
 

 

ABSTRACT 

Moursi, Hossam Abdelghani Abdelhalim. Investigating Crop Yield and Water Quality Benefits 

of Drainage Water Recycling. (Under the direction of Dr. Mohamed Youssef). 

 

Drainage water recycling (DWR) has been proposed to improve crop production by 

providing supplemental irrigation during the dry periods of growing season, and improve water 

quality by reducing downstream nutrient and sediment losses. Limited number of studies were 

conducted to investigate the performance of DWR. The objectives of this study were to: 1) 

experimentally evaluate the effect of DWR on reducing the export of nitrogen (N), phosphorous 

(P), and sediment loadings from agricultural fields to downstream surface water bodies; 2) 

experimentally quantify the effect of DWR on corn and soybean yields during 4 growing seasons 

with varying weather conditions; 3) enhance DRAINMOD model to simulate the hydrology and 

crop yield of DWR systems. 

Water quality and hydrology data were collected for two years (May 2019-April 2021) at 

a research site in eastern North Carolina. On average, the DWR reservoir retained 14% of 

received inflow. The reservoir significantly reduced nitrate-N(NO3-N), ammonium-N (NH4-N), 

and total N (TN) concentrations by 53%, 51%, and 40%, respectively. The mass loadings of 

NO3-N, NH4-N, and TN were also reduced by 59%, 56%, and 47%, respectively. 

Orthophosphate (OP) concentration was significantly reduced by 46%, while Total P (TP) 

concentration reduction was not statistically significant. The mass loadings of OP and TP were 

reduced by 52% and 30%, respectively, while particulate P load was not significantly different. 

Sediment concentration was significantly reduced by 86% and the sediment loading was also 

reduced by 87%. 

Two treatments were monitored at the same study site for 4 growing seasons (2018-

2021): DWR and control treatment (CT). The CT treatment was a non-irrigated field that was 



 

 

 

primarily drained by a surface drainage system. The DWR treatment had a subsurface drainage 

system that was used to drain the field during the wet periods of the growing season and sub-

irrigated it during dry periods. DWR increased corn yields by 0.39 and 0.90 Mg ha-1 and soybean 

yields by 0.40 and 0.66 Mg ha-1. DWR mainly increased crop yield by reducing drought stress 

during the critical crop growth stages through providing irrigation (5 to 73 mm). In addition, the 

smart drainage water management system implemented at the DWR treatment helped to store 

more water in the soil profile and reduce water outflow from the field. The amount of N and P 

recycled back to the DWR treatment through irrigation was not large enough to recommend 

reducing fertilizer application rates. 

DRAINMOD was enhanced to simulate the hydrology and crop yield of DWR systems as 

affected by weather conditions, soil type, crop rotation, reservoir size, and irrigation and 

drainage management. The expanded model; named DRAINMOD-DWR, has a new module that 

conducts a water balance of the storage reservoir and simulates the interaction between the 

reservoir and the field, irrigated from and/or draining into the reservoir. Three performance 

metrics were defined based on model predictions to quantify irrigation, crop yield, and water 

capture benefits of DWR. To demonstrate the new features of the model, DRAINMOD-DWR 

was applied to a hypothetical DWR system with continuous corn using a 50-year weather record 

in Eastern North Carolina, U.S. The model predicted that a 3.0-m deep reservoir with a surface 

area of 4% of the field area would optimize corn yield for the simulated conditions. This 

reservoir size would increase corn yield on average by 22%, meet at least 75% of the irrigation 

demand in 41 years of the simulation period, and reduce total outflow from the field to 

downstream surface water by 20%. 
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1 

1. CHAPTER 1: INTRODUCTION 

1. Research Overview 

Attaining sustainable crop production is essential to meet the growing global demand 

(FAO, 2018; Jaggard et al., 2010; Tilman et al., 2011), and adapt to climate uncertainty and 

extreme weather conditions (Gregory and George, 2011; Lobell et al., 2009). Crop production is 

vulnerable to weather extremes and shifts in precipitation patterns that increase crop water 

related stresses and cause major yield losses. Agricultural landscapes in humid and sub-humid 

regions of the U.S. have been experiencing more frequent extreme precipitation and rapid 

transition from wet to dry conditions (Ford et al., 2021). The weather related challenges facing 

agriculture in these regions are expected to intensify as frequent flooding in spring and drought 

in summer are expected to increase due to climate change (Hatfield et al., 2013). Climate change 

is expected to significantly affect crop production and water resources in the U.S. due to rising 

temperature and more variable precipitation (Walthall et al., 2013). This has led to a growing 

interest in assessing the response of crop production and investigating options for adapting to 

weather uncertainty and changing climate across the U.S. (Basche et al., 2016; Liu and Basso, 

2020; Moursi et al., 2017; Urban et al., 2012). 

Agricultural drainage is essential in humid regions for improving crop production on 

naturally poorly drained lands with frequently shallow groundwater table (Skaggs et al., 1994). 

Drainage reduces soil waterlogging through lowering the water table and removing excess soil 

water from the root zone. In North Carolina, 37% of the total cropland (751 thousand ha) has 

been artificially drained (USDA-NASS, 2019). Supplemental irrigation can protect crops in 

humid regions from severe drought conditions during prolonged precipitation deficit periods 

(Troy et al., 2015).  
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Integrated water management that includes both supplement irrigation and drainage 

systems have been proposed to minimize crop yield losses caused by drought and excess water 

conditions (Baker et al., 2012; Kaur et al., 2021). However, the increasing use of irrigation has 

been leading to the depletion of groundwater aquifers (Konikow, 2013; McGuire, 2017). In 

addition, drainage water carries nutrients, sediment, and pesticides from fields to surface water 

bodies (Evans et al., 1995; Gilliam et al., 2015; Skaggs et al., 1994). Excessive nutrients in 

surface water cause the rapid growth of algae that leads to the depletion of dissolved oxygen in 

surface water and cause major water quality degradation and fish kills (Goolsby et al., 1999; 

Rabalais et al., 2007; Smith et al., 2015; Zedler and Kercher, 2005). In addition, contaminated 

surface waters can require costly water treatment to be used for human consumption (Jaynes et 

al., 2001). 

Drainage water recycling (DWR) is a new practice that has the potential to improve crop 

production and water quality, while conserving water resources (Frankenberger et al., 2017; Hay 

et al., 2021). It involves storing surface and subsurface drainage water in small ponds or 

reservoirs during wet periods and using this water for supplemental irrigation during dry periods 

of the growing seasons. The few studies that investigated the performance of DWR showed the 

potential of the system to increase crop yield (Allred et al., 2014; Singh and Nelson, 2021; Tan et 

al., 2007) and improve water quality (Drury et al., 2009; Tan et al., 2007; Tan and Zhang, 2011). 

However, none of the experimental studies investigated the factors influencing the performance 

of the system on enhancing crop yield and reducing nutrients and sediment from drained fields to 

downstream surface water. Furthermore, the performance of DWR documented in the few 

published studies (conducted in the US Midwest and Canada) is influenced by the experimental 

set-up and field site conditions including geographic location and weather conditions, soil type, 
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cropping system and farming practices, and drainage system design and management. Drainage 

water recycling has never been experimentally investigated in the US Southeast. Research is 

needed to document the effect of DWR on crop yield and water quality under varying field site 

conditions. Further research is also needed to increase understanding of the factors affecting the 

performance of DWR (Hay et al., 2021). 

Reinhart et al. (2019) developed a spreadsheet model to simulate the irrigation benefits 

and nutrient reduction of DWR system. This model is an easy-to-use tool but has limitations. It 

requires a long-term record of measured tile drainage flow, water table, and nutrient 

concentration data as inputs to assess the DWR system performance, which are not readily 

available. In addition, the tool does not predict the direct impact of DWR systems on crop yield. 

Moreover, nutrient reductions were estimated based on drainage flow captured by the system, 

without considering nutrient assimilation due to biochemical processes occurring in the reservoir 

(e.g., denitrification and uptake by aquatic vegetation). A model that can address these 

limitations is necessary for simulating DWR systems. DRAINMOD (Skaggs, 1978; Skaggs et 

al., 2012) is a distributed field-scale hydrological model that was developed for the design and 

evaluation of agricultural drainage and related water management systems for naturally poorly 

drained, high water table soils. Over the years, several versions of the model have been 

developed to simulate the hydrology, carbon, nitrogen, and phosphorus dynamics, and plant 

growth and productivity for agricultural and forested lands with poorly-drained high water table 

soils (Askar, 2019; Negm et al., 2014; Tian et al., 2016, 2012; Youssef et al., 2005). Expanding 

DRAINMOD for simulating the hydrology and crop yield of DWR systems would be a timely 

needed enhancement that can aid the design and management of these systems to optimize 

performance and minimize cost and other tradeoffs. 
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2. Research Objectives 

The main objectives of this study were as follows: 

Objective 1: (a) Experimentally quantify the effect of DWR on reducing the offsite losses 

of nitrogen, phosphorous, and sediment from agricultural fields to downstream surface water 

bodies; and (b) investigate the factors that may affect the fate and transport of nitrogen, 

phosphorous, and sediment in the reservoir of a DWR system. 

Objective 2: (a) Experimentally quantify the effect of DWR on corn and soybean yields, 

water and nutrient use efficiencies; and (b) investigate the factors that can affect the crop yield 

response to DWR.  

Objective 3: (a) Enhance the DRAINMOD model to simulate the hydrology and crop 

yield of DWR systems; and (b) develop a framework for using model predictions to quantify 

irrigation, crop yield, and water storage benefits of DWR. 

3. Dissertation Layout 

To address the above mentioned objectives, this dissertation was structured as follows: 

Chapter 2 presents a two-year (May 2019 to April 2021) field study investigating the 

performance of DWR in reducing nutrients and sediment losses from an agricultural field in 

eastern North Carolina (objective 1). Water, nutrient, and sediment balances were conducted for 

the storage reservoir. The factors that can affect the reduction of nitrogen, phosphorous, and 

sediment loadings in the reservoir were investigated. 

Chapter 3 presents a field study exploring the effect of DWR on corn and soybean yields 

for a research site in eastern North Carolina during 4 growing seasons (2018-2021) with varying 

weather conditions (objective 2). Field water and nutrient balances were conducted to assess the 

water use efficiency, and nutrient use efficiency of DWR. Stress indices were used to quantify 
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the effect of DWR on alleviating crop stresses due to wet and dry conditions. The factors 

affecting crop yield response to DWR, which include weather conditions, timing and amount of 

irrigation, groundwater table level, and soil water storage, were investigated. 

Chapter 4 presents a modeling study on enhancing the DRAINMOD model to simulate 

the hydrology and crop yield of DWR systems (objective 3). The new model conducts a water 

balance of the storage reservoir and simulates the interaction between the reservoir and the field, 

irrigated from and/or draining into the reservoir. Utilizing model predictions, three indices were 

suggested as design and performance evaluation metrics for DWR systems. These indices 

provide quantitative assessment for simulated reservoir sizes with regards to meeting irrigation 

demand, increasing crop yield, and reducing total runoff to downstream surface water bodies. 

Based on these indices, the user can decide the reservoir size that would optimize the system 

benefit 
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2. Chapter 2: THE IMPACT OF DRAINAGE WATER RECYCLING ON 

REDUCTION OF NITROGEN, PHOSPHOROUS, AND SEDIMENT LOSSES 

FROM A DRAINED AGRICULTURAL FIELD IN EASTERN NORTH 

CAROLINA 

Abstract 

Drainage water recycling (DWR) has the potential to improve crop production by 

providing the supplemental irrigation during the dry periods of growing season, and improve 

water quality by reducing the downstream nutrient and sediment losses. Limited number of 

studies were conducted to investigate the impact of DWR on improving water quality. The main 

objective of this study was to experimentally evaluate the effect of DWR on reducing the export 

of nitrogen, phosphorous, and sediment loadings from agricultural fields to downstream surface 

water bodies using two years of data (May 2019-April 2021) from a research site in eastern 

North Carolina. 

Two treatments were implemented at the study site: drainage water recycling treatment 

(DWR) and control treatment (CT). A reservoir existed between the two treatments was used to 

store subsurface drainage and surface runoff water from the field during wet periods, and provide 

supplemental irrigation during dry periods. The research site was instrumented to monitor the 

water, nutrient, and sediment balances of the reservoir. Flow proportional water samples were 

collected and analyzed for nitrate-nitrogen (NO3-N), ammonium-nitrogen (NH4-N), and total 

kjeldahl nitrogen (TKN), total phosphorus (TP), orthophosphate (OP), total suspended solids 

(TSS). Total nitrogen (TN), organic nitrogen (ON) and particulate phosphorous (PP) were 

estimated using the measured water quality parameters.  
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On average, the reservoir retained 14% of received inflow, with substantially higher flow 

reduction in the dry year (2019-2020; 29%) than the wet year (2020-2021; 8%). The reservoir 

significantly reduced NO3-N, NH4-N, and TN concentration by 1.48 mg L-1 (53%), 0.10 mg L-1 

(51%), and 1.47 mg L-1 (40%), respectively. In contrast, ON concentration in the reservoir 

outflow was not significantly different from that in the reservoir inflow. The mass loadings of 

NO3-N, NH4-N, and TN were also reduced by 59%, 56%, and 47%, respectively. On the other 

hand, ON loading in the reservoir outflow was not significantly different. Orthophosphate 

concentration was significantly reduced by 0.07 mg L-1 (46%), while TP concentration reduction 

was not significant. In contrast, PP concentration in the reservoir outflow was higher than that in 

the inflow by 0.02 mg L-1. The mass loadings of OP and TP were reduced by 52% and 30%, 

respectively, while PP load was not significantly different. Sediment concentration was 

significantly reduced by 273 mg L-1 (86%) and the sediment loading was also reduced by 87%. 

Water volume in the reservoir was found to be the most significant factor affecting the removal 

efficiency of the reservoir along with water temperature. Overall, the results of this study 

demonstrated that DWR is a promising practice that can reduce the nutrient and sediment 

loadings from agricultural landscapes, while sustaining the crop production for the agricultural 

landscapes in the U.S. Southeast. 

1. Introduction 

Agricultural drainage is essential in humid regions for improving crop production on 

naturally poorly drained lands with shallow groundwater table (Skaggs et al., 1994). It provides 

proper soil aeration conditions for crops by removing excess soil water in the plant root zone. In 

addition, it improves soil trafficable conditions for farm equipment to perform timely field 

operations, such as tillage, planting, and harvesting (Skaggs et al., 1994). Despite the many 



 

12 

benefits of improved drainage, drainage water carries nutrient, sediment, and pesticide from 

artificially drained fields to surface water bodies (Evans et al., 1995; Gilliam et al., 2015; Skaggs 

et al., 1994). Pollutant load from agricultural sources is one of the major pollutant sources that 

has caused degradation of water quality of 37% of impaired streams, 16% of impaired lakes, and 

10% of impaired estuaries in the United States (US EPA, 2009).  

Nitrogen and phosphorus losses from drained lands to surface water are the primary 

causes of algal blooms and eutrophication problems in many surface water bodies. Extensive 

growth of algae depletes dissolved oxygen in surface water when they die and decompose, 

causing water quality degradation and fish kills. Major surface water bodies have been affected 

by eutrophication problems including the Gulf of Mexico (Goolsby et al., 1999; Laurent et al., 

2021; Rabalais et al., 2007; Rabalais and Turner, 2019), the Chesapeake Bay (Boesch et al., 

2001; Pan et al., 2021; Zedler and Kercher, 2005; Zhang et al., 2021), and the Great Lakes 

(Biddanda et al., 2018; Forster and Rausch, 2002; Jarvie et al., 2017; Smith et al., 2015). 

Sediment losses to surface water increases turbidity and blocks sunlight from penetrating into 

water, which results in limiting photosynthesis and harming aquatic vegetation. 

Artificially drained lands in North Carolina account for 37% (751,000 ha) of the state’s 

cropland (USDA-NASS, 2019). Many of the poorly drained lands in North Carolina are adjacent 

to environmentally sensitive surface water bodies (Evans and Skaggs, 2004). Data collected from 

14 sites in North Carolina showed that subsurface drainage increased nitrogen losses by six 

folds, compared to natural conditions (Evans et al., 1995). It was also reported that phosphorous 

export in surface drainage from these 14 sites increased by two folds. Sediment losses from 

artificially drained lands in North Carolina were increased by a factor of 1.6 to 10 compared to 

natural conditions (Skaggs et al., 1994). 
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Several best management practices (BMPs) have been proposed to reduce nutrient and 

sediment losses from drained cropland to surface water, without adversely affecting crop 

production. The oldest of these practices is controlled drainage, also referred to as drainage water 

management, which involves the use of control structures installed at drain outlets to vary 

drainage intensity during the crop growing season and when the land is fallow(Gilliam et al., 

1979). Controlled drainage reduces the total outflows of nitrogen laden drainage water and raises 

the groundwater table, which enhances denitrification in the soil profile (Y. Liu et al., 2019). 

