      .100      .014  

 5      .200      .071  
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 5      .300      .200  

 5      .400      .336  

 5      .500      .471  

 5      .600      .650  

 5      .700      .800  

 5      .800      .929  

 5      .900      .993  

 5     1.000     1.000  

 6     0.000     0.000 

 6     0.100     0.014 

 6     0.200     0.071 

 6     0.300     0.200 

 6     0.400     0.336 

 6     0.500     0.471 

 6     0.600     0.650 

 6     0.700     0.800 

 6     0.800     0.929 

 6     0.900     0.993 

 6     1.000     1.000 

 7      .000      .000 

 7      .100      .014 

 7      .200      .071 

 7      .300      .200 

 7      .400      .336 

 7      .500      .471 

 7      .600      .650 

 7      .700      .800 

 7      .800      .929 

 7      .900      .993 

 7     1.000     1.000 

 8      .000      .000 

 8      .100      .014 

 8      .200      .071 

 8      .300      .200 

 8      .400      .336 

 8      .500      .471 

 8      .600      .650 

 8      .700      .800 

 8      .800      .929 

 8      .900      .993 

 8     1.000     1.000 

 9      .000      .000 

 9      .100      .014 

 9      .200      .071 

 9      .300      .200 

 9      .400      .336 

 9      .500      .471 

 9      .600      .650 

 9      .700      .800 

 9      .800      .929 
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 9      .900      .993 

 9     1.000     1.000 

10      .000      .000 

10      .100      .014 

10      .200      .071 

10      .300      .200 

10      .400      .336 

10      .500      .471 

10      .600      .650 

10      .700      .800 

10      .800      .929 

10      .900      .993 

10     1.000     1.000 

11      .000      .000 

11      .100      .014 

11      .200      .071 

11      .300      .200 

11      .400      .336 

11      .500      .471 

11      .600      .650 

11      .700      .800 

11      .800      .929 

11      .900      .993 

11     1.000     1.000 

12      .000      .000 

12      .100      .014 

12      .200      .071 

12      .300      .200 

12      .400      .336 

12      .500      .471 

12      .600      .650 

12      .700      .800 

12      .800      .929 

12      .900      .993 

12     1.000     1.000 

13      .000      .000 

13      .100      .014 

13      .200      .071 

13      .300      .200 

13      .400      .336 

13      .500      .471 

13      .600      .650 

13      .700      .800 

13      .800      .929 

13      .900      .993 

13     1.000     1.000 

14     0.000     0.000 

14     0.100     0.014 

14     0.200     0.071 

14     0.300     0.200 
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14     0.400     0.336 

14     0.500     0.471 

14     0.600     0.650 

14     0.700     0.800 

14     0.800     0.929 

14     0.900     0.993 

14     1.000     1.000 

15      .000      .000 

15      .100      .014 

15      .200      .071 

15      .300      .200 

15      .400      .336 

15      .500      .471 

15      .600      .650 

15      .700      .800 

15      .800      .929 

15      .900      .993 

15     1.000     1.000 

*Rooting Depths  

&==============                                                                 

&R RootDAY     RootDep                                                             

 1       1        3.00 

 1      15        5.00 

 1      29       10.00 

 1      43       15.00 

 1      57       20.00 

 1      71       25.00 

 1      85       30.00 

 1      99       35.00 

 1     113       35.00 

 1     127       35.00 

 1     134       35.00 

 1     154        3.00 

 2      14       10.00 

 2      28       20.00 

 2      42       30.00 

 2      56       40.00 

 2      70       40.00 

 2      84       40.00 

 2      98       40.00 

 2     112       40.00 

 2     126       40.00 

 2     140       30.00 

 2     154       20.00 

 2     167       10.00 

 2     169        3.00 

 3       1        3.00 

 3      15        5.00 

 3      29       10.00 

 3      43       15.00 
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 3      57       20.00 

 3      71       25.00 

 3      85       30.00 

 3      99       35.00 

 3     113       35.00 

 3     127       35.00 

 3     140       35.00 

 3     154        3.00 

 4       1        3.00 

 4      15       10.00 

 4      29       20.00 

 4      43       30.00 

 4      57       40.00 

 4      71       40.00 

 4      85       40.00 

 4      99       40.00 

 4     113       40.00 

 4     127       30.00 

 4     141       20.00 

 4     147       10.00 

 4     162        3.00 

 5       1        3.00 

 5      15       10.00 

 5      29       20.00 

 5      43       30.00 

 5      57       40.00 

 5      71       40.00 

 5      85       40.00 

 5      99       40.00 

 5     113       40.00 

 5     127       30.00 

 5     141       20.00 

 5     147       10.00 

 5     167        3.00 

 6      14       10.00 

 6      28       20.00 

 6      42       30.00 

 6      56       40.00 

 6      70       40.00 

 6      84       40.00 

 6      98       40.00 

 6     112       40.00 

 6     126       40.00 

 6     140       30.00 

 6     154       20.00 

 6     165       10.00 

 6     166       10.00 

 6     192        3.00 

 7       1        3.00 

 7      15        5.00 
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 7      29       10.00 

 7      43       15.00 

 7      57       20.00 

 7      71       25.00 

 7      85       30.00 

 7      99       35.00 

 7     113       35.00 

 7     127       35.00 

 7     144       35.00 

 7     150        3.00 

 8       1        3.00 

 8      15       10.00 

 8      29       20.00 

 8      43       30.00 

 8      57       40.00 

 8      71       40.00 

 8      85       40.00 

 8      99       40.00 

 8     113       30.00 

 8     127       20.00 

 8     139       10.00 

 8     149        3.00 

 9       1        3.00 

 9      15        5.00 

 9      29       10.00 

 9      43       15.00 

 9      57       20.00 

 9      71       25.00 

 9      85       30.00 

 9      99       35.00 

 9     113       35.00 

 9     127       35.00 

 9     138       35.00 

 9     140        3.00 

10      14       10.00 

10      28       20.00 

10      42       30.00 

10      56       40.00 

10      70       40.00 

10      84       40.00 

10      98       30.00 

10     112       20.00 

10     126       15.00 

10     142       10.00 

10     149        3.00 

10     150        3.00 

11       1        3.00 

11      15        5.00 

11      29       10.00 

11      43       15.00 
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11      57       20.00 

11      71       25.00 

11      85       30.00 

11      99       35.00 

11     113       35.00 

11     127       35.00 

11     141       35.00 

11     147       35.00 

11     165        3.00 

12       1        3.00 

12      15       10.00 

12      29       20.00 

12      43       30.00 

12      57       40.00 

12      71       40.00 

12      85       40.00 

12      99       40.00 

12     113       40.00 

12     127       30.00 

12     141       20.00 

12     151       10.00 

12     152       10.00 

12     178        3.00 

13       1        3.00 

13      15        5.00 

13      29       10.00 

13      43       15.00 

13      57       20.00 

13      71       25.00 

13      85       30.00 

13      99       35.00 

13     113       35.00 

13     127       35.00 

13     141       35.00 

13     148       35.00 

13     157        3.00 

14      14       10.00 

14      28       20.00 

14      42       30.00 

14      56       40.00 

14      70       40.00 

14      84       40.00 

14      98       40.00 

14     112       40.00 

14     126       40.00 

14     140       40.00 

14     154       30.00 

14     167       20.00 

14     168       20.00 

14     173       10.00 
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14     174        3.00 

15       1        3.00 

15      15        5.00 

15      29       10.00 

15      43       15.00 

15      57       20.00 

15      71       25.00 

15      85       30.00 

15      99       35.00 

15     113       35.00 

15     127       35.00 

15     138       35.00 

15     141        3.00 

*TRANSport/TRANSformations 

&========================= 

&   Lambda       Tau      ErrMax     DTmin                                       

     25.00      0.50 1.00000E-04  1.00E-03 

&   Tavg     Amp    Damp     Phi 

&  12.40    19.5   184.0    16.0 

&  pHFlg   pHvol   MaxBufCap    Gama 

       1    7.50 1.00000E+05    50.0 

& Knit_max    Knit_m 

     19.00     11.00  

&     Topt      Beta   

      25.0     0.413  

&  WFPSlow  WFPShigh     Fwp    Fsat     Ewc 

      0.50      0.60    0.00   0.000     1.0 

&Is_pH   pHmin   pHmax   pHlow  pHhigh  FpHmin  FpHmax     EpH    

    .T     3.5    10.0     6.7     7.2     0.0     0.0     1.0 

& Cinh_max  Cinh_min      Einh   Arrhen1   Arrhen2 

&     0.30      0.05       0.5    38.135   12067.3          

& Kden_max    Kden_m    Alpha1      

      0.90     40.00     0.035      

&     Topt      Beta   

     30.00     0.186  

&  WFPSden       Ewc 

     0.800      2.00 

&Is_pH   pHmin   pHmax   pHlow  pHhigh  FpHmin  FpHmax     EpH    

    .F                                                 

&    WCdis      Kdis     

     0.360      2.00 

& Khyd_max    Khyd_m 

     120.0      50.0 

&     Topt      Beta   

      51.6     0.119 

&  WFPSlow  WFPShigh     Fwp    Fsat     Ewc 

      0.50      0.70    0.65    0.87     1.0 

&Is_pH   pHmin   pHmax   pHlow  pHhigh  FpHmin  FpHmax     EpH    

    .T     4.0    10.0     7.0     8.0     0.2     0.5     1.0     

*Organic Matter 
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&============== 

&P         K_dec   CNRatio    CNRmin    CNRmax 

 1   1.06849E-02     150.0   

 2   4.05479E-02      15.0  

 3   1.64384E-02      10.0       8.0      20.0  

 4   1.34247E-02     150.0  

 5   5.06849E-02      15.0   

&P         K_dec   CNRatio    CNRmin    CNRmax  PrcntTOC   

 6   2.00000E-02       8.0       3.0      15.0       1.8 

 7   5.47945E-04      16.0      12.0      20.0      34.0 

 8   1.23288E-05      10.0       7.0      10.0      64.2 

&   MaxLtrN  MaxMnrlN 

        2.0      45.0 

&     Topt      Beta   

      30.0     0.186 

&  WFPSlow  WFPShigh     Fwp    Fsat     Ewc 

      0.50      0.60    0.15    0.50     1.0 

&Is_pH   pHmin   pHmax   pHlow  pHhigh  FpHmin  FpHmax     EpH    

    .F                                                         

&M    AOMini   PrcntOC  PrcntLgn   CNRatio    IncDep 

 1     375.0      44.0       3.5      80.0       0.0 

 2    7125.0      44.0       3.5      80.0      20.0 

&IniInputFlg  SOMFlg 

          .T       0          

&     TOCmax   Alpha 

&0.70000E+04   0.035   

&O  DEPsom         TOC 

 1     0.0 2.69430E+04 

 1     5.0 2.69430E+04 

 1    10.0 2.69430E+04 

 1    15.0 2.69430E+04 

 1    20.0 2.58910E+04 

 1    20.1 0.00000E+00 

 1   299.0 0.00000E+00 

*Initial/Boundary Conditions 

&=========================== 

&TopCNO3 TopCNH4 CNH3air  

    0.50    0.50     0.0    

&IniInputFlg 

          .T      

&CNO3ini CNH4ini  

&   30.0     2.0                                              

&I     DEP    CNO3    CNH4                                                                  

 1     0.0   28.78   1.150 

 1    15.0   33.04   0.680 

 1    30.0   28.68   0.050 

 1    60.0   16.86   0.001 

 1   120.0   19.30   0.001 

 1   299.0   14.99   0.001 
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Ecotype Input file for Corn (As come with the DSSAT 4.0 software) 

*MAIZE ECOTYPE COEFFICIENTS: GECER040 MODEL 

 

!                      1     2     3     4     5     6     7     

8          

@ECO#  ECONAME....... TBASE TOPT  ROPT  P20   DJTI  GDDE  DSGFT  

RUE KCAN 

IB0001 GENERIC MIDWEST1 8.0 34.0 34.0 12.5 4.0 6.0 170. 4.2 0.85 

IB0002 GENERIC MIDWEST1 8.0 34.0 34.0 12.5 4.0 6.0 170. 4.5 0.85 

IB0003 GENERIC MIDWEST1 8.0 34.0 34.0 12.5 4.0 6.0 170. 2.0 0.85 

DFAULT DEFAULT          8.0 34.0 34.0 12.5 4.0 6.0 170. 4.2 0.85 

 