Denitrifying bioreactors are another BMP that involves the installation of an underground trench 

filled with carbon source (e.g., woodchips) at the field edge to intercept drainage flow before it 

reaches downstream surface water and convert nitrates to nitrogen gas (Schipper et al., 2010). 

Saturated riparian buffers have also been proposed to utilize the nutrient treatment benefits of 

riparian buffers that are adjacent to subsurface drained fields. In most conventional drainage 

systems, the outlet of the main drain does not utilize a saturated buffer and discharges the 

drainage water directly in the receiving stream. In a saturated buffer system, a specific control 

structure is installed at the outlet of the main drain to distribute the drainage water laterally via 

perforated pipes buried at the field edge parallel to the stream. This allows the drainage water to 

slowly seep as shallow groundwater through the riparian buffer, which reduces nitrate levels via 

plant uptake and denitrification within the buffer before the groundwater reaches the adjacent 

stream (Jaynes and Isenhart, 2014). 

Drainage water recycling (DWR) is an innovative BMP that collects and stores 

subsurface drainage and surface runoff in relatively small reservoirs, and uses the stored water to 

irrigate crops during dry periods (Frankenberger et al., 2017; Hay et al., 2021). In addition to 
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improving crop production by providing the needed water for crops during precipitation deficit 

times of the growing season, DWR can reduce nutrient and sediment losses from drained lands.  

Limited research investigated the impacts of DWR systems on water quality. A 5-year 

study in Ontario, Canada showed that DWR reduced nitrate and total phosphorous losses by 41% 

and 12%, respectively, compared to free drainage (Tan et al., 2007; Tan and Zhang, 2011). 

Another DWR system installed in Ontario, Canada, reduced nitrate losses by 43%-68%, 

compared to free drainage (Drury et al., 2009, 1996). These studies reported nutrient reduction 

based on comparing the loads from a field with controlled tile drainage/sub-irrigation system to a 

field with a free drainage system. Nutrient reduction caused by natural treatment processes 

occurring in the DWR reservoir was not quantified.  A modeling study by Reinhart et al. (2019) 

concluded that DWR would reduce nitrate losses by 24% to 37% and soluble reactive 

phosphorous losses by 21% to 39% in Iowa and Indiana. The simulated nutrient reduction in 

Reinhart et al. (2019) was based on how much drainage flow was reduced and captured by the 

reservoir. Similar systems, which are referred to as tailwater recovery systems (TWR), have been 

gaining more interest in the southern United States. Tailwater recovery systems involve 

capturing and storing surface water runoff, rather than subsurface drainage water as in DWR 

systems, and reusing the stored water for irrigation (USDA NRCS, 2014). These systems have 

been shown to provide water conservation and water quality benefits (Iseyemi et al., 2021; 

Moore et al., 2015; Omer et al., 2018; Pérez-Gutiérrez et al., 2017).  

Limited research has been conducted to measure concentration reduction caused by 

natural removal processes, such as denitrification and settling, that occur in the reservoir of the 

DWR systems (Hay et al., 2021). Evaluating and understanding these removal processes is 

crucial for managing and designing DWR systems to optimize the benefits. Performance of 
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DWR systems is expected to vary greatly depending on climatic and other site conditions, thus 

monitoring and evaluating DWR across a wide range of conditions is necessary (Hay et al., 

2021). The main goal of this study was to experimentally investigate the effect of DWR on 

improving drainage water quality for a research site in eastern North Carolina using two years of 

data (May 2019-April 2021). Specific objectives were to: (1) quantify the effect of DWR on 

storing and reducing surface runoff and subsurface drainage flow before it reaches the 

downstream surface water, (2) quantify the concentration and load reductions of nitrogen, 

phosphorous, and sediment  that were exported from the field and stored in the reservoir before 

reaching downstream surface water bodies, and (3) evaluate the factors that may affect the 

reduction of nitrogen, phosphorous, and sediment loadings in the reservoir. 

2. Materials and Methods 

2.1 Site description  

The experimental site was located on a farm near the town of Belhaven, Beaufort County, 

in the Coastal Plain region of North Carolina (35°29'45.32" N, 76°42'56.85" W; Figure 2.1). Two 

treatments were implemented at the study site: drainage water recycling treatment (DWR) and 

control treatment (CT). A subsurface drainage system (depth = 125 cm, spacing = 18 m) was 

installed in the DWR treatment (11.48 ha) to drain the field during wet periods and sub-irrigate it 

during dry periods of the growing season. The CT treatment (11.23 ha) was a non-irrigated 

agricultural field that was drained using shallow open ditches (depth = 50 cm, spacing = 60 m). 

An elongated reservoir existed at the site between the two treatments with a surface area of 0.38 

ha (3840 m2) and a depth of 2.51 m at its deepest location, which provided a storage capacity of 

5,458 m3 (53.1 acre-inch). During wet periods, the reservoir captured and stored subsurface 

drainage flow and surface runoff water from both treatments and from a forested land (32.5 ha) 
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located upstream of the field site. Because of surface slope at the field, only a portion of the 

surface runoff from both treatments was routed to the reservoir and the rest was routed to Pungo 

Creek, which eventually merges with the Pungo River and Pamlico Sound. Based on a land 

survey, the area of the field contributing surface runoff to the reservoir was 5.82 ha for the DWR 

treatment and 4.43 ha for the CT treatment. 

The stored water in the reservoir was used to irrigate the crops grown on the field portion 

under DWR treatment during the dry periods of the growing season. A control structure was 

installed at the reservoir outlet to control its water level (Figure 2.2). The reservoir had to be 

partially drained through the reservoir outlet to enable the installation of the control structure at 

the beginning of the study period. The control structure was managed manually by fully raising 

the two gates during the growing season to store as much water as possible to be used for 

irrigation (water depth =2.51 m), and lowering one of the gates during the non-growing season 

(water depth= 2.31 m), while keeping the other gate raised. When the gates of the control 

structure were lowered, the storage capacity of the reservoir decreased to 4,686 m3 (45.6 acre-

inch). When reservoir water volume exceeded reservoir storage capacity, water was released 

through the control structure into the Pungo River. Irrigation was applied through pumping the 

water from the reservoir into an 11.4 m3 (2,500 gallon) storage tank to create enough water head 

for sub-irrigating the field by gravity (Figure 2.3). This also prevented the water pump from 

turning on and off more frequently and minimized energy consumption. 
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Figure 2.1: Layout of the drainage water recycling research site in Belhaven, North Carolina 

 

 

Figure 2.2: Water level control structure installed at the reservoir outlet to control the reservoir 

water level 
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Figure 2.3: Water was pumped from the reservoir to the storage tank before it was used for 

irrigating the DWR treatment by gravity. An enlarged photo of the irrigation pump is shown on 

the right of the figure 

A water level control structure, with adjustable weir plates, was installed at the outlet of 

the main drain of the DWR treatment to adjust the level of the outlet and regulate the rate of 

drainage flow from the field. A smart drainage water management system was installed and 

connected to the control structure to control and trigger drainage and sub-irrigation based on the 

water table level in the DWR field (Figure 2.4). If water table level was too shallow, drainage 

was triggered to drain the field by opening the gates of the control structure. If water table level 

was too deep, the system triggered a motorized valve at the outlet of the storage tank to open and 

sub-irrigate the field. The system was managed and automated using an Arduino™ Mega 

program. 

The dominant soil type at this field was AltaVista fine sandy loam, which is moderately 

well drained soil. The field was planted to two-year crop rotation of corn and soybean. During 

the study period, corn was planted in late April and harvested in early September of 2019. 
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Soybean was planted in early June and harvested in early November of 2020. Information on 

fertilizer timing and application rate, and tillage management are shown in Table 2.1. 

Table 2.1: Crop management information for the experimental study site located in Belhaven, 

North Carolina. 

Year-crop 
Planting 

date 

Harvest 

date 

Fertilizer (N, P, K) kg ha-1 Tillage 

Date Rate  

2019-corn 26-Apr 3-Sep 

26-Apr 32, 52, 0  

26-Apr 18, 59, 0 Vertical 

27-May 179, 0, 0  

2020-soybean 6-Jun 5-Nov 3-Jun 20, 34, 67 Vertical 

Vertical tillage is implemented through tilling the top 5-10 cm of soil while minimizing soil and 

crop residue disturbance. 

 

 
Figure 2.4: Water control structure installed at the outlet of the main drain of the DWR treatment 

(left). A smart control system (right) is connected to the structure to switch between the drainage 

and sub-irrigation modes based on water table feedback. 
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2.2 Data collection and instrumentation 

The experimental field site was fully instrumented at the beginning of the 2019 growing 

season to conduct water, nutrients, and sediment balances for the storage reservoir. Hydrology 

and water quality data were collected for two years, from May 2019 to April 2021. 

2.2.1 Hydrology data 

The reservoir water sources were surface runoff from the upstream forested land, the 

DWR, and CT treatments, and subsurface drainage flow from the DWR treatment. The reservoir 

water sinks were irrigation, evaporation, seepage, and outflow from the reservoir outlet. 

Measurement stations were installed at inlet points and reservoir outlet to monitor flow rates and 

collect water quality samples. Locations of the reservoir inflow/outflow measurement stations 

are shown in Figure 2.5. Surface runoff from CT and DWR treatments were collected using 

shallow open ditches that were draining into the reservoir. To reduce the instrumentation cost, 

surface runoff was measured only at one open ditch for each treatment and total surface runoff 

from each treatment was estimated based on the drainage area served by each ditch. 
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Figure 2.5: Locations of the flow and water quality measurement stations installed at the storage 

reservoir including: surface runoff from the upstream forested land (1), reservoir outflow (2), 

subsurface drainage flow from the DWR treatment (3), Sub-irrigation (4), surface runoff from 

the CT treatment (5), surface runoff from the DWR treatment (6). 

V-notch weirs were used to measure flow at all the reservoir inlets and outlet (Figure 

2.6). Water stages upstream and downstream of each weir were measured using Campbell 

Scientific™ self-compensating pressure transducers (CS451). Flow rate was calculated using the 

V-notch weir equation (Eq. 1) that estimates flow as a function of water stage and weir 

dimensions (Kulin and Compton, 1975; U.S Bureau of Reclamation, 2001). Sub-irrigation rates 

were measured using a flow meter with pulse output (PRM Woltmann Helix style™). Flow rates 

were estimated and recorded by CR-200X data loggers (Campbell Scientific™) that were 

installed at each flow measuring station. The time interval of surface runoff and irrigation 

measurements was 30 min, and 60 min for all other measurements. Precipitation and air 

temperature were measured using automated HOBO™ tipping bucket rain gauges. The 

automated rain gauges were installed near the reservoir outlet and regularly checked and 
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calibrated using a manual rain gauge. The 30-year normal precipitation was retrieved from a 

nearby NOAA weather station for the period 1975 to 2004 (Belhaven 3 NE: 35.57306° N, 

76.58472° W). The reservoir water level and water temperature were monitored, on an hourly 

basis, using a HOBO™ automatic water level data logger installed in a 100 mm diameter PVC 

observation well. The reservoir water level was also monitored manually using a staff gauge to 

calibrate the measurements from the HOBO™ data logger. Water table depths in both treatments 

were measured using HOBO™ automatic water level data loggers installed in a 100 mm 

diameter PVC observation well midway between tile drains for DWR treatment and open ditches 

for CT treatment. Flow data of subsurface drainage from the DWR treatment were lost during the 

periods 9/12/2019 to 9/25/2019 and 3/31/2020 to 6/3/2020 due to instrumentation breakdown. A 

linear regression model was used to estimate the missing subsurface drainage flow data using the 

water table data as the independent variable with R2=0.86. 

𝑄 = 4.28  𝐶𝑒  tan(
𝜃

2
)  ℎ2.5         [1] 

Where Q is discharge over the weir (ft3 s-1), Ce effective discharge coefficient, θ = angle 

of the V-notch weir, and h = water head on the weir (ft). 
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Figure 2.6: Typical measurement stations installed at the study site to monitor flow rate and 

collect composite water quality samples at the inlets and outlets of the reservoir. 

2.2.2 Water quality data 

Each flow measurement station was instrumented with an automated water quality 

sampler (WS700; Global Water™) to collect flow proportional composite samples. The samplers 

were programmed to collect 50 ml water sample in a composite sample bottle (9.5 liter) for every 

specific threshold of flow passing over the V-notch weir of each station. The flow threshold 

values were set based on the average flow expected at each measurement station, so that the 

composite sample bottle will not overflow before sample collection. The flow threshold values 

were 3 m3 for surface runoff and subsurface drainage flow, 8 m3 for reservoir outflow, and 190 

m3 for irrigation. In addition to the composite samples, grab samples were collected from the 

reservoir. Water samples were collected from the field every two weeks and refrigerated at 4°C 

until laboratory analysis was conducted. Water samples were filtered with 0.45 μm size filter 

following the EPA standards. In total, 187 water quality samples were collected and analyzed 

during the two-year study period. Water samples were analyzed in the Environmental and 
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Agricultural Testing Service (EATS) Laboratory of North Carolina State University. All water 

samples were analyzed for total suspended solids (TSS), total phosphorus (TP), orthophosphate 

(OP), nitrate-nitrogen (NO3-N), ammonium-nitrogen (NH4-N), and total kjeldahl nitrogen 

(TKN). Concentrations of NO3-N, NH4-N, TKN, OP, and TP were determined using the Latchat 

QuikChem flow injection analysis system (Latchat Quikchem 8500™). Organic nitrogen (ON) 

was calculated by subtracting NH4-N from TKN. Total nitrogen (TN) was calculated by 

summing NO3-N and TKN. Particulate phosphorous (PP) was calculated by subtracting OP from 

TP. TSS was calculated using the dried and filtered weight of the water sample divided by the 

total volume of the sample. The equipment’s detection limits were 0.10 mg L-1 and 0.01 mg L-1 

for nitrogen and phosphorous species, respectively. Measured concentrations that were below 

detection limits were set at one-half of the detection limit. 

2.3 Reservoir area-volume-depth relationship 

 

A bathymetric survey was conducted for the reservoir using an acoustic Doppler current 

profiler (ADCP) to develop an area-volume-depth relationship for the reservoir. Water depth 

measurements were made along twelve transacts on the reservoir. An Emlid™ RTK-GPS was 

used to conduct the survey for the shallow and vegetated areas of the reservoir, where the ADCP 

accuracy is low. These measurements were used to create an elevation map for the reservoir 

using ArcGIS software (Figure 2.7). The storage capacity tool in ArcGIS was then used to 

develop the area-volume-depth relationship (Figure 2.8). The daily water level measurements of 

the reservoir were then used to estimate the daily water volume and surface area from the 

relationship curve. 

  



 

25 

 

Figure 2.7: Elevation map of the reservoir at the study site. 
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Figure 2.8: Area-volume-depth relationship developed for the reservoir at the study site. 

2.4 Reservoir water, nutrient, and sediment balances 

A daily water balance was conducted for the reservoir based on the daily measured 

discharge rates at the inflow points and the outflow point according to Eq. 2. 

𝛥𝑉 = 𝑃 + 𝑄𝑖𝑛 + 𝑄𝑅𝑂_𝐷𝑊𝑅 + 𝑄𝑅𝑂_𝐶𝑇 + 𝑄𝐷𝑅𝑁 − 𝑄𝐼𝑅𝑅 − 𝑄𝑜𝑢𝑡 − 𝑆 − 𝐸    [2] 

Where Δ𝑉 is the change in reservoir water volume during a specific day, 𝑃 is the direct 

precipitation volume received by the reservoir, 𝑄𝑖𝑛 is the inflow water volume from the upstream 

forested land, 𝑄𝑅𝑂_𝐷𝑊𝑅 and 𝑄𝑅𝑂_𝐶𝑇 are the surface runoff volumes from DWR and CT 

treatments, respectively, 𝑄𝐷𝑅𝑁 is the subsurface drainage flow from the DWR treatment, 𝑄𝐼𝑅𝑅 is 

the irrigation water volume withdrawn from the reservoir, 𝑄𝑜𝑢𝑡 is the outflow volume released 
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from the reservoir when it reached its maximum storage capacity, S is seepage losses from the 

reservoir, E is evaporation occurring at the surface area of the reservoir. All components of the 

water balance equation are expressed in m3 d-1 units. The measured sub-daily data were summed 

over the day to calculate the daily values that were used in Eq. 2. 

Flow reduction benefits achieved by the DWR system were estimated using Eq. 3, where 

FR is the percent flow reduction. 

𝐹𝑅 (%) = (1 −
𝑄𝑜𝑢𝑡

𝑃 + 𝑄𝑖𝑛 + 𝑄𝑅𝑂_𝐷𝑊𝑅 + 𝑄𝑅𝑂_𝐶𝑇 + 𝑄𝐷𝑅𝑁
) ∗ 100            [3] 

Daily nutrient and sediment balances were conducted for each of the nitrogen and 

phosphorous species, and sediment by using concentration and load measurements according to 

Eq. 4. 