!TBASE - base temperature below which no development occurs, C 

!TOPT - temperature at which maximum development rate occurs 

during vegetative stages, C 

!ROPT - temperature at which maximum development rate occurs for 

reproductive stages, C 

!P2O -  Daylength below which daylength does not affect 

development rate, hours 

!DJTI - Minimum days from end of juvenile stage to tassel 

initiation if the cultivar 

!        is not photoperiod sensitive, days 

!GDDE - Growing degree days per cm seed depth required for 

emergence, GDD/cm 

!DSGFT - GDD from silking to effective grain filling period, C 

!RUE - Radiation use efficiency, g plant dry matter/MJ PAR 

!KCAN - Canopy light extinction coefficient for daily PAR. 

  

Species Input file for Corn (As come with the DSSAT 4.0 software) 

*MAIZE SPECIES COEFFICIENTS: GECER040 MODEL 

 

*TEMPERATURE EFFECTS 

!    TBASE TOP1  TOP2  TMAX 

PRFTC  6.2 16.5 33.0  44.0 !Effect of temperature on photosynthesis 

RGFIL  5.5 16.0 39.0  48.5 !Effect of temperature on relative grain 

filling rate 

 

*PHOTOSYNTHESIS PARAMETERS  

  PARSR   0.50   !Conversion of solar radiation to PAR  

  CO2X     0   220   330   440   550   660   770   880   990  9999 

  CO2Y  0.00  0.81  1.00  1.03  1.06  1.10  1.13  1.16  1.18  1.25 

 

*STRESS RESPONSE 

FSLFW   0.050 !Fraction of leaf area senesced under 100% water 

stress, 1/day 
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FSLFN   0.050 !Fraction of leaf area senesced under 100% nitrogen 

stress, 1/day 

   

*SEED GROWTH PARAMETERS      

  SDSZ   .2750      !Maximum potential seed size, mg/sd  

  RSGR     0.1      !Relative seed growth rate below which plant may 

mature early 

RSGRT    5.0      !Number of consecutive days relative seed growth 

rate is below RSGR that triggers early maturity 

CARBOT   7.0      !Number of consecutive days CARBO is less than 

.001 before plant matures due to temperature, water or nitrogen 

stress 

DSGT    21.0      !Maximum days from sowing to germination before 

seed dies. 

DGET   150.0      !Growing degree days between germination and 

emergence after which the seed dies due to drought 

SWCG    0.02      !Minimimum available soil water required for seed 

germination, cm3/cm3  

   

*EMERGENCE INITIAL CONDITIONS   

STMWTE  0.20    !Stem weight at emergence, g/plant 

RTWTE   0.20    !Root weight at emergence, g/plant 

LFWTE   0.20    !Leaf weight at emergence, g/plant 

SEEDRVE 0.20    !Carbohydrate reserve in seed at emergence, g/plant 

LEAFNOE 1.0     !Leaf number at emergence, #/plant 

PLAE    1.0     !Leaf area at emergence, cm2/plant 

 

*NITROGEN PARAMETERS 

TMNC    0.00450   !Plant top minimum N concentration g N/g dry 

matter 

TANCE   0.0440    !Nitrogen content in above ground biomass at 

emergence, g N/g dry matter 

RCNP    0.01070   !Root critical nitrogen concentration, g N/g root 

dry weight 

RANCE   0.0220    !Root N content at emergence   g N/g root 

 

*ROOT PARAMETERS 

PORM    0.05      !Minimum volume required for supplying oxygen to 

roots for optimum growth (1-1.0) 

RWMX    0.03      !Not used in ceres, but passed through AltPlant 

for use elsewhere 

RLWR    0.98       !mz_roots.for 

RWUEP1  1.50   
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Ecotype Input file for Soybean (As come with the DSSAT 4.0 software) 

*SOYBEAN ECOTYPE COEFFICIENTS: CRGRO040 MODEL 

! 

! COEFF   DEFINITIONS 

! =====   =========== 

! ECO#    Code for the ecotype to which a cultivar belongs (see *.cul 

!         file) 

! ECONAME Name of the ecotype, which is referenced from *.CUL file 

! MG      Maturity group number for this ecotype, such as maturity 

!         group in soybean 

! TM      Indicator of temperature adaptation 

! THVAR   Minimum rate of reproductive development under long days 

!         and optimal temperature 

! PL-EM   Time between planting and emergence (V0) (thermal days) 

! EM-V1   Time required from emergence to first true leaf (V1), thermal 

!         days 

! V1-JU   Time required from first true leaf to end of juvenile phase, 

!         thermal days 

! JU-R0   Time required for floral induction, equal to the minimum 

!         number of days for floral induction under optimal temperature 

and 

!         daylengths, photothermal days 

! PM06    Proportion of time between first flower and first pod for 

!         first peg (peanut only) 

! PM09    Proportion of time between first seed and physiological 

!         maturity that the last seed can be formed 

! LNGSH   Time required for growth of individual shells (photothermal 

!         days) 

! R7-R8   Time between physiological (R7) and harvest maturity (R8) 

(days) 

! FL-VS   Time from first flower to last leaf on main stem 

(photothermal 

!         days) 

! TRIFL   Rate of appearance of leaves on the mainstem (leaves per 

!         thermal day) 

! RWDTH   Relative width of this ecotype in comparison to the standard 

!         width per node (YVSWH) defined in the species file (*.SPE) 

! RHGHT   Relative height of this ecotype in comparison to the 

!         standard height per node (YVSHT) defined in the species file 

!         (*.SPE) 

! THRSH   The maximum ratio of (seed/(seed+shell)) at maturity. 

!         Causes seed to stop growing as their dry weights 

!         increase until shells are filled in a cohort. 

!         (Threshing percentage). 

! SDPRO   Fraction protein in seeds (g(protein)/g(seed)) 

! SDLIP   Fraction oil in seeds (g(oil)/g(seed)) 

! R1PPO   Increase in daylength sensitivity after R1 (CSDVAR and CLDVAR 

!         both decrease with the same amount) (h) 

! OPTBI   Minimum daily temperature above which there is no effect on 

!         slowing normal development toward flowering (oC) 

! SLOBI   Slope of relationship reducing progress toward flowering if 
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!         TMIN for the day is less than OPTBI 

! 

@ECO#  ECONAME.......... MG TM THVAR PL-EM EM-V1 V1-JU JU-R0  PM06  

PM09 LNGSH R7-R8 FL-VS TRIFL RWDTH RHGHT THRSH SDPRO SDLIP R1PPO OPTBI 

SLOBI 

!                                  1     2     3     4     5     6     

7     8     9    10    11    12    13    14    15    16    17    18    

19 

DETERM DETERMINATE TYPE  07 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .400  .200  .504  20.0  

.035 

INDETE INDETERMINATE     03 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  77.0  .405  .205  .324  18.0  

.028 

SB1000 MATURITY GP  000  00 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 25.00  0.32   1.0   1.0  77.0  .405  .205  .189  18.0  

.028 

SB0100 MATURITY GP   00  00 02   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 29.00  0.32   1.0   1.0  77.0  .405  .205  .189  18.0  

.028 

SB0000 MATURITY GROUP 0  00 03   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 29.00  0.32   1.0   1.0  77.0  .405  .205  .189  18.0  

.028 

SB0001 MATURITY GROUP 0  00 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  77.0  .405  .205  .189  18.0  

.028 

SB0101 MATURITY GROUP 1  01 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  77.0  .405  .205  .234  18.0  

.028 

SB0113 MATURITY GROUP 1  01 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  79.0  .394  .205  .234  18.0  

.028 

SB0115 MATURITY GROUP 1  01 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  79.0  .448  .205  .234  18.0  

.028 

SB0116 MATURITY GROUP 1  01 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  79.0  .467  .205  .234  18.0  

.028 

SB0201 MATURITY GROUP 2  02 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  77.0  .405  .205  .279  18.0  

.028 

SB0211 MATURITY GROUP 2  02 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  79.0  .391  .205  .279  18.0  

.028 

SB0212 MATURITY GROUP 2  02 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  79.0  .369  .205  .279  18.0  

.028 

SB0214 MATURITY GROUP 2  02 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  79.0  .417  .205  .279  18.0  

.028 

SB0301 MATURITY GROUP 3  03 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  77.0  .405  .205  .324  18.0  

.028 
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SB0302 MATURITY GROUP 3  03 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 24.00  0.33   1.0   1.0  78.0  .405  .205  .324  18.0  

.028 

SB0303 MATURITY GROUP 3  03 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.33   1.0   1.0  76.0  .405  .205  .324  18.0  

.028 

SB0401 MATURITY GROUP 4  04 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0 26.00  0.32   1.0   1.0  77.0  .405  .205  .369  20.0  

.035 

SB0501 MATURITY GROUP 5  05 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .400  .200  .414  20.0  

.035 

SB0601 MATURITY GROUP 6  06 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .400  .200  .459  20.0  

.035 

SB0701 MATURITY GROUP 7  07 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .400  .200  .504  20.0  

.035 

SB0702 MATURITY GROUP 7  07 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .420  .200  .504  20.0  

.035 

SB0801 MATURITY GROUP 8  08 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .400  .200  .549  20.0  

.035 

SB0901 MATURITY GROUP 9  09 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .400  .200  .549  20.0  

.035 

SB1001 MATURITY GROUP 10 10 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .400  .200  .549  20.0  

.035 

DFAULT DEFAULT TYPE      07 01   0.0   3.6   6.0   0.0  05.0   0.0  

0.35  10.0  12.0  9.00  0.32   1.0   0.9  78.0  .400  .200  .504  20.0  

.035 

 

 

Species Input file for Soybean (As come with the DSSAT 4.0 software) 

*SOYBEAN SPECIES COEFFICIENTS: CRGRO040 MODEL 

 

!*PHOTOSYNTHESIS PARAMETERS 

40.00 61.00 0.68              PARMAX,PHTMAX,KCAN 

80.0 2.09 .0105               CCMP,CCMAX,CCEFF; CO2 EFFECT ON PGCAN 

1.90 5.50 20.0 20.0   QDR     FNPGN(4),TYPPGN-LEAF N EFFECT ON PG 

3.00 22.0 34.0 45.0   LIN     FNPGT(4),TYPPGT-TEMP EFFECT-CANOPY PG 

0.0  8.0 40.0 44.0 48.0 55.0  XLMAXT (6 VALUES) 

0.0  0.0 1.0  0.8   0.0 0.0   YLMAXT (6 VALUES)                 0.00 

19.00 50.0 60.0   QDR         FNPGL(4),TYPPGL-TMIN EFFECT-LEAF PG 

.0541  0.20  0.80   2.0       PGEFF SCV KDIF, LFANGB 

.0035 .0004 .3000 4.90 1.030  SLWREF,SLWSLO,NSLOPE,LNREF,PGREF 
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0.0 .001 .002 .003 .0035  .004  .005  .006  .008  .010  XPGSLW(1-10) 

.162 .679 .867 .966 1.000 1.027 1.069 1.100 1.141 1.167 YPGSLW(1-10) 

 

!*RESPIRATION PARAMETERS 

     3.5E-04 .0040                      RES30C,R30C2 

2.556 2.556  .360  2.830               RNO3C,RNH4C,RPRO,RFIXN 

1.242 3.106 2.174  .929  0.05  1.13   RCH20,RLIP,RLIG,ROA,RMIN,PCH2O 

 

!*PLANT COMPOSITION VALUES 

 