Δ𝐿 = 𝐿𝑄_𝑖𝑛 + 𝐿𝑅𝑂_𝐷𝑊𝑅 + 𝐿𝑅𝑂_𝐶𝑇 + 𝐿𝐷𝑅𝑁 − 𝐿𝐼𝑅𝑅 − 𝐿𝑜𝑢𝑡               [4] 

Where Δ𝐿 is the change in mass of sediment or a specific nutrient in the reservoir during 

a specific day, 𝐿𝑄_𝑖𝑛 is  the nutrient/sediment mass load from the upstream forested land, 

𝐿𝑅𝑂_𝐷𝑊𝑅  and  𝐿𝑅𝑂_𝐶𝑇 are the nutrient/sediment mass loads in the surface runoff from DWR and 

CT treatments, respectively, 𝐿𝐷𝑅𝑁 is the nutrient/sediment mass load in the subsurface drainage 

flow from the DWR treatment, 𝐿𝐼𝑅𝑅 is the nutrient/sediment mass load leaving the reservoir via 

irrigation, 𝐿𝑜𝑢𝑡 is the nutrient/sediment mass load leaving the reservoir via outflow. All the 

components of the equation are expressed in kg d-1 units. Nitrogen and phosphorus entering the 

reservoir via direct precipitation or leaving the reservoir via seepage are assumed small and 

therefore are not represented in the mass balance Eq. 4.  
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The concentration and load reductions were estimated according to Eq. 5 and 6, 

respectively. 

𝐶𝑅 (%) = (
𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
) ∗ 100     [5] 

𝐿𝑅 (%) = (
𝐿𝑖𝑛 − 𝐿𝑜𝑢𝑡

𝐿𝑖𝑛
) ∗ 100     [6] 

Where CR is the concentration reduction, Cin is the weighted average concentration of 

nutrient/sediment calculated from flows and concentrations of all water sources to the reservoir, 

and Cout is the weighted average concentration of nutrient/sediment in the reservoir outflow. LR 

is the nutrient/sediment load reduction, Lin is the summation of the nutrient/sediment mass loads 

entering the the reservoir via all water sources, and Lout is the nutrient/sediment mass load 

leaving the reservoir via outflow. The daily loads were estimated by multiplying the daily flow 

volumes by the daily concentration values. Since the composite water quality samples were 

collected every two weeks, the measured concentration of the water sample was used for all days 

since the last measured concentration. 

2.5 Hydraulic retention time 

The hydraulic retention time (HRT) is one of the most important factors affecting the 

reservoir’s removal efficiency of nutrients and sediment. The HRT is defined in this study as the 

average time that a particular amount of reservoir inflow remains in the reservoir before it is 

released through the reservoir outlet, which depends on the reservoir’s size and inflow rate. The 

HRT was estimated on monthly and annual bases using Eq. 7, assuming the reservoir is under a 

steady state condition (inflow rate = outflow rate).  
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𝐻𝑅𝑇 = (
𝑉𝑚𝑎𝑥

𝑃 + 𝑄𝑖𝑛 + 𝑄𝑅𝑂_𝐷𝑊𝑅 + 𝑄𝑅𝑂_𝐶𝑇 + 𝑄𝐷𝑅𝑁
)            [7] 

Where 𝐻𝑅𝑇  is the hydraulic retention time estimated on a monthly or annual basis (day), 

and 𝑉𝑚𝑎𝑥 is the reservoir storage capacity (m3). This approach is more applicable when the 

reservoir is full, while it may not be accurate for the times when water is withdrawn for irrigation 

during the growing season. However, for the purpose of this study, we used it to compare the 

performance of the reservoir in the two years of the study in removing nutrients and sediment.  

2.6 Statistical analysis 

The measured data were evaluated for the assumption of normality using visual 

inspection methods as well as statistical methods using Shapiro-Wilk test (Shapiro and Wilk, 

1965). The tests showed that the measured data did not meet the normality assumption. 

Therefore, the non-parametric two-sample Wilcoxon-rank test (Wilcoxon, 1945) was used to 

compare and identify the significance of differences in the concentrations and loadings of 

nutrients and sediment in the inflows and outflow of the reservoir. The null hypotheses were no 

significant change in concentration and load between the inflow and outflow of the reservoir. 

The tests were conducted at a 5% level of significance (α=0.05). In addition, a multivariate linear 

correlation analysis was conducted to investigate the factors that could affect the nutrient and 

sediment removal efficiency of the reservoir. The correlation coefficients between each factor 

and mass loading reduction of each nutrient species and sediment (LR (%); Eq. 6) were 

quantified on a monthly basis. The factors included in this analysis were water temperature, 

HRT, water volume in the reservoir, and water inflow. The Pearson product-moment correlation 

coefficients and their statistical significance were determined based on a 5% level of significance 

(Pearson, 1896). All statistical analyses were implemented using R Studio statistical software 

(version 4.0.2). 
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3. Results and Discussion 

3.1 Reservoir water balance  

The 30-year normal precipitation was 1163 mm with higher precipitation occurring 

during the summer months (June-August), compared to other seasons (33%; Table 2.2). The first 

year of the study (May 2019- Apr 2020) was relatively dry with 6.6% less precipitation than the 

long-term average. The first four months of this year (May-Aug 2019) were substantially dry 

compared to the long-term normal. The total precipitation during May-Aug 2019 was 303 mm, 

which was 37.2% less than the long-term normal of 483 mm. This large precipitation deficit was 

compensated by the extremely wet conditions in Sep 2019 and Feb 2020, leading to a relatively 

small deviation from the annual long-term normal precipitation. In contrast, the second year 

(May 2020- Apr 2021) was wet with precipitation exceeding the long-term average by 28%. The 

second year was characterized by two distinct periods: Jun- Oct 2020, which was comparable to 

the long term normal followed by Nov 2020 - Feb 2021, which was extremely wet with total 

precipitation greater than double the long-term normal (674 mm vs. 329 mm). 

Table 2.2: Monthly precipitation (mm) observed at the study site compared with the 30-year 

long-term average†. 

Year May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr Total 

2019-2020 37 65 77 124 162 89 86 64 49 154 92 86 1086 

2020-2021 166 112 126 150 105 55 208 162 129 175 76 24 1489 

30-year 

normal 
99 121 133 131 104 60 72 78 103 76 106 81 1163 

†The summation 
of the monthly values of precipitation may not add up to the annual totals due to rounding. 

   

The estimated components of the reservoir water balance are summarized in Table 2.3. 

Most of the water received by the reservoir was in the form of surface runoff from the two 

experimental treatments and the upstream forested land (82%). The upstream forested land 
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contributed the largest amount of inflow water to the reservoir (38%), while subsurface drainage 

contributed the least amount of inflow water (14%). The reservoir received 2.5 times greater 

inflow in the wetter year (2020-2021), compared to the inflow received in the drier year (2019-

2020) (Table 2.3, Figure 2.9). Over the two-year period, the reservoir released 86% of the total 

inflow as outflow from its outlet. Of the total inflow, 5.7% was withdrawn for irrigation, 7.5% 

was lost via evaporation and seepage, and 0.8% represented an increase in the water stored in the 

reservoir. More water was captured by the reservoir during 2019-2020, compared to 2020-2021. 

In 2019-2020, the reservoir released 71% of the total inflow, compared to 92% released in 2020-

2021. This was in part due to the water storage level at the beginning of the two-year study. As 

previously stated in the methods section, some of the water stored in the reservoir had to be 

released for the installation of the flow measurement station at the reservoir outlet point. At the 

beginning of the two-year study, the reservoir water volume was 3,044 m3, which means that the 

reservoir could have had an additional 2,414 m3 water to be fully filled. As a result, no water was 

released from the reservoir until Sep 2019 (Figure 2.10). Additionally, seepage and evaporation 

losses from the reservoir were higher in 2019-2020 than in 2020-2021. Evaporation losses in 

2019-2020 (6,828 m3) were almost double the evaporation losses in 2020-2021 (3,843 m3) based 

on estimates from a nearby ECONET weather station (Auro: 35.36233° N, 76.71629° W). 

Seepage losses were driven by the hydraulic head, which was influenced by the water level in the 

reservoir and the groundwater table depth in the two treatment field areas. Seepage losses in 

2019-2020 are hypothesized to be higher than in 2020-2021 since the groundwater table was 

substantially deeper in 2019-2020, creating greater hydraulic gradient that drove more seepage.  

Figure 2.10 shows the monthly water volume received by/released from the reservoir and 

the reservoir water level during the study period. For both years, the reservoir stayed near full 
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most of the time except during the growing season when water was withdrawing for irrigation. 

During both years of the study, the highest amount of water received by the reservoir occurred in 

winter, while the lowest was in spring. This was caused by the frequent rainfall events and low 

evapotranspiration losses occurred during the winter months. 

Table 2.3: Water volume of the components of the reservoir water balance. The percentage of the 

volume of each component relative to total reservoir inflow is reported between parentheses. 

Water balance component 
Water volume, m3, (%) 

2019-2020 2020-2021 Total 

Precipitation 4,170 (6) 5,718 (3) 9,888 (4) 

Runoff from forested land 17,728 (27) 71,035 (43) 88,763 (38) 

Subsurface drainage 13,910 (21) 18,277 (11) 32,187 (14) 

Runoff from DWR treatment 15,157 (23) 38,306 (23) 53,463 (23) 

Runoff from CT treatment 15,522 (23) 31,581 (19) 47,103 (20) 

Total reservoir inflow 66,487 164,918 231,405 

Irrigation 4,858 (7) 8,303 (5) 13,160 (6) 

Change in reservoir volume
†
 1847 (3) -77 (0.05) 1770 (0.8) 

Other losses
††

 12,411 (19) 4,900 (3) 17,311 (8) 

Reservoir outflow 47,372 (71) 151,792 (92) 199,164 (86) 

Total flow reduction 19,115 (29) 13,126 (8) 32,241 (14) 

† The difference between the reservoir water volume at the beginning and end of the year. Negative values mean the 

reservoir water volume at the beginning of the year was greater than that at the end of the year. 

†† The summation of evaporation and seepage losses from the reservoir. 
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Figure 2.9: Cumulative flow volume received by/released from the reservoir for the first year 

(left) and second year of the study period (right). 
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Figure 2.10: Monthly flow volume of the reservoir water balance components and the reservoir 

water level for the two-year study period. Negative values of the water volume change means the 

reservoir water volume decreased during the corresponding month. Similarly, negative values of 

the net losses from the reservoir means a net seepage gain (not loss) from the adjacent fields to 

the reservoir, which could happen during wet periods with shallow groundwater. 
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3.2 Hydraulic retention time  

The monthly HRT for the reservoir that was estimated using Eq. 7 is shown in Figure 

2.11. The monthly HRT greatly varied depending on the monthly inflow volume and ranged 

from 3.5 days in Feb 2021 to 222.9 days in Oct 2020. The estimated annual HRT for 2019-2020 

(26.8 days) was considerably longer than that for 2020-2021 (11.3 days). This difference in HRT 

was caused by the relatively wet conditions that frequently occurred during 2020-2021. The 

higher amount of precipitation occurred in 2020-2021 increased the total inflow, causing the 

water to remain in the reservoir for shorter period before it was released from the outlet. Based 

on these HRT values, it can be hypothesized that nutrient and sediment removal efficiency of the 

reservoir would be higher in 2019-2020 than that in 2020-2021. 

  
Figure 2.11: Monthly hydraulic retention time of the reservoir estimated for the two-year study 

period. 
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3.3 Reservoir nitrogen balance  

3.3.1 Nitrogen concentration balance  

Temporal variation and statistical analysis of different nitrogen species concentrations in 

water received by the reservoir are shown in Figure 2.12 and summarized in Table 2.4. The NO3-

N concentration in subsurface drainage flow from the DWR treatment was significantly higher 

(11.65 mg L-1, P value < 0.001) than NO3-N concentration in surface runoff from the CT 

treatment (4.92 mg L-1), DWR treatment (2.18 mg L-1), and forested land (0.81 mg L-1). There 

was no significant difference between NO3-N concentration in surface runoff from the CT and 

DWR treatments (p value = 0.10). Nitrate concentration in inflow from the forested land was the 

lowest compared to other inflow sources (p value < 0.007). 

Ammonium (NH4-N) concentration in surface runoff from the CT treatment was the 

highest, compared to NH4-N concentrations in all other inflow sources. However, the difference 

between NH4-N concentrations in the surface runoff from the CT and DWR treatments was not 

statistically significant (P value =0.228). Organic nitrogen (ON) concentrations in the surface 

runoff from both treatments and forested land were comparable with no statistically significant 

difference. The ON concentration in subsurface drainage flow was lower than that in the other 

inflow sources (P value < 0.001). Overall, TN concentration was highest in subsurface drainage 

flow from the DWR treatment and lowest in the surface runoff from the forested land (p value < 

0.001).  

Nitrate (NO3-N) was the most dominant form of nitrogen in subsurface drainage flow 

from the DWR treatment (98% of TN), surface runoff from the DWR treatment (60% of TN), 

and surface runoff from the CT treatment (61% of TN). In contrast, nitrogen in the surface runoff 

from the forested land consisted primarily of ON (70% of TN). Ammonium concentration was 
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very small, as 73% of the total number of collected water samples had NH4-N concentration 

below or equal to the detection limit of the laboratory equipment (0.10 mg L-1).  

Nitrate concentration showed high variation throughout the study period with higher 

concentration values during the first year of the study, compared to the second year. Severe dry 

weather condition occurred in 2019-2020 caused major yield losses and consequently increased 

nitrate losses from the field due to the large amount of fertilizer that was not utilized by the crop. 

Comparable trends were exhibited for NO3-N and TN concentrations in surface runoff from both 

treatments and subsurface drainage flow, with matching time of peaks and troughs. Nitrate 

concentration tended to peak after fertilizer applications in each of the two growing seasons of 

the study. For example, a rainfall event occurred four days after the fertilizer application in late 

May 2019 generated surface runoff from the CT treatment with a NO3-N concentration of 48.9 

mg L-1. This high concentration value was excluded from the graphs to better visualize the 

concentration trend and differences of small concentration values. Another rainfall event 

occurred after the fertilizer application in early June 2020, generated a spike in NO3-N 

concentration in surface runoff from the CT treatment (14.3 mg L-1) and subsurface drainage 

from the DWR treatment (19.1 mg L-1). 
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Figure 2.12: Measured concentrations of nitrogen species in the water received by the reservoir 

from different sources during the two-year study period. 

Table 2.4: Mean and standard deviation (Mean ±SD) of nitrogen species concentration (mg L-1) 

measured in the water entered the reservoir from different inflow sources†. 

  Nitrogen species concentration (mg L-1) 

  
Forested land 

inflow  

Subsurface 

drainage  
CT runoff DWR  runoff 

No of samples  30 29 31 27 

NO3-N 
Mean±SD 0.81±1.43 11.65±6.33 4.92±8.99 2.18±2.44 

Comparison C A B B 

NH4-N 
Mean±SD 0.10±0.18 0.09±0.16 1.01±2.25 0.32±0.62 

Comparison C C AB BC 

ON 
Mean±SD 0.82±0.43 0.43±0.53 0.89±0.46 0.84±0.41 

Comparison B D AB BC 

TN 
Mean±SD 1.74±1.47 12.18±5.99 6.82±10.71 3.34±2.73 

Comparison D A B C 

† Letters A, B, C, and D denote the statistically significant differences among concentrations of each nitrogen 

species in different inflow sources, with letter “A” representing highest concentration value and letter “D” 

representing lowest concentration value. Inflow sources with same letters in each row mean that there was no 

significant difference between their concentrations, and vice versa. 
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Temporal variations and statistical analysis of different nitrogen species concentrations in 

water stored in the reservoir, reservoir outflow, and irrigation water are shown in Figure 2.13 and 

summarized in Table 2.5. Nitrate concentration in water stored in the reservoir was not 

significantly different from NO3-N concentration in the reservoir outflow (p value = 0.259). 

Nitrate concentration in the irrigation water was significantly higher (p value = 0.016) than that 

in the reservoir, which indicates the presence of concentration gradient in the water column. 

Irrigation pump intake was 40 cm from the bottom of the reservoir while the reservoir water 

samples were collected from the top 50 cm of the reservoir water column. It should also be 

mentioned that water samples collected from the reservoir were grab samples, representing the 

species concentrations at the time of sampling. On the other hand, the samples collected from all 

inflow sources, irrigation, and reservoir outflow were composite samples, representing a “flow-

weighted” concentration for the time period between samples collection. Nitrate concentration 

near the water surface of reservoirs is usually lower since it is consumed more quickly by 

plankton (Webb, 2017). In contrast, ammonium concentrations in the irrigation water, water 

retained in the reservoir, and reservoir outflow were not significantly different (p value > 0.624). 

Organic nitrogen concentration was significantly higher in the water retained in the reservoir, 

compared to reservoir outflow (p value = 0.006), but it was not significantly different from ON 

concentration in irrigation water (p value = 0.156). 