.356 .285 .112 .165 .110 .035 PROLFI,PROLFG,PROLFF,PROSTI,PROSTG,PROSTF 

.092 .064 .056 .250 .19 .050  PRORTI,PRORTG,PRORTF,PROSHI,PROSHG,PROSHF 

.400 .400 .300 .030 .080 .800 SDPROS,SDPROG,PRONOD,PROMIN,PROMAX,THETA 

.405 .649 .711 .380 .315 .480 PCARLF,PCARST,PCARRT,PCARSH,PCARSD,PCARNO 

.025 .020 .020.020 .050       PLIPLF,PLIPST,PLIPRT,PLIPSH,PLIPNO 

.070 .07 .070 .280 .020 .070  PLIGLF,PLIGST,PLIGRT,PLIGSH,PLIGSD,PLIGNO 

.050 .050 .050 .040 .04 .050  POALF,POAST,POART,POASH,POASD,POANO 

.094 .046 .057 .030 .025 .050 PMINLF,PMINST,PMINRT,PMINSH,PMINSD,PMINNO 

 

 

!*SEED  COMPOSITION VALUES 

7.168 23.65 0.908 0.180           LIPTB,LIPOPT,SLOSUM*100,CARMIN 

 

!*CARBON AND NITROGEN MINING PARAMETERS  

0.025 0.75 .26 .09 0.35 0.15 CMOBMX,CADSTF,CADPR1,NMOBMX,NVSMOB,NRCVR 

    SD                                 XPODF 

 0.04  0.08  0.04  0.08               ALPHL,ALPHS,ALPHR,ALPHSH 

 

!*NITROGEN FIXATION PARAMETERS 

  .045  .170  .014   0.0  0.07  0.05   

SNACTM,NODRGM,DWNODI,TTFIX,NDTHMX,CNODCR 

7.00  22.0  35.0  44.0  LIN     FNNGT(4),TYPNGT-TEMP EFF ON NOD GROWTH 

5.00  20.0  35.0  44.0  LIN     FNFXT(4),TYPFXT-TEMP EFF ON N FIX 

0.00  0.85  1.00  10.0  LIN     FNFXD(4),TYPFXD-REL SW-DRY EFF ON N FIX 

-.02  .001  1.00  2.00  LIN     FNFXW(4),TYPFXW-REL SW-WET EFF ON N FIX 

0.00  0.10  1.00  0.00  INL     FNFXA(4),TYPFXA-AGE EFF ON N FIX 

 

!*VEGETATIVE PARTITIONING PARAMETERS 

0.0   1.5   3.3   5.0   7.8  10.5  30.0  40.0  XLEAF VALUES 

0.41  0.42  0.42  0.41  0.36  0.32  0.31  0.31  YLEAF VALUES 

0.09  0.13  0.21  0.29  0.37  0.49  0.49  0.49  YSTEM VALUES 

0.55  0.58  0.55  0.24  1.00 0.05  WTFSD,PORPT,FRSTMF,FRLFF,ATOP,FRCNOD 

0.70                                FRLFMX 

 

!*LEAF GROWTH PARAMETERS 

  180.  350. 171.4   5.0   0.0        

FINREF,SLAREF,SIZREF,VSSINK,EVMODC 

  950. 250.0 -.048  1.50              SLAMAX,SLAMIN,SLAPAR,TURSLA 

  0.0   1.0   2.0   3.0   4.0   5.0   XVGROW(1-6), VSTAGE VALUES 

  0.0  20.0  55.0 110.0 200.0 320.0   YVREF(1-6), LEAF AREA VALUES,CM2 

  -50.0  00.0  12.0  22.0  60.0       XSLATM(1-5),TEMP VALUES 

  0.25  0.25  0.25  1.00  1.0         YSLATM(1-5),EFFECT ON SLA 
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!*LEAF SENESCENCE FACTORS 

0.80  0.20  0.06 -2.22 -5.00        SENRTE,SENRT2,SENDAY,FREEZ1,FREEZ2 

0.80  10.0                   ICMP,TCMP(Light comp, time constant-senes) 

 

! .......XSTAGE.........  .......XSENMX......... 

   0.0   5.0  14.0  30.0   3.0   5.0  10.0  30.0 

! .......SENPOR.........  .......SENMAX......... 

   0.0   0.0  0.12  0.12   0.0   0.2   0.6   0.6 

 

!*ROOT PARAMETERS 

25.0 7500. 0.020 0.1 .015 1.50 0.04 

RTDEPI,RFAC1,RTSEN,RLDSM,RTSDF,RWUEP1,RWUMX 

0.0  2.50   3.0  2.50   6.0  2.50  30.0  2.50   XRTFAC,YRTFAC 

0.006 0.006  0.02  0.10                    RTNO3,RTNH4,PORMIN,RTEXF 

 

!*SEED AND SHELL GROWTH PARAMETERS 

0.60   0.3  0.00  100.        SETMAX,SRMAX,RFLWAB,XMPAGE 

15.0   0.0   0.0              DSWBAR,XFRMAX,SHLAG 

14.0  21.0  26.5  40.0  QDR   FNPDT(1-4),TYPPDT-TEMP EFFECT ON POD SET 

6.0  21.0  23.5  41.0   QDR   FNSDT(1-4),TYPSDT-TEMP EFFECT ON SD GRWTH 

0.00  5.00 20.00 35.00 45.00 60.00   XXFTEM(1-6),TEMPERATURES 

1.00  1.00  1.00  1.00  0.00  0.00   YXFTEM(1-6),REL CHG IN PARTIT 

0.00  0.50  1.00  1.00               XSWFAC(1-4) 

0.00  1.00  1.00  1.00               YSWFAC(1-4) 

0.00  0.01  0.25  1.00  1.00         XSWBAR(1-5),REL WATER TOPSOIL 

1.00  1.00  1.00  1.00  1.00         YSWBAR(1-5),EFFECT ON PNUT PEGGING 

0.00  0.50  0.75  1.00               XTRFAC(1-4),TURFAC 

0.00  0.00  0.00  0.00               YTRFAC(1-4),ENHANCE REPROD. GROWTH 

 

!*POD LOSS PARAMETERS 

 N   6.0 .3961 -.865  1.00  0.00   

DETACH,DWC,PR1DET,PR2DET,XP1DET,XP2DET 

 

!*PHENOLOGY PARAMETERS 

!  TB   TO1   TO2    TM                I 

   7.0  28.0  35.0  45.0               1 VEGETATIVE DEVELOPMENT 

   6.0  26.0  30.0  45.0               2 EARLY REPRODUCTIVE DEVELOPMENT 

 -15.0  26.0  34.0  45.0               3 LATE REPRODUCTIVE DEVELOPMENT 

 

!FOLLOWING LINE: STAGE; REF STAGE; PHOTOPERIOD FUNCTION; TEMPERATURE 

FUNCT; 

!POINTER TO VEGD(1) OR REPDA(2) OR REPDB(3) TEMP SENS; SENS TO WATER;N; 

AND P 

1  1  NON LIN 1 -0.20  0.00  0.00  PLANT(STG 1) TO EMERG(STG 2) PHASE 

2  2  NON LIN 1 -0.20  0.00  0.00  EMERG(STG 2) TO V1(STG 3) PHASE 

3  2  NON LIN 1 -0.40  0.00  0.00  EMERG(STG 2) TO END JV(STG 4) PHASE 

4  4  INL LIN 2 -0.40  0.00  0.00  END JV(STG 4) TO FL IND(STG 5) PHASE 

5  5  INL LIN 2 -0.40  0.00  0.00  FL IND(STG 5) TO 1ST FL(STG 6) PHASE 

6  6  INL LIN 2 -0.40  0.00  0.00  1ST FL(STG 6)TO 1ST PEG(STG 7) PHASE 

7  6  INL LIN 2 -0.40  0.00  0.00  1ST FL(STG 6)TO 1ST POD(STG 8) PHASE 

8  6  INL LIN 2 -0.40  0.00  0.00  1ST FL(STG 6) TO 1ST SD(STG 9) PHASE 

9  9  INL LIN 3  0.70  0.40  0.00  1ST SD(STG 9)TO LST SD(STG 10) PHASE 
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10  9  INL LIN 3 0.70  0.40  0.00  1ST SD(STG 9)TO PH MAT(STG 11) PHASE 

! 9  9 INL LIN 3 0.20  0.40  0.00  1ST SD(STG 9)TO LST SD(STG 10) PHASE 

!10  9 INL LIN 3  0.20 0.40  0.00 1ST SD(STG 9) TO PH MAT(STG 11) PHASE 

11 11  NON NON 1  0.00  0.00 0.00 PH MAT(STG 11) TO H-MAT(STG 12) PHASE 

12  6  INL LIN 2 -0.60  0.00 0.00 1ST FL(STG 6)TO LST VST(STG 13) PHASE 

13  6  INL LIN 2 -0.90  0.00 0.00  1ST FL(STG 6)TO LST LF(STG 14) PHASE 

 

!*CANOPY HEIGHT AND WIDTH GROWTH PARAMETERS 

 

! VSTAGE, FOLLOWED BY INTERNODE LENGTH PER NODE, THEN CANOPY WIDTH PER 

NODE 

0.00  1.00  4.00  6.00  8.00 10.00 14.00 16.00 20.00 40.00  XVSHT(1-10) 

.030 .0530 .0630 .0660 .0690 .0660 .0620 .0510 .0340 .0060  YVSHT(1-10) 

.030 .0510 .0620 .0640 .0660 .0630 .0590 .0460 .0250 .0010  YVSWH(1-10) 

 

-50.0  00.0  15.0  26.0  60.0            XHWTEM(1-5),TEMPERATURES 

0.40  0.40  0.50  1.00  1.00             YHWTEM(1-5),RELATIVE EXPAN 

0.00  5.00  7.50 10.00 15.00 20.00 30.00 80.00   XHWPAR(1-8),PAR VALUES 

4.00  2.00  1.50  1.25  1.05  1.00  1.00  1.00   YHWPAR(1-8),RELATIVE 

EXPAN 

 

!*EVAPOTRANSPIRATION 

  0.70   1.1       KEP, EORATIO 
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APPENDIX 2: Input Files of DRAINMOD-DSSAT for the SEPAC Study Site, 

Indiana 

DRAINMOD Inputs 

*** Job Title *** 

50 yr Simulation, Clermont Silt Loam, Conv. Drainage, Cont. Corn,                                                                                                                                  

North Vernon, IN  Weather Data (close to SEPAC site)                                                                                                                                               

*** Printout and Input Control *** 

 1 101 C:\DrainMod\outputs                                                                                                              

*** Climate ***                                                                  

111111 c:\DrainMod\weather\SEPAC85_93.RAI                                                                                               

111111 c:\DrainMod\weather\SEPAC85_93.TEM                                                                                               

1985  1 1990 12 3902  58 0 

 2.00 1.80 1.45 1.25 1.15 1.00 0.95 1.00 1.14 1.20 1.80 2.00 

*** Drainage System Design ***                                                   

 1    .00 

     75.00     35.50   1000.00      0.75     2.00      0.25     

10.64     65.00 

           0    0.000000E+00    0.000000E+00 

           1    0.000000E+00      240.000000    1.250000E-03 

           0    0.000000E+00    0.000000E+00    0.000000E+00    

0.000000E+00 

    200.00       .50       .00 

 1120 1120 1120 1120 1120 1120 1120 1120 1120 1120 1120 1120 

*** Soils ***                                                                    

    120.00      1.10 

  25. 2.00  30. 0.26 120. 0.25   0.  .00   0.  .00           

99     .00 

*** Trafficability ***                                                           

 415 631 820               1.8        .6       1.0 

 9151115 820               1.8        .6       1.0 

*** Crop ***                                                                     

      .080 

 425 831       30.00 

 425 831 

12 

 1 1  3.00 425  3.00 514  9.00 527 18.00 6 1 19.50 620 24.00 724 

30.00 820 30.00 

 9 2 30.00 924 18.00 925  3.001231  3.00 

*** Wastewater Irrigation ***                                                    

 0    1 1  10   1  6 

 0 0       0 0       0 0       0 0 

   7.00000   1.00000  .40  .40  .40  .40  .40  .40  .40  .40  .40  

.40  .40  .40 

WET *** Wetlands Information *** 

 0 
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   1 365 

 30.0  14 

COM *** Combo Drainage Weir Settings *** 

 0  0  0    .0 

 0  0  0    .0 

 0  0  0    .0 

 0  0  0    .0 

 0  0  0    .0 

 0  0  0    .0 

 0  0  0    .0 

 0  0  0    .0 

 0  0  0    .0 

FPE *** Fixed Avg Daily PET for the month(cm) *** 

     .00     .00     .00     .00     .00     .00     .00     .00     

.00     .00     .00     .00 

MRA *** Monthly Ranking *** 

 0 

FAC *** Daily PET Factors *** 

 0 

STM *** Soil Temperature *** 

      ZA      ZB     TKA     TKB      TB    TLAG   TSNOW   TMELT    

CDEG    CICE 

   2.600   1.206    .466   1.567    10.0     7.0   00.00     1.0    

5.00    0.30 

Initial Soil Temperature 

 2 

  0.00   08.00 

500.00   12.00 

Initial snow depth(m) & density(kg/m3) 