Nitrate was the primary form of nitrogen in the reservoir outflow (60% of TN) and 

irrigation water (53% of TN). Nitrate concentration ranged from 0.10 to 5.28 mg L-1 in the 

reservoir outflow and 0.11 to 3.49 mg L-1 in the irrigation water. Ammonium concentration in 

the water released from the reservoir was very small, with only 19% of the samples having 

concentration above the detection limit (0.10 mg L-1).  



 

40 

 

Figure 2.13: Measured concentrations of nitrogen species in the reservoir outflow, water stored 

in the reservoir, and irrigation withdrawn during the two-year study period. 

Table 2.5: Mean and standard deviation (Mean ±SD) of nitrogen species concentration (mg L-1) 

measured in the reservoir outflow, water stored in the reservoir, and irrigation†. 

  Nitrogen species concentration (mg L-1) 

  Irrigation   Water in reservoir    Reservoir outflow  

No of samples  11 33 26 

NO3-N 
Mean±SD 1.45±1.15 1.32±1.86 1.38±1.50 

Comparison AB C BC 

NH4-N 
Mean±SD 0.36±0.85 0.11±0.12 0.10±0.12 

Comparison A A A 

ON 
Mean±SD 1.09±0.50 1.04±0.41 0.90±0.45 

Comparison AB A B 

TN 
Mean±SD 2.91±1.06 2.47±1.78 2.38±1.50 

Comparison A A A 

† Letters A, B, C, and D denote the statistically significant differences among concentrations of each nitrogen 

species, with letter “A” representing highest concentration value and letter “D” representing lowest concentration 

value. Columns with same letters in each row mean that there was no significant difference between their 

concentrations, and vice versa. 
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Flow weighted mean concentration of nitrogen in the water received by the reservoir was 

estimated by dividing the total load of nitrogen entered the reservoir by the total reservoir inflow. 

Comparison between nitrogen concentration in water received by the reservoir and that in water 

released by the reservoir is shown in Figure 2.14 and summarized in Table 2.6. Concentration of 

total nitrogen in water released from the reservoir was significantly lower than that in water 

received by the reservoir (Table 2.6). On average, the DWR system significantly reduced TN 

concentration by 1.47 mg L-1 (40%) with a reduction of 3.16 mg L-1 (51%) in 2019-2020 and 

0.85 mg L-1 (30%) in 2020-2021. Total nitrogen concentration reduction was mainly due to the 

reduction of NO3-N concentration that was achieved in both years with an average of 1.48 mg L-

1 (53%). Nitrate concentration in subsurface drainage flow exceeded the USEPA drinking water 

standard of 10 mg L-1 in 18 (62%) of the 29 collected samples, while the maximum NO3-N 

concentration in the reservoir outflow was 5.28 mg L-1. Ammonium concentration was 

significantly reduced by an average of 0.10 mg L-1, while the reduction in the second year was 

not significant. Organic nitrogen concentration in the water released from the reservoir was 

slightly higher (0.11 mg L-1) than in the water received by the reservoir, however this difference 

was not significant. The ON concentration was not reduced in the reservoir since a portion of the 

inorganic species of nitrogen may have been assimilated by phytoplankton and eventually 

released from the reservoir outlet in the phytoplankton biomass as ON (Fairchild and Velinsky, 

2006). 
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Figure 2.14: Flow weighted mean concentration of nitrogen species in the water entering and 

exiting the reservoir during the two-year study period. 

Table 2.6: Annual flow weighted mean concentration of nitrogen species in water entering the 

reservoir (Cin) and reservoir outflow (Cout) and concentration reduction (CR). 

 Year Cin (mg L-1) Cout (mg L-1) CR (mg L-1) CR (%) P value 

NO3-N 

 

2019 5.05 2.04 3.01 60 0.002* 

2020 2.00 1.09 0.91 45 0.007* 

Total 2.80 1.32 1.48 53 0.001* 

NH4-N 

 

2019 0.45 0.14 0.31 70 0.012* 

2020 0.09 0.08 0.01 14 0.082 

Total 0.19 0.09 0.10 51 0.001* 

ON 

 

2019 0.66 0.82 -0.16 -25 0.336 

2020 0.72 0.79 -0.08 -11 0.957 

Total 0.69 0.80 -0.11 -16 0.502 

TN 

 

2019 6.16 3.00 3.16 51 <0.001* 

2020 2.81 1.96 0.85 30 <0.001* 

Total 3.68 2.21 1.47 40 <0.0001* 

Significance difference in nitrogen concentration in the water entering and exiting the reservoir is indicated by *, 

when P value < 0.05. 
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3.3.2 Nitrogen loads 

The summary of nitrogen load analysis is shown in Figure 2.15 and Table 2.7. Nitrogen 

load entered the reservoir via different inflow sources consisted primarily of NO3-N (76%), with 

small percentages of ON (19%) and NH4-N (5%). Although flow weighted mean concentration 

of NO3-N in reservoir inflow was higher in the first year of the study (5.05 mg L-1) compared to 

the second year (2.00 mg L-1), NO3-N loads entered the reservoir in both years were similar (315 

and 319 kg, respectively). This can be attributed to the substantially lower reservoir inflow 

volume during the first year (66,487 m3) compared to the second year (164,917 m3). In both 

years, most of NO3-N load entered the reservoir during the period from November to March, 

which corresponded to the increase of the NO3-N leaching via subsurface drainage flow. Nitrate 

load during this period accounted for 77% and 56% of total NO3-N load entered the reservoir in 

the first and second year, respectively. 

Nitrate load in subsurface drainage flow was significantly highest (p value <0.0001), 

compared to the other sources, and accounted for 68% of total NO3-N load. Although the 

forested-land inflow was 38% of the total reservoir inflow, it only exported 3% of the total NO3-

N load received by the reservoir due to its small NO3-N concentration. Mean annual NO3-N load 

was 216 kg (18.8 kg/ha) in subsurface drainage flow, 48 kg (10.9 kg/ha) in surface runoff from 

the CT treatment, and 42 kg (7.1 kg/ha) in surface runoff from DWR treatment. Poole et al. 

(2018) reported that the mean annual NO3-N losses from a tile-drained site near Plymouth in 

eastern North Carolina ranged from 1.3 to 36.8 kg/ha for a nine-year study period. The Plymouth 

site was on a poorly drained soil and had a drainage system with a slightly wider drain spacing 

(22.9 m), compared to our case study that had a moderately well drained soil with a narrower 

drain spacing (18 m). 
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The forested land runoff exported 42% of total ON load to the reservoir, while subsurface 

drainage flow exported the least amount (5%). Surface runoff from the CT treatment exported 

47% of total NH4-N load to the reservoir, while subsurface drainage flow exported the least 

amount (6%). 

The DWR system as a whole significantly reduced NO3-N load export, compared to load 

input, by 371 kg (59%; p value < 0.001), with higher load reduction in 2019-2020 (69%) 

compared to 2020-2021 (48%). Ammonium load was also reduced by 24 kg (56%; p value < 

0.001), with higher load reduction in 2019-2020 (77%) compared to 2020-2021 (18%). Organic 

nitrogen load was reduced in 2019-2020 by 5%, but it increased in 2020-2021 (-5%), but the 

increase was not significantly different (p value = 0.363). Overall, TN was significantly reduced 

by the reservoir (p value < 0.001) by 391 kg (47%), with higher load reduction in 2019-2020 

(63%) than 2020-2021 (33%). 

 

Figure 2.15: Cumulative loads of nitrogen species in all water received and released by the 

reservoir. Each graph is divided into two graphs: one graph for year 2019-2020 (left), and the 

other for year 2020-2021 (right). 
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Table 2.7: Annual nitrogen load (kg) in all water received and released by the reservoir. The 

percentage of nitrogen load of each component relative to nitrogen load of total reservoir inflow 

is reported in parentheses† 

Nitrogen species load (kg) 

   

Forested 

land 

inflow 

Subsurface 

drainage 

DWR 

runoff 

CT 

runoff 

Reservoir 

inflow 

Reservoir 

outflow 
Irrigation 

Load 

reduction 

NO3-N 

2019 12.0 224.5 34.8 43.7 314.9 96.7 4.4 218.2 (69)* 

2020 9.9 207.7 48.4 52.9 318.8 165.8 15.4 153.0 (48)* 

Total 21.8 432.2 83.1 96.6 633.7 262.5 19.8 371.2 (59)* 

NH4-N 

2019 1.3 1.6 10.4 14.7 27.9 6.4 1.9 21.5 (77)* 

2020 4.4 0.9 4.3 5.3 14.8 12.2 0.5 2.6 (18)* 

Total 5.6 2.5 14.7 20.0 42.7 18.6 2.4 24.1 (56)* 

ON 

2019 10.9 3.2 13.6 13.5 41.2 39.1 4.9 2.2 (5) 

2020 53.5 5.1 27.2 28.1 113.9 120.0 10.2 -6.1 (-5) 

Total 64.4 8.3 40.8 41.6 155.1 159.1 15.1 -4.0 (-3) 

TN 

2019 24.2 229.2 58.8 71.9 384.0 142.1 11.2 241.9 (63)* 

2020 67.7 213.7 79.8 86.3 447.5 298.1 26.0 149.4 (33)* 

Total 91.9 442.9 138.6 158.2 831.6 440.2 37.3 391.3 (47)* 

† Total load values may not equal to the summation of the loads from each year due to rounded values. Significance 

difference in nitrogen load in water received by/released from the reservoir is indicated by *, when P value < 0.05. 

 

3.4 Reservoir phosphorous balance  

3.4.1 Phosphorous concentration balance  

Temporal variations and statistical analysis of the concentrations of different 

phosphorous species in water received by the reservoir are shown in Figure 2.16 and summarized 

in Table 2.8. Total phosphorous and OP concentrations were significantly higher in surface 

runoff compared to subsurface drainage flow (P value < 0.004), while particulate phosphorous 

did not differ significantly among all inflow sources (P value = 0.07). In addition, TP and OP 

concentrations were significantly higher in surface runoff from both treatments than TP and OP 

concentrations in the forested land inflow (P value < 0.026). Similar to N, higher P concentration 
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occurred in the first year of the study, compared to the second year caused by the leaching of the 

unutilized fertilizer. 

Orthophosphate (OP) was the most dominant form of phosphorous in the surface runoff 

water of the CT treatment (79% of TP) and DWR treatment (76 % of TP). In contrast, OP was 

less dominant in the surface runoff from the forested-land (41% of TP) and subsurface drainage 

flow (17% of TP).  

 

Figure 2.16: Measured concentrations of phosphorous species in water received by the reservoir 

from different sources during the two-year study period. 
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Table 2.8: Mean and standard deviation (Mean ±SD) of phosphorous species concentration (mg 

L-1) in water received by the reservoir from different inflow sources†. 

 Phosphorous species concentration (mg L-1) 

  Forested land 

inflow  

Subsurface 

drainage flow 

CT surface 

runoff 

DWR surface 

runoff 

No of samples  30 29 31 27 

OP Mean±SD 0.18±0.21 0.03±0.06 0.41±0.40 0.32±0.20 

 Comparison B C A A 

PP Mean±SD 0.11±0.08 0.07±0.08 0.09±0.06 0.10±0.07 

 Comparison A A A A 

TP Mean±SD 0.28±0.22 0.10±0.11 0.50±0.41 0.42±0.22 

 Comparison B C A A 

† Letters A, B, C, and D denote the statistically significant differences among concentrations of each phosphorous 

species in different inflow sources, with letter “A” representing highest concentration value and letter “D” 

representing lowest concentration value. Inflow sources with same letters in each row mean that there was no 

significant difference between their concentrations, and vice versa. 

 

Temporal variations and statistical analysis of different phosphorous species 

concentrations in water stored in the reservoir, reservoir outflow, and irrigation water are shown 

in Figure 2.17 and summarized in Table 2.9. Orthophosphate and TP concentrations were 

significantly higher in reservoir outflow and irrigation water than those in water retained in the 

reservoir (P value > 0.002). Particulate P concentration was significantly higher in reservoir 

outflow than that in water retained in the reservoir (P value = 0.027), but there was no significant 

difference between its concentration in irrigation water and in water retained in the reservoir (P 

value = 0.813).  Particulate P was the dominant form in reservoir outflow and accounted for 54% 

of TP.  In contrast, OP was the primary form of P in irrigation water (63% of TP). Total 

phosphorous ranged from 0.08 to 0.66 mg L-1 in the reservoir outflow and 0.07 to 0.76 mg L-1 in 

the irrigation water. 
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Figure 2.17: Measured concentrations of phosphorous species in the reservoir outflow, water 

stored in the reservoir, and irrigation withdrawn during the two-year study period. 

Table 2.9: Mean and standard deviation (Mean ±SD) of phosphorous species concentration (mg 

L-1) measured in the reservoir outflow, water stored in the reservoir, and irrigation†. 

  Phosphorus species concentration (mg L-1) 

  Irrigation Water in reservoir Reservoir outflow 

No of samples  11 33 26 

OP Mean±SD 0.23±0.20 0.08±0.11 0.12±0.14 

 Comparison A B A 

PP Mean±SD 0.11±0.10 0.10±0.07 0.13±0.08 

 Comparison AB B A 

TP Mean±SD 0.34±0.23 0.18±0.13 0.25±0.16 

 Comparison A B A 

† Letters A, B, C, and D denote the statistically significant differences among concentrations of each phosphorous 

species, with letter “A” representing highest concentration value and letter “D” representing lowest concentration 

value. Columns with same letters in each row mean that there was no significant difference between their 

concentrations, and vice versa. 

 

Comparison between phosphorous concentration in reservoir inflow and reservoir 

outflow is shown in Figure 2.18 and summarized in Table 2.10. Concentration of TP in reservoir 

inflow was reduced by 0.05 mg/L-1 (21%), however the reduction was not significant. 

Concentration of OP was significantly reduced by 0.07 mg/L-1 (46%), but the reduction was not 
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significant in the first year. Particulate P concentration in the reservoir outflow was significantly 

higher than that in the reservoir inflow by 0.02 mg/L-1 (29%), however it was not significantly 

different in the second year. Unlike OP that remains in the water column and would be easily 

available to be utilized by algae, PP settles to the bottom of the water column until it is released 

from the reservoir with sediment. In addition, PP concentration tended to be attached to fine 

sediments (Schuman et al., 1973; Stone and Mudroch, 1989; McDowell et al., 2001; Poirier et 

al., 2012) that can be easily released from the reservoir with large runoff events. Based on a 

study conducted on 11 ponds, Fairchild and Velinsky (2006) reported that small ponds can 

greatly reduce OP, but they usually export more PP than they receive.    

 

Figure 2.18: Flow weighted mean concentration of phosphorous species in the water entering and 

exiting the reservoir during the two-year study period. 
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Table 2.10: Annual flow weighted mean concentration of phosphorous species in water entering 

the reservoir (Cin) and reservoir outflow (Cout) and concentration reduction (CR). 

 Year Cin (mg L-1) Cout (mg L-1) CR (mg L-1) CR (%) P value 

OP 

 

2019 0.28 0.13 0.16 56% 0.054 

2020 0.11 0.07 0.04 35% 0.030* 

Total 0.16 0.08 0.07 46% 0.001* 

PP 

 

2019 0.07 0.11 -0.03 -42% 0.002* 

2020 0.08 0.10 -0.02 -21% 0.244 

Total 0.08 0.10 -0.02 -29% 0.011* 

TP 

 

2019 0.36 0.23 0.12 35% 0.204 

2020 0.19 0.17 0.02 11% 0.481 

Total 0.23 0.19 0.05 21% 0.097 

Significance difference in phosphorous concentration in the water entering and exiting the reservoir is indicated by 

*, when P value < 0.05. 

 

3.4.2 Phosphorous loads 

The summary of phosphorous load analysis is shown in Figure 2.19 and summarized in 

Table 2.11. Total phosphorous load (53 kg) received by the reservoir from different inflow 

sources consisted primarily of OP (67%), with a smaller percentage of PP (33%). 

Flow weighted mean concentration of OP in the reservoir inflow was higher in 2019-

2020 (0.19 mg L-1) compared to 2020-2021 (0.03 mg L-1), loads in both years were similar (17.6 

and 17.5 kg, respectively) due to lower inflow water volume in 2019-2020. In both years, OP 

load tended to increase during spring and summer, decrease during fall, before it increased again 

during winter. OP load in surface runoff from the CT treatment was highest (50% of total OP), 

compared to surface runoff from the DWR treatment (35% of total OP) and forested land (14% 

of total OP), and subsurface drainage flow (1% of total OP). However, OP load from the CT 

treatment did not differ significantly from OP load from surface runoff from DWR treatment and 

forested land (p value = 0.405). 
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Particulate P load in surface runoff from the forested land was highest (42% of total OP 

load), compared to PP loads in surface runoff from both CT treatment (26% of total OP) and 

DWR treatment (22% of total OP), and PP load in subsurface drainage flow (10% of total OP). 

The DWR system significantly reduced OP load by 18.4 kg (52%; p value < 0.001), with a higher 

significant reduction during 2019-2020 (66%; p value < 0.001) compared to a non-significant 

reduction in 2020-2021 (38%; p value = 0.723). Particulate P load released from the reservoir via 

outflow was higher than that the total PP received from different inflow sources by 2.4 kg (14%), 

however the load increase was not significant (p value = 0.205). Overall, the DWR system 

significantly reduced TP load by 16 kg (30%; p value = 0.020), with a higher significant reduction 

during 2019-2020 (51%; p value = 0.001) compared to a non-significant reduction in 2020-2021 

(15%; p value = 0.813).  

 

Figure 2.19: Cumulative loads of phosphorous species in water received and released by the 

reservoir. Each graph is divided into two graphs: one graph for year 2019-2020 (left), and the 

other for year 2020-2021 (right). 
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Table 2.11: Annual phosphorous load (kg) in all the water received and released by the reservoir. 

The percentage of phosphorous load of each component, relative to phosphorous load of total 

reservoir inflow, is reported in parentheses†. 

  Phosphorus species load (kg) 

   
Forested-

land 

Subsurface 

drainage 

DWR 

runoff 

CT 

runoff 

Reservoir 

inflow 

Reservoir 

outflow 
Irrigation 

Load 

reduction 

OP 

2019 3.3 0.1 7.7 6.5 17.6 6.0 0.9 11.7 (66)* 

2020 2.0 0.2 7.6 7.7 17.5 10.8 1.9 6.7 (38) 

Total 5.3 0.4 15.4 14.2 35.2 16.8 2.9 18.4 (52)* 

PP 

2019 1.6 0.7 1.1 1.3 4.7 5.0 0.3 -0.3 (-7) 

2020 6.1 1.0 3.6 2.4 13.1 15.1 1.4 -2.0 (-16) 

Total 7.6 1.7 4.8 3.7 17.8 20.2 1.7 -2.4 (-14) 

TP 

2019 4.8 0.8 8.9 7.8 22.3 11.0 1.2 11.3 (51)* 

2020 8.0 1.2 11.3 10.1 30.7 26.0 3.4 4.7 (15) 

Total 12.9 2.1 20.1 17.9 53.0 37.0 4.6 16.0 (30)* 

† Total load values may not equal to the summation of the loads from each year due to rounded values. Significance 

difference in phosphorous load in water received by/released from the reservoir is indicated by *, when P value < 

0.05. 

 

3.5 Reservoir sediment balance 

3.5.1 Sediment concentrations 

Temporal variations and statistical analysis of the concentration of TSS in water received 

by the reservoir are shown in Figure 2.20 and summarized in Table 2.12. Surface runoff from the 

DWR treatment carried significantly higher TSS concentration (9-3969 mgL-1), compared to TSS 

concentration from the CT treatment (1-2180 mg L-1; P value <0.001). This can be attributed to 

the effect of wetter soil profile at the DWR treatment caused by the management of the 

controlled drainage and subirrigation system. Controlled drainage and subirrigation raised the 

field water table level in the DWR treatment and consequently increased soil erosion. For 

example, consecutive rainfall events (64 mm) occurred on June 12-16, 2020 produced 58 mm of 

runoff with 3969 mg L-1 of TSS from the DWR treatment, while it only produced 24 mm of 

runoff with 318 mg L-1 of TSS from the CT treatment. During this period, average field water 
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table level was 16 cm below soil surface in the DWR treatment, while it was 30 cm in the CT 

treatment. TSS concentration in surface runoff from the forested land (1-1151 mg L-1) was 

significantly lower than TSS concentration in surface runoff from both treatments (P value 

<0.011). TSS concentration in subsurface drainage flow (1-109 mg L-1) was lowest, compared to 

all other inflow sources (P value <0.001). It should be noted that the automated sampler of 

surface runoff from the DWR treatment did not collect any water samples during the large runoff 

event that occurred on 11/12/2020. Therefore, a grab water sample was collected on 11/13/2020 

while there was still flow occurring. This may explain the large difference in the TSS 

concentration in the surface runoff from CT (578 mg L-1) and DWR (28 mg L-1) treatment during 

this period. In addition, surface runoff from the CT treatment (146 mm) was 2.4 times greater 

than surface runoff from the DWR treatment (60 mm) on 11/13/2020, which is expected to cause 

more soil erosion from the CT treatment.   
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Figure 2.20: Measured concentration of total suspended solids (TSS) in the water received by the 

reservoir from different sources during the two-year study period. 

Table 2.12: Mean and standard deviation (Mean ±SD) of TSS concentration (mg L-1) in the 

water received by the reservoir from different inflow sources. 

  TSS concertation (mg L-1) 

  Forested 

land inflow 

Subsurface 

drainage flow 
CT runoff DWR  runoff 

No of Samples  30 29 31 27 

TSS 
Mean±SD 148±303 12±22 410±598 751±936 

Comparison C D B A 

† Letters A, B, C, and D denote the statistically significant differences among concentrations of TSS in different 

inflow sources, with letter “A” representing highest concentration value and letter “D” representing lowest 

concentration value. Inflow sources with same letters in each row mean that there was no significant difference 

between their concentrations, and vice versa. 
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Temporal variations and statistical analysis of TSS concentrations in water stored in the 

reservoir, reservoir outflow, and irrigation water are shown in Figure 2.21 and summarized in 

Table 2.13. The TSS concentration in reservoir outflow was significantly higher than that in 

water retained in the reservoir (P value = 0.001). The TSS concentration in irrigation water was 

not significantly different from that of water retained in the reservoir (P value = 0.844). 

 

 

Figure 2.21: Measured concentration of total suspended solids (TSS) in reservoir outflow, water 

retained in the reservoir, and irrigation water during the two-year study period. 
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Table 2.13: Mean and standard deviation (Mean ±SD) of TSS concentration (mg L-1) measured 

in reservoir outflow, water stored in the reservoir, and irrigation†. 

  TSS concertation (mg L-1) 

  Irrigation  Water in reservoir Reservoir outflow 

No of samples  11 33 26 

TSS Mean±SD 35±27 18±26 55±103 

 Comparison AB B A 

† Letters A, B, C, and D denote the statistically significant differences among concentrations of TSS, with letter “A” 

representing highest concentration value and letter “D” representing lowest concentration value. Columns with same 

letters in each row mean that there was no significant difference between their concentrations, and vice versa. 

 

Comparison between TSS concentrations in reservoir inflow and outflow is shown in 

Figure 2.22 and summarized in Table 2.14. TSS concentration was significantly reduced by the 

reservoir (p value < 0.002), with 273 mg L-1 (86 %) overall reduction. Although 2020-2021 was 

much wetter than 2019-2020 and had smaller HRT, the sediment reduction percentage was 

nearly similar in both years. 

 

Figure 2.22: Flow weighted mean concentration of TSS in the water entering and exiting the 

reservoir during the two-year study period. 



 

57 

Table 2.14: Annual flow weighted mean concentration of TSS (mg L-1) in water entering the 

reservoir (Cin) and reservoir outflow (Cout) and concentration reduction (CR). 

 Year Cin (mg L-1) Cout (mg L-1) CR (mg L-1) CR (%) P value 

TSS 

 

2019 391 50 341 87 0.003* 

2020 300 45 255 85 0.044* 

Total 319 46 273 86 0.002* 

Significance difference in sediment concentration in water received by/released from the reservoir is indicated by *, 

when P value < 0.05. 

 

3.5.2 Sediment loads  

The summary of sediment load analysis is shown in Figure 2.23 and Table 2.15. 

Sediment load in the reservoir inflow in 2020-2021 (47,712 kg) was much higher than that in 

2019-2020 (24,369 kg). Sediment load losses in the surface runoff from the DWR treatment 

accounted for 64% of total TSS load in the reservoir inflow and was significantly higher than 

loads from the other inflow sources (p value < 0.0002). Sediment load in the surface runoff from 

the CT treatment accounted for 19% of total TSS inflow load, compared to 17% for the forested 

land, while sediment losses in subsurface drainage flow were very small (0.2%). The DWR 

system significantly reduced sediment load by 87% (p value < 0.0001), with higher load 

reduction during 2019-2020 (90%) compared to 2020-2021 (86%). 
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Figure 2.23: Cumulative loads of sediment in water received and released by the reservoir for 

year 2019-2020 (left), and year 2020-2021 (right). 

Table 2.15: Annual sediment load (kg) in all water received and released by the reservoir. The 

percentage of nitrogen load of each component relative to nitrogen load of total reservoir inflow 

is reported between parentheses† 

  Sediment load (kg) 

   
Forested-

land 

Subsurface 

drainage 

DWR 

runoff 

CT 

runoff 

Reservoir 

inflow 

Reservoir 

outflow 
Irrigation 

Load 

reduction 

TSS 

2019 
9367 99 10901 3998 24365 2377 147 21989 

(90)* 

2020 
2822 55 35035 9799 47711 6814 362 40898 

(86)* 

Tota

l 

12189 154 45937 13797 72077 9190 509 62886 

(87)* 

† Total load values may not equal to the summation of the loads from each year due to rounded values. Significance 

difference in sediment concentration in water received by/released from the reservoir is indicated by *, when P value 

< 0.05. 
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3.6 Factors affecting nutrient and sediment dynamics in the reservoir 

The mechanisms controlling nitrogen assimilation in reservoirs are uptake by plankton, 

denitrification, and deposition (Jansson et al., 1994; Saunders and Kalff, 2001). Phosphorous 

assimilation in reservoirs occurs via the uptake of dissolved P by plankton and the deposition of 

particulate P (Pettersson, 1998). Deposition is the primary mechanism for the reduction of 

sediment loadings by the reservoir. As water carrying sediment enters the reservoir, the flow 

velocity is decreased and sediment settles leaving the water column and accumulates at the 

bottom of the reservoir (Verstraeten, 2000). Factors such as water temperature, HRT, water 

volume in the reservoir, and water inflow are expected to influence these mechanisms/processes, 

and subsequently affect the nutrient and sediment load reduction by the reservoir. The 

correlations between these four factors and the load reduction of nitrogen, phosphorous, and 

sediment by the reservoir were evaluated on a monthly basis (Tables 2.16&2.17).  

In general, the results showed that nitrogen and phosphorous load reductions were 

positively correlated with the reservoir water temperature and HRT, and negatively correlated 

with total reservoir inflow and reservoir water volume. In addition, sediment load reductions 

were negatively correlated with water volume. This would suggest that the removal efficiency of 

the reservoir would be highest during the summer and early fall months when the reservoir has a 

relatively smaller water volume, due to irrigation withdrawal, and warmer temperature. In 

addition, this shows that the reservoir removal efficiency is strongly linked with the crop water 

requirements that determine irrigation rate and affect the reservoir water storage (Reinhart et al., 

2019). 

The reservoir water volume was the most significant factor affecting nutrients and 

sediment reduction in the reservoir. The reservoir water volume had a significantly negative 
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correlation with the reduction of all nutrient species and sediment, except for NO3-N which had a 

non-significant negative correlation. High water volume in the reservoir allows less time for the 

sedimentation, plant uptake and denitrification processes to occur in the reservoir, which 

negatively affects the reservoir removal efficiency. 

The reservoir water temperature was the second most significant factor affecting nutrient 

and sediment load reductions in the reservoir. The reservoir water temperature had a significantly 

positive correlation with the reduction of all nutrient species, and weak correlation with NO3-N 

and sediment load reductions. The significant effect of water temperature on the reservoir load 

reductions can be attributed to several factors.  High water temperature increases the growth rate 

of plankton that quickly deplete dissolved oxygen in the water (Liu et al., 2019), which  

stimulates denitrification and slows  nitrification (Jansson et al., 1994). In addition, higher water 

temperature increases the aquatic plant uptake of inorganic nitrogen and phosphorous species. 

The HRT also affected the nutrient load reduction in the reservoir. The HRT had a 

significantly positive correlation with the ON, NH4-N, and all phosphorus species, while the 

correlation between HRT and NO3-N, TN, and sediment load reduction was not statistically 

significant. The HRT had the opposite effect of water volume in the reservoir. Unlike larger 

water volumes in the reservoir, longer HRT means more time for the natural treatment processes 

to occur in the reservoir. The reservoir inflow had significantly negative correlation with the load 

reduction of NH4-N and OP, while it was not significantly correlated with the other nutrient 

species and sediment load reduction. High flow events increase the resuspension of the 

mineralized organic nutrients on the bottom of the reservoir and release them to the water profile. 
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Table 2.16: Correlation coefficients relating total inflow, reservoir water volume, water 

temperature, and hydraulic retention time (HRT) to load reduction (LR) of nitrogen and 

phosphorous species and sediment, calculated on a monthly basis. 

 Total inflow Water volume 
Water 

temperature 
HRT 

NO3-N -0.11 -0.37 0.12 0.20 

ON -0.20 -0.85* 0.67* 0.48* 

NH4-N -0.56* -0.73* 0.59* 0.54* 

TN -0.34 -0.69* 0.41* 0.39 

OP -0.50* -0.70* 0.61* 0.49* 

PP -0.15 -0.81* 0.59* 0.47* 

TP -0.37 -0.84* 0.70* 0.54* 

TSS 0.11 -0.41* 0.41 0.28 

Significant correlation coefficients with P value <= 0.05 are marked with * symbol. 

 

The non-significant correlation between the load reductions of NO3-N and the four 

factors can be attributed to the complexity and interaction between all influencing factors. In 

addition, it can be caused by the outlier data point that occurred in July 2020. During that month, 

the reservoir released more NO3-N load (9.3 kg) in the outflow than that received in the inflow 

(2.1 kg). This happened since the reservoir had a high NO3-N concentration accumulated from 

the previous month as NO3-N concentration in the received subsurface drainage water was the 

highest concentration recorded during the entire study period (23 mg L-1). When this outlier data 

point was excluded from the data, the correlations between the NO3-N load reduction and 

reservoir inflow, water volume, and water temperature were significant. HRT had still non-

significant correlation with NO3-N load reduction, but it was significantly correlated with the TN 

load reduction (Table 2.17).  
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Table 2.17: Correlation coefficients relating total inflow, reservoir water volume, water 

temperature, and hydraulic retention time (HRT) to load reduction (LR) of nitrate (NO3-N) and 

total nitrogen (TN), calculated on a monthly basis when an outlier data point was excluded from 

the data. 

 Total inflow Water volume 
Water 

temperature 
HRT 

NO3-N -0.54* -0.74* 0.86* 0.32 

TN -0.55* -0.83* 0.74* 0.45* 

Significant correlation coefficients with P value <= 0.05 are marked with * symbol. 

 

4. Conclusion  

This study evaluated the effect of DWR on reducing the downstream nitrogen, phosphorous, and 

sediment loadings from an agricultural field in eastern North Carolina. The DWR reservoir 

retained 14% of total inflow that it received from the adjacent fields. The reservoir significantly 

reduced the mass loadings and concentrations of NO3-N, NH4-N, and TN, while the changes in 

ON concentrations and loadings were not statistically significant. The concentrations of NO3-N, 

NH4-N, and TN were reduced by 53%, 51%, and 40%, respectively, while the corresponding 

loadings were reduced by 59%, 56%, and 47%, respectively. The DWR system also reduced the 

mass loading and concentration of OP and loading of TP, while TP concentration was not 

significantly reduced. On the other hand, more PP was released from the reservoir via outflow 

than that was received via inflow. The concentrations of OP and TP were reduced by 46% and 

21%, respectively, while the corresponding loadings were reduced by 52% and 30%, 

respectively. In addition, the reservoir significantly reduced theconcentration and mass loading 

and of sediment received in the reservoir inflow 86% and 87%, respectively. Water volume in 

the reservoir was the most significant factor affecting the removal efficiency of the reservoir, 

along with water temperature. This would suggest that the removal efficiency of the reservoir 

would be highest during the summer and early fall months when the reservoir has a relatively 
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smaller water volume, due to irrigation withdrawal and warmer temperature. In addition, the 

expected water quality benefits from the DWR systems would be highly correlated with the crop 

water requirements that affect the reservoir water storage. In general, the results of this study 

demonstrated that DWR can reduce the off-site nutrient and sediment loadings from agricultural 

landscapes, while providing a supplemental irrigation source to sustain crop production for the 

agricultural landscapes in the U.S. Southeast. Further research is needed to evaluate the DWR 

performance in improving water quality under varying weather conditions and other site specific 

conditions. Research is also needed to investigate the different physical, chemical, and biological 

processes that occur in the storage reservoir and affect the fate and transport of the nutrient and 

sediment in the system. 
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3. Chapter 3: THE EFFECT OF DRAINAGE WATER RECYCLING ON CORN 

AND SOYBEAN YIELDS AND WATER CONSERVATION FOR A 

DRAINED FIELD IN EASTERN NORTH CAROLINA  

Abstract 

Drainage water recycling (DWR) involves capturing and storing surface runoff and 

subsurface drainage water in an on-farm reservoir or pond to use for supplemental irrigation 

during periods of the crop growing season with deficit water stress. DWR has the potential to 

improve crop production and reduce nutrient and sediment losses from drained lands, however 

limited research has investigated these potential benefits. The main objective of this study was to 

quantify the effect of DWR on corn and soybean yields for a research site in eastern North 

Carolina during 4 growing seasons (2018-2021) across a wide range of weather conditions. 