      .00   100.00 

Freezing characteristic curve 

 7 

  0.00    0.395 

 -1.00    0.170 

 -2.00    0.000 

 -3.00    0.000 

 -5.00    0.000 

 -7.00    0.000 

-20.00    0.000 
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DRAINMOD-NII  Inputs 

*General 

&======= 

&Nrot Ncrop 

    1     6 

&IsNH4 IsUniform   IsYield    IsTemp IsResidue  IsManure 

    .T        .T        .T        .T        .T        .T  

&OutFlag OutPath 

       1  

&IsDRN     IsNIT     IsFLX     IsMCT 

    .F        .T        .F        .F 

*Grid  

&==== 

&DelZ 

  5.0 

&G DEPgrid  DZgrid 

&1  120.00     5.0 

*Field 

&=====                                                                           

&Soil files                                                                       

C:\DrainMod\soils\soil_sepac.MIS                                                 

C:\DrainMod\soils\soil_sepac.WDV                                                 

&ProfDepth    YesWTD    YesDDZ 

    120.00     65.00       0.0 

&L  DEPsoil HydrCond   WltPnt   ClyFrc   SltFrc    Rho_b   SoilpH      

K_d 

 1     25.0     1.90    0.077    0.122    0.658     1.42      5.7     

3.00 

 2     30.0     0.26    0.113    0.120    0.664     1.65      4.5     

2.60 

 3    120.0     0.26    0.138    0.120    0.663     1.66      4.4     

2.90               

*Crops 

&===== 

&C  IC Leg Pday Lgrw  PotYld   HI  RSR CrpN ShtN RotN Tl Fr Rt Up Rs 

Mn  RtCf 

C1   1  .F  112  112 13000.0 0.54 0.10 1.50 0.50 0.50  1  1  1  1  1  

0  1.00 

C2   2  .F  120  112 13000.0 0.54 0.10 1.50 0.50 0.50  2  2  2  2  2  

0  1.00 

C3   3  .F  118  112 13000.0 0.54 0.10 1.50 0.50 0.50  3  3  3  3  3  

0  1.00 

C4   4  .F  123  112 13000.0 0.54 0.10 1.50 0.50 0.50  4  4  4  4  4  

0  1.00 

C5   5  .F  120  112 13000.0 0.54 0.10 1.50 0.50 0.50  5  5  5  5  5  

0  1.00 

C6   6  .F  149  112 13000.0 0.54 0.10 1.50 0.50 0.50  6  6  6  6  6  

0  1.00 

*Tillage 
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&======= 

&T    TilDay    PlwDep TilFactor 

 1       -14      20.0       1.0   

 2       -14      20.0       1.0 

 3       -14      20.0       1.0 

 4       -14      20.0       1.0 

 5       -14      20.0       1.0 

 6       -14      20.0       1.0 

*Fertilization 

&============= 

&F  AppDay FerType  AddFer  AddInh AppMeth  IncDep 

 1      -3       2   285.0    0.56       2    15.0 

 1       0       2     8.0    0.00       2    05.0 

 2      -3       2   285.0    0.56       2    15.0 

 2       0       2    21.0    0.00       2    05.0 

 3      -6       2   285.0    0.56       2    15.0 

 3       0       2    22.0    0.00       2    05.0 

 4      -3       2   285.0    0.56       2    15.0 

 4       0       2    11.0    0.00       2    05.0 

 5     -10       2   228.0    0.56       2    15.0 

 5       0       3    20.0    0.00       3    05.0 

 6     -04       2   228.0    0.56       2    15.0 

 6       0       3    28.0    0.00       3    05.0 

*Residue Recycling 

&===================== 

&R IsShoot  IsRoot ShootOC  RootOC ShotLgn RootLgn  IncDep 

 1      .T      .T    40.0    40.0     3.5     8.3    20.0 

 2      .T      .T    40.0    40.0     3.5     8.3    20.0 

 3      .T      .T    40.0    40.0     3.5     8.3    20.0 

 4      .T      .T    40.0    40.0     3.5     8.3    20.0 

 5      .T      .T    40.0    40.0     3.5     8.3    20.0 

 6      .T      .T    40.0    40.0     3.5     8.3    20.0 

*Manure Application 

&================== 

&M  AppDay  AddMan   ManOC  ManLgn  ManCNR AppMeth  IncDep 

&1     210  6867.0    42.6     5.7   100.0       1     0.0 

&2     210  6867.0    42.6     5.7   100.0       1     0.0 

&3     210  6867.0    42.6     5.7   100.0       1     0.0 

&4     210  6867.0    42.6     5.7   100.0       1     0.0 

&5     210  6867.0    42.6     5.7   100.0       1     0.0 

&6     210  6867.0    42.6     5.7   100.0       1     0.0 

*Uptake 

&======                                                                          

&U  FracGrow  FracUptk                                                                   

 1      .000      .000 

 1      .100      .014 

 1      .200      .071 

 1      .300      .200 

 1      .400      .336 

 1      .500      .471 
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 1      .600      .650 