Two treatments were implemented at the study site: DWR and control treatment (CT). 

The 11.23 ha CT treatment was a non-irrigated field that was primarily drained by a surface 

drainage system. The 11.48 ha DWR treatment had a subsurface drainage system that was used 

to drain the field during the wet periods of the growing season and sub-irrigated it during dry 

periods. A 0.38 ha reservoir was used to collect surface runoff and subsurface drainage from 

both treatments and from an upstream forested land (32.5 ha) and then sub-irrigate the DWR 

treatment. A corn-soybean rotation was implemented for the two treatments, with soybean 

planted in 2018 and 2020, and corn planted in 2019 and 2021. 

Results showed that DWR increased corn and soybean yields in all four growing seasons, 

compared to the CT treatment. DWR increased corn yields by 0.39 and 0.90 Mg ha-1 (3% and 

79%) and soybean yields by 0.40 and 0.66 Mg ha-1 (12% and 34%). DWR mainly increased crop 

yield by reducing drought stress (3% to 32%) during the critical crop growth stages by providing 
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supplemental irrigation (5 mm to 73 mm). In addition, the smart drainage water management 

system implemented at the DWR treatment helped to store more water in the soil profile and 

reduce water outflow from the field by an average of 13 mm (9%), compared to the CT 

treatment. The drainage water management of the DWR treatment also reduced excess water 

stress through draining the field during wet periods. Water use efficiency (WUE) was higher for 

crops grown on the DWR treatment by 10% and 61% in two growing seasons, and lower by 16% 

in one growing season. In addition, DWR increased nitrogen and phosphorous use efficiency for 

all crops. Measurements of the field nutrient balance during the period from May 2019 to August 

2021 showed that the amount of nitrogen and phosphorous recycled back to the DWR treatment 

through irrigation was not large enough to reduce fertilizer application rate. During this period, 

4.1 kg ha-1 and 0.40 kg ha-1 of total nitrogen and total phosphorous were recycled to the DWR 

treatment, respectively. Overall, the results of this study demonstrate that DWR is a promising 

practice for increasing the resilience of crop production in the southeastern U.S. including North 

Carolina to the uncertainty in precipitation during the crop growing season, which is expected to 

intensify by climate change. Additional research is needed to monitor the performance of DWR 

for increasing crop production for longer periods with varying factors of weather, soil, and 

system design and management. This research should aim at guiding the design and the 

management of the DWR to optimize the performance and minimize the cost of implementation. 
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1. Introduction 

The world’s population is predicted to increase from 7.9 billion in 2021 to 9.7 billion by 

2050 (UN-DESA, 2019). Several research studies have suggested that crop production needs to 

be doubled to meet this growing global demand by 2050 (FAO, 2018; Jaggard et al., 2010; 

Tilman et al., 2011). However, attaining sustainable crop production presents a considerable 

challenge due its vulnerability to climate uncertainty and extreme weather conditions (Gregory 

and George, 2011; Lobell et al., 2009). In the United States, climate change projections suggest 

that water resources and crop production will be significantly affected by rising temperature and 

more variable precipitation patterns (Walthall et al., 2013). More frequent and intensive 

precipitation coupled with longer dry periods during the growing season increase plant stresses 

due to deficit and excess soil water conditions, causing large crop yield losses. 

In humid regions, agricultural drainage is used to improve crop production, especially on 

poorly drained soils with high water table levels. It manages excess water stresses through 

lowering the water table level and providing good soil aeration conditions (Skaggs et al., 1994). 

Over 40 million ha have been drained in the United States, with 22 million ha tile drained and 18 

million ha drained by ditches (USDA-NASS, 2019). In North Carolina, the total cropland is 

around 2 million ha; 37% of this cropland (751 thousand ha) has been artificially drained, with 

113 thousand ha tile drained and 638 thousand ha drained by ditches (USDA-NASS, 2017). 

Although subsurface drainage improves crop production, it has been a major non-point source of 

nutrients to surface water bodies (Goolsby et al., 1999; Rabalais et al., 2007; Smith et al., 2015; 

Zedler and Kercher, 2005). In addition, an intensive drainage system may over drain the field 

and increase drought stress during the growing season, especially on coarse soils (Skaggs, 1977). 
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Corn and soybean are among the major crops grown in North Carolina. The planted area 

of corn and soybean in North Carolina is 342 and 704 thousand ha, which represents 17% and 

35% of total cropland in North Carolina, respectively (USDA-NASS, 2017). One of the critical 

growth stages of corn is 15 days prior to and 15 days after silking, while pod filling is critical 

growth stage for soybean (NRCS, 2010). Soybean can tolerate drought stress until bloom if there 

was adequate moisture during germination and early seedling growth (NRCS, 2010). In contrast, 

corn is very sensitive to water deficit conditions and its yield can be significantly reduced when 

water shortage occur for even a few days, especially during the critical stages of growth (NRCS, 

2010; Steduto et al., 2012).  

Supplemental irrigation can protect crops in humid regions from severe drought 

conditions during prolonged precipitation deficit periods (Troy et al., 2015). Several studies 

demonstrated that irrigation increased the yield of corn by 30-142% or 2.30-6.30 Mg ha-1  

(Adamsen, 1992; Jordan et al., 2014; Wagger and Cassel, 1993) and soybean by 24-135% or 

0.60-1.10 Mg ha-1 (Ashley and Ethridge, 1978; Doss et al., 1974; Garcia et al., 2010) grown 

under different site specific conditions in the Southeastern United States, including North 

Carolina. However, the expanded use of irrigation poses a stress on fresh water sources. In the 

United States, increased demand on groundwater has led to lowering water table levels and 

depletion of groundwater aquifers such as the High Plains aquifer where water levels have 

declined by more than 30 m since 1950 (Konikow, 2013; McGuire, 2017). 

Drainage water recycling (DWR) is an innovative practice that has the potential to 

improve crop production and water quality, while conserving water resources (Frankenberger et 

al., 2017; Hay et al., 2021). It involves capturing and storing drainage water during wet periods 

in on farm reservoirs to be used for supplemental irrigation during the dry periods of growing 
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season. A number of studies have reported that supplemental irrigation in DWR systems 

increased corn yield by 1% to 31% and soybean yield by 6% to 38% compared to free drainage 

for sites in the eastern U.S. and Canada (Allred et al., 2014; Hay et al., 2021; Nelson et al., 2017; 

Nelson, 2017; Niaghi, 2019; Niaghi et al., 2019; Singh and Nelson, 2021; Tan et al., 2007). It 

was reported that DWR increased resiliency of corn yield to precipitation extremes during the 

critical growth stages of V9-R2 (Willison et al., 2021). Average corn yield increase by DWR was 

3.6 Mg ha-1 when precipitation was 27-85 mm during this critical growth stage, compared to free 

drainage. 

Additional research is needed to expand the knowledge about the DWR impact on crop 

yield since the published data were based on limited studies with unique site conditions (Hay et 

al., 2021). The main goal of this study was to quantify the effect of DWR on corn and soybean 

yields for a research site in eastern North Carolina using 4 years of field experimental data 

representing a wide range of weather conditions. The specific objectives were to: (1) evaluate the 

effect of DWR on corn and soybean yields, (2) investigate the factors affecting crop yield 

response to DWR, which include weather conditions, timing and amount of irrigation, 

groundwater level, and soil water storage, and (3) quantify the effect of DWR on water and 

nutrient use efficiencies.     

2. Materials and Methods  

2.1 Site description 

The experimental study was conducted from May 2018 to October 2021 on a privately-

owned farm near the town of Belhaven, Beaufort County, in the Coastal Plain region of North 

Carolina (35°29'45.32" N, 76°42'56.85" W; Figure 3.1). Two experimental treatments were 

implemented at the study site: drainage water recycling treatment (DWR) and control treatment 
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(CT). The CT treatment (11.23 ha) was a non-irrigated field that was primarily drained by a 

surface drainage system utilizing shallow open ditches (depth = 50 cm, spacing = 60 m) to 

collect surface runoff from the treatment. In contrast, the DWR treatment (11.48 ha) was an 

irrigated field that was drained using 10 cm (0.4 inch) diameter PVC (Polyvinyl chloride) 

corrugated subsurface drain pipes. The subsurface drains were installed at a depth of 125 cm and 

a spacing of 18 m, and discharged into two 200 cm (8 inch) diameter sub-main drains. The sub-

main drains subsequently discharged into a 25 cm (10-inch) main drain that discharged into an 

on-farm reservoir. The subsurface drainage system was used to drain the DWR treatment during 

wet periods of the growing season and sub-irrigate it during dry periods. 

Surface runoff from both treatments and from an upstream forested land (32.5 ha) and 

subsurface drainage from the DWR treatment were captured and stored into an elongated 

reservoir, located between the two treatments. The reservoir had a surface area of 0.38 ha (3840 

m2) and depth of 2.51 m at its deepest location, which provided a storage capacity of 5,458 m3. 

Based on the microtopography of the field, only a portion of the surface runoff from both 

treatments was routed to the reservoir, while the rest was routed to the Pungo Creek, a tributary 

of the Pungo River that eventually merges with the Pamlico Sound. The area of the field 

contributing surface runoff to the reservoir was 5.82 ha for the DWR treatment and 4.43 ha for 

the CT treatment. The stored water in the reservoir was used to sub-irrigate the crops grown on 

the DWR treatment during the dry periods of the growing season. 
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Figure 3.1: Layout of the drainage water recycling research site in Belhaven, North Carolina. 

2.2 Drainage water control structure settings 

A water level control structure with two adjustable weir plates was installed at the outlet 

of the main subsurface drain of the DWR treatment to regulate the field water table level and the 

drainage outflow (Figure 3.2&3.3). The control structure was managed with four modes of 

operation in response to wet and dry conditions at the field: 1) free drainage (FD); 2) lower 

controlled drainage (LCD); 3) upper controlled drainage (UCD); 4) and sub-irrigation (SI). The 

drainage control structure was set to FD mode when the field was very wet by fully opening the 

bottom gate to quickly drain the field Based on the design of the gate assembly, the top gate had 

to be raised when the control structure was in FD mode; otherwise, the top gate would partially 

block the opening of the bottom gate. The LCD mode was triggered when water table was 

shallower than the optimum water table depth, but the field was not severely wet. In the LCD 
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mode, the bottom gate was closed and the top gate was lowered to 60 cm from the soil surface. 

The UCD mode was the default mode of the control structure and was used when the water table 

was at or deeper than the optimum depth. In the UCD mode, the bottom gate was closed and the 

top gate was raised to 20 cm from the soil surface. The SI mode had the same settings of the 

UCD mode but with irrigation water pumped into the drainage system. 

 

Figure 3.2: A picture showing the design of the weir plates of the control structure before 

installation at the outlet of the main subsurface drain of the DWR treatment. 
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Figure 3.3: Water level control structure installed at the outlet of the main drain of the DWR 

treatment (left). A smart drainage system is connected to the control structure to manage 

drainage and sub-irrigation (right). 

2.3 Drainage and irrigation management of the DWR treatment 

The water level control structure was managed by a smart system, which fully automated 

the change in the structure’s settings using a programmed Arduino Mega (Figure 2.3). The weir 

plates of the control structure were adjusted using two actuators, which were controlled by the 

smart system. The smart system was connected to a monitoring well in the middle of the DWR 

field, midway between two subsurface drains, to measure the field water table level. Drainage 

and irrigation were triggered automatically based on predefined field water table depth 

thresholds. These thresholds (Table 3.1) were set depending on the crop type and crop growth 

stage. 

During the growing season, the system was managed to maximize the storage of the 

water in the soil profile to alleviate water deficit conditions and minimize supplemental 
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irrigation. Every day at 9:00 am, the system would trigger the FD, LCD, SI, or remain on the 

default UCD mode, based on the average field water table depth of the previous day and current 

water table depth. If the water table was too shallow (Table 3.1), the system would trigger the 

LCD mode until it reaches an optimum threshold and then returns to UCD mode. The system 

was designed to reduce crop damage due to excess water stress resulting from large storm events. 

If necessary, it would trigger the FD mode at any time of the day if the water table was near the 

soil surface (< 5 cm) and switch to UCD when the water table reached the optimum depth (Table 

3.1). 

Sub-irrigation was applied through pumping water from the reservoir into a 11.4 m3 

(2500 gallon) storage tank to create enough water head for sub-irrigating the field by gravity 

(Figure 2.4). This also would prevent the water pump from turning on and off excessively and 

minimize energy consumption. Two float valves, one in the tank and the other one in the 

reservoir, were used to trigger the pump depending on water depth in the tank and water 

availability in the reservoir. A motorized valve was installed at the tank outlet and was connected 

to the smart system to be triggered to open when irrigation was needed. If the water table was too 

deep and irrigation was needed, the system would close the gates, open the motorized valve, and 

start irrigation based on the crop growth stage. When in irrigation mode, the system would check 

the water level at the outlet of the main drain every 10 minutes and turn off irrigation when water 

starts to flow over the weir to avoid irrigation water loss. When the field water table depth 

reached an optimum threshold, the system turned off irrigation at any time during the day. 
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Table 3.1: Water table depth thresholds used by the smart system to trigger the free drainage 

(FD), lower controlled drainage (LCD), upper controlled drainage (UCD), and sub irrigation (SI) 

modes.† 

Year (crop) DAP†† 
Water table depth threshold (cm) 

FD LCD SI UCD (optimum) 

2019 (corn) 0- harvest 5 30 60 30-60 

2020 (soybean) 

0-34 5 30 No irrigation >30 

34-120 5 40 65 40-65 

120-harvest 5 40 No irrigation >40 

2021 (corn) 

0-40 5 30 No irrigation >30 

40-harvest 5 30 65 30-65 

†The system set the control structure on the upper controlled drainage (UCD) mode if drainage or irrigation was not 

needed.  

††DAP: Days after planting 

 

Figure 3.4: Water was pumped from the reservoir to the storage tank before it was used for 

irrigating the DWR treatment. An enlarged photo of the irrigation pump is shown on the right of 

the figure. 
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2.4 Data collection 

Flow and water quality measurements were conducted to perform water and nutrient 

balances for the DWR and CT treatments. V-notch weirs were used to measure surface runoff 

from the CT and DWR treatments and subsurface drainage flow from the DWR treatments. 

Water stages upstream and downstream of each weir were measured using Campbell Scientific™ 

self-compensating pressure transducers (CS451). Flow rate was calculated using the V-notch 

weir equation that estimates flow as a function of water stage and weir dimensions. Sub-

irrigation rates were measured using a flowmeter that was equipped with pulse output (PRM 

Woltmann Helix style™). The flowmeter sent a pulse to a data logger every 0.0038 m3 (100 

gallons) of irrigation. Sub-irrigation data recorded by the data logger were calibrated with the 

manual readings of the flowmeter. Flow rates were estimated and stored by CR-200X data 

loggers (Campbell Scientific™) that were installed at each flow measuring station. The time 

interval of surface runoff and irrigation measurements was 30 min while all other measurements 

were hourly.  

As previously discussed in detail in Chapter 2, nutrient losses from the two treatments 

and recycled nutrients to the DWR treatment through sub-irrigation were monitored. Each of the 

flow measurement stations was instrumented with an automated water quality sampler (WS700, 

Global Water™) to collect flow proportional discrete samples. 

Precipitation and air temperature were measured using automated tipping bucket rain 

gauges (HOBO; Onset™). The 30-year normal precipitation data (1975-2004) were retrieved 

from a nearby weather station that has a long-term record of weather data (Belhaven 3 NE; 

35.573° N, -76.5848° W). The reservoir water level was measured using an automatic water 

level data logger (U20-001-01, Onset™) installed in a 100 mm diameter PVC observation well. 
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The reservoir water level was also monitored using a manual staff gauge to calibrate the 

measurements from the data logger. The water table depths in both treatments were measured 

using automatic water level data loggers (U20-001-01, Onset™) installed in 100 mm diameter 

PVC observation wells midway between the subsurface drains for the DWR treatment and 

between the open ditches for the CT treatment. Water table data measured by the data loggers 

were calibrated using manual measurements. Barometric pressure was monitored and used for 

compensation to convert water pressure data to water depth.  

Crop yield data from both treatments were collected at the end of each growing season 

using a combine harvester with a calibrated yield monitoring system. The combine was equipped 

with a Global Positioning System (GPS) to record the geographic coordinates of yield data 

points. Dry yield was calculated by adjusting the yield data to a standard moisture content. 

ArcMap software was used to process the yield data, draw the spatial distribution maps, and 

calculate the average crop yield. Grain samples were collected at the end of each growing season 

to quantify the amount of nutrients removed in the grain harvest. The grain samples were 

analyzed in the Environmental and Agricultural Testing Service Laboratory of North Carolina 

State University (EATS) for nitrogen (N) phosphorous (P), and potassium (K). Table 3.2 

summarizes all measurements carried out at the study site and the starting date of each 

measurement. 
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Table 3.2:  Measured data that were conducted at the study site and their initiation time. 

Measurement type Initiation date 

Field water table depth March 2018 

Irrigation using a flowmeter1 July 2018 

Precipitation and temperature3 July 2018 

Reservoir water level November 2018 

Crop yield and grain samples November 2018 

Surface runoff and subsurface drainage January 2019 

Irrigation using a data logger2 May 2019 

Water quality samples May 2019 

1 Irrigation was recorded using the manual reading from the flowmeter. 
2 Irrigation was recorded through counting the number of pulse output from the flowmeter.  

3 Precipitation datalogger did not work during the period 7/19/2018 to 8/16/2018, but precipitation amount was 

recorded using a manual rain gauge and precipitation timing was adjusted using data from a nearby weather station.   

  

2.5 Soil properties 

According to the USDA Web Soil Survey (USDA-NRCS, 2021), the dominant soil series 

on the study site is classified as Altavista fine sandy loam (53% of the field area), which is a 

moderately well drained soil (Figure 2.5). Details of the soil distribution at the study site are 

shown in Table 3.3. The saturated hydraulic conductivity was measured using an auger hole test 

(Boast and Kirkham, 1971) and was estimated to be 0.99 cm hr-1 (23.75 cm day-1). Undisturbed 

soil core samples were also collected from the field to measure the physical soil properties. 

These samples were collected by digging one pit at each treatment (Figure 2.5) Two soil samples 

were collected at each of four different depths (10, 30, 70, and 130 cm) from each pit. The soil 

core samples were tested in the Environmental and Agricultural Testing Service Laboratory of 

North Carolina State University (EATS) and the data are summarized in Table 3.4. The analyses 
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of soil sample showed that the soils on the CT and DWR treatments have similar soil properties 

(Figure 3.6). 

Table 3.3: Information of soil series on the study site in Belhaven, North Carolina. 

Soil series Soil symbol Drainage class % of field area 

Altavista fine sandy loam AaA Moderately well drained 53% 

Tomotley fine sandy loam To Poorly drained 33% 

Augusta fine sandy loam At Somewhat poorly drained 14% 

 

 

Figure 3.5: Spatial variation of soil series on the study site in Belhaven, North Carolina (USDA-

WSS). Locations of the soil pits and auger hole test are also shown on the map. 
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Table 3.4: Soil physical properties of the study site in Belhaven, North Carolina for the CT and 

DWR treatments†. 

Treatment 

Depth 

(cm) 

Particle size distribution 

(%) Soil texture 

Ɵsat  Ɵf Ɵwp ρb 

Sand Silt Clay cm/cm g/cm3 

CT 

 

 

 

20 70 23 7 Sandy loam 0.37 0.21 0.03 1.51 

45 63 23 14 Sandy loam 0.29 0.22 0.04 1.79 

120 50 17 32 

Sandy clay 

loam 

0.42 0.35 0.11 1.47 

370 77 5 17 Sandy loam 0.36 0.22 0.06 1.70 

DWR 

20 71 24 6 Sandy loam 0.40 0.29 0.05 1.42 

45 56 30 14 Sandy loam 0.29 0.22 0.04 1.79 

120 57 25 18 Sandy loam 0.35 0.28 0.06 1.55 

370 76 6 18 Sandy loam 0.36 0.26 0.06 1.61 

† Ɵsat, Ɵfc Ɵwp, and ρb, are saturated water content, field capacity, permanent welting point, and bulk density, 

respectively. Ɵsat,, Ɵfc and Ɵwp  were the soil water content at 0, 330, and 1,5000 cm of suction pressure. 
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Figure 3.6: Soil water characteristic curves generated for the soils on the CT and DWR 

treatments of the study site in Belhaven, North Carolina. 

2.6 Agronomic and management practices 

Cropping system and field management (e.g., crop rotation, planting and harvesting, 

tillage practices, fertilizer application, and pest management) were similar for the DWR and CT 

treatments. A corn-soybean rotation was implemented at the study site with soybeans planted in 

2018 and 2020, and corn planted in 2019 and 2021. Planting of soybean in 2018 was delayed 

since it was grown after winter wheat. The wet conditions in the field during the second half of 

June further delayed soybeans planting until the beginning of July, a month later than the 

planting date of the 2020 soybeans. A summary of the agronomic data of the site is provided in 

Table 3.5. 
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Table 3.5: Crop management information for the experimental study site located in Belhaven, 

North Carolina. 

Year-crop Variety 

Population 

(No. ha-1) 

Planting 

date 

Harvest 

date 

Fertilizer (N, P, K) kg 

ha-1 

Tillage 

Date Rate  

2018-Soybean 

AgVenture 

56W6R 

56,656 8-Jul 4-Nov NA NA 

Vertical 

2019-corn 

Pioneer 

1197 

12,141 26-Apr 3-Sep 

26-Apr 32, 52, 0  

26-Apr 18, 59, 0 Vertical 

27-May 179, 0, 0  

2020-soybean 

MorSoy 

5110 

56,656 6-Jun 5-Nov 3-Jun 20, 34, 67 

Vertical 

2021-corn 

Pioneer 

1197 

12,141 26-Apr 7-Sep 

19-Apr 25, 64, 84  

19-Apr 20, 66, 0 Strip 

26-May 137, 0, 0  

Phosphoric pentoxide (P2O5) was divided by 2.29 to convert it to phosphorus (P). Potassium oxide (K2O) was divided 

by 1.21 to convert it to potassium (K). 

Vertical tillage is implemented through tilling the 5-15 cm of soil while minimizing soil and crop residue disturbance. 

Strip tillage is implemented by only tilling the area of the seeding row and leaving the crop residues between the rows 

undisturbed.  

 

2.7 Crop evapotranspiration under standard conditions (ETc) 

Daily crop evapotranspiration under standard conditions or non-stressed soil water 

conditions (ETc) was estimated by multiplying reference evapotranspiration (ET0) by crop 

coefficient (Kc; Eq. 1). Daily ET0 was estimated using the FAO-56 Penman-Monteith method as 

shown in Eq. 2 (Allen et al., 1998). The lengths of crop development stages and corresponding 

Kc values were obtained from the North Carolina irrigation guide (NRCS, 2010). The generated 

Kc curves for the corn and soybean crops grown at the study site are visualized in Figure 3.7. 

𝐸𝑇𝑐 = 𝐾𝑐𝐸𝑇0                         (1) 
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𝐸𝑇0 =
0.408 Δ(R𝑛 − G) + γ

900
𝑇 + 273 𝑢2(𝑒𝑠 − 𝑒𝑎)

Δ + γ(1 + 0.34𝑢2)
             (2) 

Where ETc is daily crop evapotranspiration (mm day-1), Kc is crop coefficient (unitless), 

ET0 is daily reference crop evapotranspiration (mm day-1), Rn is daily net radiation at the crop 

surface (MJ m-2 day-1), G is soil heat flux density (MJ m-2 day-1), T is mean daily air 

temperature at 2 m height (°C), u2 is wind speed at 2 m height (m s-1), es is saturation vapor 

pressure (kPa), ea is actual vapor pressure (kPa), es-ea is vapor pressure deficit (kPa), Δ is slope 

of vapor pressure-air temperature curve (kPa °C-1), γ is psychrometric constant (kPa °C-1). 

Daily air temperature data were observed at the study site, while daily wind speed, 

relative humidity, solar radiation data were obtained from a nearby weather station (AURO 

Pamlico Aquaculture Field; 13 km from the site). 

  

Figure 3.7: Crop coefficient (Kc) curves generated for the corn and soybean crops grown at the 

study site, North Carolina during the study period. 
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2.8 Field water balance and water use efficiency (WUE) 

A seasonal field water balance was conducted and crop water use efficiency (WUE) was 

estimated for each treatment to compare the performance of DWR and CT treatments in 

conserving water. The crop WUE is defined in this study as the ratio of crop yield (kg ha-1) to the 

actual evapotranspiration (m3) for each treatment: 

𝑊𝑈𝐸 (𝑘𝑔m−3) =
Yield (kg)

AET (m3)
      [1] 

Where Yield is grain yield and AET is actual evapotranspiration. The AET is defined 

here as the amount of water that was taken up by the crop through evapotranspiration during 

each growing season. Following the approach of  Skaggs et al. (2010), AET (mm) can be 

estimated by conducting the following water balance for each growing season (Eq. 2). 

AET = 𝑃 + 𝐼𝑅𝑅 − 𝑅𝑂 − 𝐷 − 𝑆 − ∆𝑉𝑤    [2] 

Where P is precipitation (mm), IRR is irrigation (mm), RO is surface runoff (mm), D is 

subsurface drainage flow (mm), S is lateral and vertical seepage (mm), and ΔVw is the change in 

the water storage volume (mm) of the soil profile between the beginning and end of the period 

(mm). Seepage losses were assumed to be small and similar from both CT and DWR treatments, 

and thus were ignored. The ΔVw term can be expressed in terms of the drainable porosity (f) and 

the change in field water table depth (ΔWTD) at the beginning and end of the period. The 

DRAINMOD utility program SOILPREP was used to develop the relationship between water 

table depth and volume of water drained from the soil profile and estimate 𝑓 (Figure 3.8). Input 

data required by the DRAINMOD tool were measured from the soil core samples collected from 

the field. 
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∆𝑉𝑤 = 𝑓 ∗ ∆WTD   [3] 

 

Figure 3.8: Water table depth-volume drained relationship estimated by a DRAINMOD utility 

for the soils on the CT and DWR treatments of the study site in Belhaven, North Carolina. 

2.9 Nitrogen use efficiency (NUE) 

Nitrogen use efficiency (NUE) for this study was defined as the ratio of grain yield to 

nitrogen supply (Eq. 4; Moll et al., 1982). The NUE can be expressed in terms of two 

components: the uptake efficiency (UPE) and utilization efficiency (UTE). The UPE is the 

efficiency with which plant absorbs or takes up nitrogen from the soil profile, and is estimated as 

the ratio of nitrogen removed in grain harvest to nitrogen supply (Eq. 5). The UTE is the 

efficiency with which plant utilizes absorbed nitrogen to produce grain, and is estimated as the 

ratio of grain yield to nitrogen removed in the grain harvest (Eq. 6). 

𝑁𝑈𝐸 = UPE ∗ UTE =
Yield (kg ha−1)

N𝑆 (kg ha−1)
    [4] 

 

𝑈𝑃𝐸 =
N𝑈𝑃 (kg ha−1)

N𝑆 (kg ha−1)
                               [5] 
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𝑈𝑇𝐸 =
Yield (kg ha−1)

N𝑈𝑃 (kg ha−1)
                              [6] 

Where NS is the nitrogen supply through fertilizer application (kg ha-1), Yield is grain 

yield (kg ha-1), and NUP is nitrogen removed in the grain harvest (kg ha-1), which was estimated 

as the product of measured grain nitrogen content and measured grain yield (kg ha-1). The same 

approach can be used to estimate phosphorous use efficiency (PUE). 

2.10 Quantifying crop stresses due to dry and wet conditions 

Stress indices, estimated by Eqs. 6-8, were used to quantify the effect of DWR on 

alleviating crop stresses due to wet and dry conditions. Crop stress due to dry conditions was 

estimated following an approach presented by Youssef et al. (2022), while stress due to wet 

conditions was estimated following the approach used in the DRAINMOD model (Skaggs, 1978; 

Skaggs et al., 2012). 

𝑆𝐷𝐼𝑑𝑟𝑦 = 𝑁𝐶𝑆𝑑𝑟𝑦 ∗ (𝐸𝑇𝑐 − 𝑃 − 𝐼𝑅𝑅)         [6]  

𝑆𝐷𝐼𝑤𝑒𝑡 = 𝑁𝐶𝑆𝑤𝑒𝑡 ∗ (𝑆𝐸𝑊30)             [7] 

𝑆𝐸𝑊30 =
∑ (30 − 𝑋𝑖)

24
𝑖

24
                      [8] 

Where SDIdry is the stress day index for drought conditions (mm d-1), SDIwet is the 

stress day index for excessively wet conditions (cm-days), NCSdry and NCSwet are the daily 

normalized crop susceptibility factors to dry and wet conditions (unitless), respectively, ETc, P, 

and IRR are the 3-day moving averages of daily crop evapotranspiration, precipitation, and 

irrigation (mm d-1), respectively, SEW30 is a parameter that sums the number of times when 

water table depth is less than 30 cm (cm-days), and Xi is the water table depth below the soil 

surface at hour i. Negative values of (ETc − P − IRR) term in Eq. 6 and (30 − Xi) term in Eq. 8 

were neglected. 
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DWR can alleviate drought stress through providing irrigation during precipitation deficit 

periods. DWR can be implemented with or without a drainage management system that regulates 

drainage flow from the field. If DWR is paired with a drainage water management system like 

the one in our study, the irrigation effect on alleviating drought stresses can be optimized by 

reducing drainage water and storing more water in the soil profile, which minimizes the required 

amounts for supplemental irrigation. It should be noted that the stress day index for drought 

stress (SDIdry) presented in Eq. 6 quantifies the drought stress reduction resulted from providing 

irrigation to the field. Eq. 6 does not consider the contribution of the drainage water management 

system to alleviating dry stresses via increasing water storage in the soil profile. Like other 

systems that provide supplemental irrigation in humid and sub-humid regions, DWR can 

potentially increase wet stresses on crops. Combining effective drainage water management with 

DWR systems can mitigate wet stresses by quickly draining the field in response to large storm 

events. However, it could be challenging to have a drainage system that can store as much water 

as possible in the soil profile to optimize irrigation requirements and reduce nutrient losses, 

while providing good soil aeration and reducing wet stresses.  

The NCSwet and NCSdry values for corn and soybean were determined from Evans et al. 

(1991) and Evans and Fausey (1999). Lengths of soybean growth stages were obtained from 

Evans and Fausey (1999). Corn growth stages were determined based on the accumulated 

growing degree days (GDD) approach that was reported in Abendroth et al. (2011). The GDD 

values were estimated on a daily basis using Eq. 8. The NCS values at different growth stages of 

corn and soybean are summarized in Table 3.6. Based on the NCS values, corn is more 

susceptible to wet stresses during the establishment through late vegetative stages (V4-V18), and 

more sensitive to dry stresses during the late vegetative through early reproduction (flowering) 
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period (V16-R2). Soybean is more sensitive to wet conditions during the establishment through 

pod filling growth stages (V1-R5), while it is more sensitive to dry conditions during the pod 

developing and filling (R3-R5) growth stages. 

GDD =
Tmax+Tmin

2
− Tbase     [8]  

Where Tmax and Tmin are maximum and minimum daily air temperature, respectively. 

Tbase is base temperature, below which crop growth stops, which is 10° C for corn and soybean. 

The growth rate of corn or soybean would increase if temperature is in the range of 10° C to 30° 

C. Therefore, if Tmax was more than 30° C, Tmax was set at 30° C, and if Tmin was less than 

10° C, Tmax was set at 10° C. 
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Table 3.6: Normalized susceptibility factors for wet and dry conditions at different growth stages 

of corn and soybean grown at the study site, Belhaven, North Carolina. 

Corn 

Growth stage Stage No. 

Cumulative GDD 

(%) 

NCSw NCSd 

Establishment V4 16 0.20 0 

Vegetative V8-V11 29-37 0.22 0.15 

Late vegetative V16 -V18 48-52 0.32 0.28 

Flowering (pollination) R1-R2 54-63 0.19 0.31 

Yield formation (pre-dent to early dent) R3-R5 69-79 0.08 0.20 

Ripening (dent to black layer) R6 100 0.02 0.02 

Soybean 

Growth stage Stage No. DAP NCSw NCSd 

Establishment V1-V2 0-24 0.19 0.01 

Vegetative V5-V6 25-54 0.13 0.03 

Flowering  V9-R1 55-74 0.19 0.05-0.10 

Pod development R3 75-94 0.26 0.20 

Pod filling R5 95-109 0.25 0.10 

Ripening (full size beans) R6 110-124 0.08 0.05-0.02 

Ripening (pod yellowing) R7 125-134 0.01 0 

Ripening (pod brown) R8 135-180 0 0 

DAP: days after planting; GDD: growing Degree-days; NCSw, NCSd: normalized crop susceptibility factors for wet 

and dry conditions, respectively. Growth stage lengths of soybean planted in 2018 were adjusted due to the planting 

delay and the period from planting to R3 was reduced as follows: 0-22, 23-43, 44-46, and 47-63 for the first four main 

growth stages indicated in the table (Evans and Fausey, 1999; Naeve, 2018).  
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3. Results and Discussion 

3.1 Crop yield response to DWR 

In 2017, before the complete installation of the DWR system at the study site, corn yields 

for both treatments were the same (2.33 Mg ha-1 and 2.31 Mg ha-1 for the CT and DWR 

treatment, respectively). The DWR system implemented at the experimental site increased corn 

and soybean yields in all years of the study, compared to the CT treatment (Table 3.7). Long-

term averages of corn and soybean yields (1990-2020) planted in Beaufort County, North 

Carolina, are 7.3 and 2.3 Mg ha-1, respectively (USDA-NASS, 2021). Corn and soybean yields 

from the DWR treatment exceeded the long-term average, with the exception of the corn yield in 

2019. Average soybean yield from the DWR treatment was 0.53 Mg ha-1 (23%) higher than that 

from the CT treatment, with higher yield increase in 2018 compared to 2020 (Table 3.7). Corn 

yields of both treatments in 2019 were extremely low due to the severely hot and dry weather 

conditions. The DWR system increased corn yield in 2019 by 0.90 Mg ha-1, which represents 

79% yield increase compared to the corn grown in the CT treatment. In contrast, corn yields of 

both treatments in 2021 were high, with DWR increasing corn yield by 0.39 Mg ha-1, which 

represents only 3% increase compared to the CT treatment. 