 1      .700      .800 

 1      .800      .929 

 1      .900      .993 

 1     1.000     1.000 

 2      .000      .000 

 2      .100      .014 

 2      .200      .071 

 2      .300      .200 

 2      .400      .336 

 2      .500      .471 

 2      .600      .650 

 2      .700      .800 

 2      .800      .929 

 2      .900      .993 

 2     1.000     1.000 

 3      .000      .000 

 3      .100      .014 

 3      .200      .071 

 3      .300      .200 

 3      .400      .336 

 3      .500      .471 

 3      .600      .650 

 3      .700      .800 

 3      .800      .929 

 3      .900      .993 

 3     1.000     1.000 

 4      .000      .000 

 4      .100      .014 

 4      .200      .071 

 4      .300      .200 

 4      .400      .336 

 4      .500      .471 

 4      .600      .650 

 4      .700      .800 

 4      .800      .929 

 4      .900      .993 

 4     1.000     1.000 

 5      .000      .000 

 5      .100      .014 

 5      .200      .071 

 5      .300      .200 

 5      .400      .336 

 5      .500      .471 

 5      .600      .650 

 5      .700      .800 

 5      .800      .929 

 5      .900      .993 

 5     1.000     1.000 

 6      .000      .000 
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 6      .100      .014 

 6      .200      .071 

 6      .300      .200 

 6      .400      .336 

 6      .500      .471 

 6      .600      .650 

 6      .700      .800 

 6      .800      .929 

 6      .900      .993 

 6     1.000     1.000 

*Rooting Depths  

&==============                                                                 

&R RootDAY     RootDep                                                             

 1       1        3.00 

 1      20        9.00 

 1      33       18.00 

 1      38       24.00 

 1      57       30.00 

 1      91       30.00 

 1     112       30.00 

 2       1        3.00 

 2      20        9.00 

 2      33       18.00 

 2      38       19.50 

 2      57       24.00 

 2      91       30.00 

 2     112       30.00 

 3       2        3.00 

 3      21        9.00 

 3      34       18.00 

 3      39       19.50 

 3      58       24.00 

 3      92       30.00 

 3     112       30.00 

 4       1        3.00 

 4      20        9.00 

 4      33       18.00 

 4      38       19.50 

 4      57       24.00 

 4      91       30.00 

 4     112       30.00 

 5      20        3.00 

 5      39        9.00 

 5      52       18.00 

 5      57       19.50 

 5      76       24.00 

 5     110       30.00 

 5     112       30.00 

 6      32        3.00 

 6      51        9.00 
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 6      64       18.00 

 6      69       19.50 

 6      88       24.00 

 6     112       24.00 

*TRANSport/TRANSformations 

&========================= 

&   Lambda       Tau      ErrMax     DTmin                                       

       5.0       0.5 1.00000E-04  1.00E-03 

&   Tavg     Amp    Damp     Phi 

&  12.40    19.5   184.0    16.0 

&  pHFlg   pHvol   MaxBufCap    Gama 

       1     7.5 1.00000E+05    50.0 

& Knit_max    Knit_m 

     14.00      20.0  

&     Topt      Beta   

      22.0     0.300  

&  WFPSlow  WFPShigh     Fwp    Fsat     Ewc 

      0.50      0.60    0.00   0.050     1.0 

&Is_pH   pHmin   pHmax   pHlow  pHhigh  FpHmin  FpHmax     EpH    

    .T     3.5    10.0     6.7     7.2     0.0     0.0     1.0 

& Cinh_max  Cinh_min      Einh   Arrhen1   Arrhen2 

      0.5      0.05       0.5    38.135   12067.3          

& Kden_max    Kden_m    Alpha1      

      0.55     25.00     0.040      

&     Topt      Beta   

      28.0     0.130  

&  WFPSden       Ewc 

      0.75      2.00 

&Is_pH   pHmin   pHmax   pHlow  pHhigh  FpHmin  FpHmax     EpH    

    .F                                                 

&    WCdis      Kdis     

      0.16       1.0 

& Khyd_max    Khyd_m 

&    120.0      50.0 

&     Topt      Beta   

&     51.6     0.119 

&  WFPSlow  WFPShigh     Fwp    Fsat     Ewc 

&     0.50      0.70    0.65    0.87     1.0 

&Is_pH   pHmin   pHmax   pHlow  pHhigh  FpHmin  FpHmax     EpH    

&   .T     4.0    10.0     7.0     8.0    0.24     0.5     1.0       

*Organic Matter 

&============== 

&P         K_dec   CNRatio    CNRmin    CNRmax 

 1   1.06849E-02     150.0   

 2   4.05479E-02      15.0  

 3   1.64384E-02       8.0      10.0      20.0  

 4   1.34247E-02     150.0  

 5   5.06849E-02      15.0   

&P         K_dec   CNRatio    CNRmin    CNRmax  PrcntTOC   

 6   2.00000E-02       8.0       3.0      15.0       7.0 



243 

 

 

 

 7   5.47945E-04      16.0      12.0      15.0      85.0 

 8   1.23288E-05      10.0       7.0      10.0       8.0 

&   MaxLtrN  MaxMnrlN 

        2.0      20.0 

&     Topt      Beta   

      30.0     0.130 

&  WFPSlow  WFPShigh     Fwp    Fsat     Ewc 

      0.50      0.60     0.3     0.8     1.0 

&Is_pH   pHmin   pHmax   pHlow  pHhigh  FpHmin  FpHmax     EpH    

    .F                                                         

&M    AOMini   PrcntOC  PrcntLgn   CNRatio    IncDep 

 1    2000.0      40.0        10     100.0       0.0      

 2     500.0      40.0        10     100.0      20.0 

&IniInputFlg  SOMFlg 

          .T       0          

&     TOCmax   Alpha 

&0.70000E+04   0.035   

&O  DEPsom         TOC 

 1     0.0  0.7000E+04 

 1     5.0  0.7000E+04 

 1    10.0  0.7000E+04 

 1    15.0  0.7000E+04 

 1    20.0  0.7000E+04 

 1    20.1  0.0000E+00 

 1   120.0  0.0000E+00 

*Initial/Boundary Conditions 

&=========================== 

&TopCNO3 TopCNH4 CNH3air  

    0.32    0.34     0.0    

&IniInputFlg 

          .T      

&CNO3ini CNH4ini  

&   30.0     2.0                                              

&I     DEP    CNO3    CNH4                                                                  

 1     0.0   28.78   1.150 

 1    15.0   33.04   0.680 

 1    30.0   28.68   0.050 

 1    60.0   16.86   0.001 

 1   120.0   19.30   0.001 

 

 

 

 

 

 

 
 

 