The spatial yield data points collected using the GPS-enabled combine were used to draw 

spatial yield maps and calculate the standard deviation (SD) of crop yield for each treatment 

during the four growing seasons (Table 3.8; Figures 3.9-3.12). These yield maps demonstrate the 

potential of DWR to reduce the spatial variability in crop yield, compared to non-irrigated corn 

and soybeans. For example, the SD of soybean yield in 2020 for the DWR treatment was 47% 

less than the SD for the soybeans grown at the CT treatment. Overall, the SD of the yields of 

crops grown at the DWR treatment were smaller for soybeans in both 2018 and 2020, higher for 
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corn in 2019, and near similar for corn in 2021, compared to the CT treatment (Table 3.8). The 

smaller SD of corn yield for the CT treatment in 2019 can be attributed to the spatial consistency 

of the extremely low yield across the treatment, compared to the DWR treatment. The spatial 

variability of crop yields can be affected by several factors including weather condition, soil 

type, soil topography, and site management (Maestrini and Basso, 2018; Ohana-Levi et al., 

2019). Further research is needed to investigate the effect of DWR and drainage water 

management in general on the spatial distribution of crop yields.     

Table 3.7: Measured crop yields for the DWR and CT treatments for corn and soybean on the 

study site in Belhaven, North Carolina. 

Year 

Crop yield (Mg ha -1)  Yield increase 

CT DWR  Mg ha-1 % 

Soybean    

2018 1.95 2.62  0.66 34 

2020 3.33 3.73  0.40 12 

Mean 2.64 3.17  0.53 23 

Corn    

2019 1.14 2.03  0.90 79 

2021 12.13 12.52  0.39 3 

Mean 6.63 7.28  0.64 41 
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Table 3.8: The estimated standard deviation (SD) of crop yield for the DWR and CT treatments 

on the study site in Belhaven, North Carolina 

Year 

SD (Mg ha -1)  SD difference 

CT DWR  Mg ha-1 % 

Soybean    

2018 0.68 0.62  -0.06 -9 

2020 1.14 0.60  -0.54 -47 

Corn    

2019 0.95 1.23  0.28 29 

2021 1.65 1.66  0.01 1 

 

 

Figure 3.9: Spatial distribution of soybean yield grown in 2018 at the study site in Belhaven, 

North Carolina. 
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Figure 3.10: Spatial distribution of corn yield grown in 2019 at the study site in Belhaven, North 

Carolina. 
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Figure 3.11: Spatial distribution of soybean yield grown in 2020 at the study site in Belhaven, 

North Carolina. 
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Figure 3.12: Spatial distribution of corn yield grown in 2021 at the study site in Belhaven, North 

Carolina. 

3.2 Description of weather condition and its impact on crop yield 

Table 3.9 shows the monthly precipitation during the four years of the study, along with 

the long-term average. Annual precipitation during the 4-year study period ranged from 1046 

mm in 2019 to 1583 mm in 2018, which represent 10% below and 36% above the 30-year 

normal of 1163 mm, respectively. The annual precipitation was below the 30-year normal in two 

years (2019 and 2021) and above the 30-year normal in two years (2018 and 2020). Based on the 

monthly precipitation data of the 30-year period, precipitation during May-October (when corn 

and soybean are usually grown in North Carolina) was 647 mm, which accounted for 56% of the 

annual precipitation. Precipitation during May-October ranged from 554 mm in 2019 (14% less 

than the long term normal) to 873 mm in 2018 (35% greater than the long-term normal). The 
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total precipitation was higher than the total crop evapotranspiration (ETc) during all growing 

seasons except for 2019 when ETc was almost twice the growing season precipitation (Figure 

3.13). Although total precipitation during the growing season may be high in some years, it may 

not coincide with the crop water requirements (Figure 3.13). For example, total precipitation 

during May-October was highest in 2018 compared to the other years. However, ETc during this 

period was higher than precipitation for all months, except for July (Figure 3.13). An effective 

DWR system can store this high amount of precipitation that occurred at the beginning of the 

growing season to be used later during the months with high evapotranspiration demand. 

Precipitation during the non-growing season period (November – April), which would determine 

the reservoir water availability at the beginning of the growing season, ranged from 466 mm in 

2021 to 752 mm in 2020. 

The growing season of 2019 was extremely dry as precipitation accounted for only 58% 

of the 30-year normal. Analysis of the 30-year normal precipitation showed that the total 

precipitation in May-July of 2019 was less than the precipitation in the same period for all 30 

years. Total precipitation in the critical late vegetative period (V9–VT) of corn in 2019 was only 

38 mm, while it was 123 mm in 2021 (Table 3.10). Similarly, total precipitation in the critical 

flowering period through the development period (V9-R3) of soybean in 2018 was only 16 mm, 

while it was 165 mm in 2020. Despite the high precipitation during the critical pod filling period 

(R5) of soybean in 2018 (107 mm), almost half of this precipitation (57 mm) occurred on one 

day during Hurricane Florence. The temporal variation of growing season precipitation can 

explain the higher yields for both treatments of corn in 2021 compared to 2019, and soybean in 

2020 compared to 2018 (Table 3.7). It also shows that greater yield benefits can be achieved by 

DWR with lower precipitation during the critical stages, as the DWR yield increase was higher 
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for soybean in 2018 and corn in 2019 (Table 3.7). Willison et al. (2021) also reported that DWR 

achieved higher corn yield benefits when precipitation was low during the critical period V9-R2.  

The monthly average of observed daily maximum air temperature data at the study site 

during May-October along with the long-term average are shown in Figure 3.14. The monthly 

average Tmax values exceeded the long-term average in all growing seasons except for July 

2018. The average growing season Tmax was highest in 2019 (35 0C) and lowest in 2018 (31 

0C). Monthly average Tmax in May, June, and July was highest in 2019 compared to the other 

years. Therefore, the 2019 growing season was not only severely dry but also substantially hot. 

As shown in Fig 15, daily Tmax was very high in 2019 during the critical late vegetative through 

flowering period for corn (mid-June – mid-July). Some studies reported that corn yield can be 

reduced by as high as 94 kg ha-1 for each day the temperature reaches 35 0C or higher during the 

critical growth periods (Neild and Newman, 1990). In May-July of 2019, Tmax was higher than 

35 0C in 55 days, and was higher than 40 0C in 11 days. This combination of hot and dry 

weather severely affected the corn yield of this year. 
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Table 3.9: Monthly precipitation (mm) observed at the study site compared with the 30-year 

long-term average. 

Month† 2018 2019 2020 2021 30-year normal 

Jan 125 83 49 129 103 

Feb 26 97 154 175 76 

Mar 139 49 92 76 106 

Apr 147 113 86 24 81 

May 206 37 166 60 99 

Jun 254 65 112 172 121 

Jul 183 77 126 180 133 

Aug 77 124 150 135 131 

Sep 109 162 105 44 104 

Oct 45 89 55 27 60 

Nov 132 86 208 18 72 

Dec 141 64 162 44 78 

Total 1583 1046 1467 1083 1163 

May-Oct 873 554 715 617 647 

Nov-Apr 710 492 752 466 516 

† Monthly precipitation of Jan-June 2018 was collected from a nearby weather station. 
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Table 3.10: Precipitation during each of the main growth stages of corn and soybean grown at 

the study site. 

Year Precipitation (mm) 

Soybean V1-V6 V9-R1 R3 R5 R6-R8 

2018 245 11 5 107 70 

2020 238 150 15 58 115 

Corn V1-V8 V9-VT R1-R2 R3-R5 R6 

2019 81 38 51 104 30 

2021 149 123 42 198 58 

 

 

Figure 3.13: Monthly precipitation compared to crop evapotranspiration (ETc) during the 

growing seasons of 2018, 2019, 2020, and 2021 at the study site. 
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Figure 3.14: Monthly average of maximum air temperature (Tmax) in May-October observed at 

the study site compared with the 30-year long-term average. 

  

Figure 3.15: Daily maximum air temperature (Tmax) during the growing seasons of 2018, 2019, 

2020, and 2021 at the study site. The dashed line represents the 35 0C. 
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3.3 Irrigation and reservoir water availability 

The amount and timing of irrigation that was applied to the DWR treatment varied each 

year, depending on the crop water requirements and water availability in the reservoir (Table 

3.11 and Figure 3.16). The annual amount of irrigation ranged from 5 mm in 2018 to 73 mm in 

2020. The growing season of 2018 is not shown in Figure 3.16 since recording reservoir water 

level data had not started until the end of the 2018 growing season. As shown in Figure 3.16, the 

reservoir was usually full at the beginning of each growing season, except for 2019. The 

reservoir was full in April 2019 before it was partially drained to install the control structure at 

the reservoir outlet, which regulated the reservoir outflow. In 2019, the reservoir water volume 

was 3,044 m3 at the beginning of the growing season which means that the reservoir could have 

had an additional 2,414 m3 of water to be fully filled. In this growing season, irrigation stopped 

multiple times after water level in the reservoir reached minimum allowable limit (40 cm; Figure 

3.16). Due to the combined dry and hot weather conditions during this growing season, the water 

in the reservoir was not enough to meet the crop water requirements. In contrast, the reservoir 

provided the amounts of water needed for irrigation in 2020 and 2021. In 2018, irrigation was 

stopped on 9/11 in preparation for Hurricane Florence that brought 102 mm of precipitation to 

the study site during the period 9/12 to 9/18. Due to the storm surge that occurred during 

Hurricane Florence, the water in the reservoir had a high salinity level that prevented irrigation 

from being continued. The reservoir had to be pumped dry and be refilled by runoff twice to get 

salinity levels appropriate for irrigation use. 

Although, precipitation during the non-growing season of 2021 (November-April) was 

lowest (466) compared to the other 3 years and 30 year normal, the reservoir was full at the 

beginning of the growing season (Table 3.9; Figure 3.16). The reservoir water availability at the 
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beginning of the growing season would depend on the reservoir storage capacity and the 

contributing area that provides inflows to the reservoir. Comparing the precipitation during the 

non-growing season of 2021 to that of the same period for the 30-year record (1975-2004) 

showed that 2021 had less precipitation than 18 of the 30 years. This may suggest that the 

reservoir would be full most of the years at the beginning of the growing season. 

The applied irrigation amounts were compared to irrigation demand and reservoir water 

availability on a monthly basis to investigate the DWR system’s performance on meeting the 

irrigation demand. This comparison was conducted for all growing seasons, except for 2018 

when reservoir water level data were not available (Figure 3.17). The monthly irrigation demand 

was calculated as the difference between precipitation and ETc. If precipitation is greater than 

ETc, no demand for irrigation was assumed for the month. It should be mentioned that this 

assumption may not be always valid because the temporal variation of precipitation within the 

month is another important factor in addition to the total amount of monthly precipitation. 

Nonetheless, conducting this analysis at monthly time scale has proven useful for demonstrating 

the interaction and dynamic nature of the supply and demand for water during the growing 

season as affected by inter- and intra-seasonal variation of precipitation. For the purpose of this 

analysis, the monthly average of reservoir available water was calculated as the monthly average 

of the reservoir water volume divided by the DWR field area. Irrigation demand was highest in 

2019, compared to the other years, with 140 mm of irrigation demand in July alone. Irrigation 

was applied early in the growing season of 2019 with an amount of 19 mm in May to meet the 

high irrigation demand (23 mm), when there was available water in the reservoir. During this 

growing season, the limiting factor affecting the system performance was the reservoir water 

availability as the irrigation rate was near the irrigation demand when the reservoir had available 
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water. The irrigation demand in 2020 was low and irrigation was applied to keep the water table 

level at a depth that can increase the upward flux to meet crop evapotranspiration. Despite the 

large monthly precipitation in July, Aug, Sep of 2020, this precipitation occurred as large storm 

events. For example, 47% of total precipitation in July 2020 occurred as a large storm on only 

one day (7/15/2020; 59.5 mm). The applied irrigation benefited the crop by alleviating water-

deficit stress that would have occured during the dry periods between these intermittent large 

storm events. In 2021, irrigation demand was also low except for July when it was 18 mm, and 

20 mm of irrigation was applied during this period to meet the demand. 

Two contrasting scenarios can be identified based on these results. The 2020 and 2021 

growing seasons represent a scenario with no or small precipitation deficit during the different 

months of the growing season. In this scenario, the demand for irrigation was low and the 

relatively small size reservoir adequately met this demand. The 2019 represents the other 

scenario which had severe water shortage throughout the growing season. The water stored in the 

reservoir met the majority of irrigation demand in May before it was used up. The amount of 

available water in the reservoir was negligible, compared to the large demand for irrigation 

caused by the severely dry conditions in June and July of 2019.  The amount and timing of 

precipitation during crop growing season vary from year to year, creating a wide range of distinct 

scenarios between the two scenarios represented by the 2019, 2020, and 2021 growing seasons. 

The performance of a DWR system in modulating crop stresses due to water deficit conditions 

and minimizing yield losses depends on the size of the storage reservoir, the length and severity 

of the dry conditions during the growing season, and the sensitivity of the crop to water shortage, 

which varies among different crops and among different growth stages for the same crop. 

Models, such as DRAINMOD-DWR, which was developed and presented in Chapter 4 of this 
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dissertation, can be extremely useful in understanding the performance of the system as affected 

by the controlling factors to optimize system performance. The reservoir at the experimental site 

had a relatively small storage capacity and was not expected to provide enough water to meet the 

irrigation demand for extended periods of dry conditions during the growing season. For systems 

with small size reservoirs, irrigation decisions should be carefully made taking into consideration 

the current level of available water in the reservoir and the current growth stage of the crop. For 

example, the 2019 corn should have benefited more from using the limited amount of available 

water for irrigation during June instead of May when corn is more sensitive to water deficit 

conditions. If irrigation water is applied via the subsurface drainage systems (i.e., sub-irrigated), 

the depth of the water table should be carefully monitored and sub-irrigation should start before 

the water table becomes too deep to be influenced by the sub-irrigated water. 

Table 3.11: The amounts and dates of irrigation applied to the DWR treatment at the study site in 

Belhaven, North Carolina. 

Crop 

Irrigation amount and timing # days when irrigation 

was applied Amount (mm) Initiation date Termination date 

Soybean  

2018 5 19 July 11 September 17 

2020 73 10 July 15 September 53 

Corn  

2019 42 7 May 18 August 40 

2021 22 30 June 17 August 31 

Irrigation was applied between the initiation and termination dates, but it was not continuous and depended on crop 

water requirements and reservoir water availability. 
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Figure 3.16: Cumulative irrigation and precipitation along with reservoir water level during the 

growing seasons of 2019, 2020, and 2021 at the study site, Belhaven, North Carolina. 
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Figure 3.17: Total irrigation, total irrigation demand (precipitation – evapotranspiration), and 

average reservoir water volume for each month of the growing seasons of 2019, 2020, and 2021. 

Negative values of irrigation demand mean precipitation was higher than evapotranspiration. 

3.4 Effect of DWR on water outflow from the field 

The water outflow term here means the summation of the surface runoff and subsurface 

drainage flow from the DWR treatment, or surface runoff from the CT treatment. Surface runoff 

from both treatments and subsurface drainage flow from the DWR treatment are shown in Figure 

3.18 &3.19. The summary of the calculated components of the field water balance for the 2019-

2021 growing seasons is shown in Table 3.12. Flow data of the 2018 growing season are not 

shown since measurements were not initiated until late in the growing season. The majority of 

water outflow from the field during the growing season was in the form of surface runoff (Table 
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3.12). Overall, subsurface drainage flow from the DWR treatment accounted for only 15% of 

total water outflow from the DWR treatment and 13% of surface runoff from the CT treatment. 

Total subsurface drainage flow during the growing season ranged from 8 mm in 2019 to 33 mm 

in 2021. Surface runoff from the DWR treatment ranged from 69 mm in 2019 to 189 mm in 

2020, while surface runoff from the CT treatment ranged from 80 mm in 2019 to 199 mm in 

2021. 

Averaged across the three growing seasons, water outflow from the DWR treatment was 

9% less than that from the CT treatment. DWR reduced water outflow by 3 mm (4%) in 2019 

and 83 mm (42%) in 2021, compared to the CT treatment. The water outflow reductions in 2019 

and 2021 were caused by the drainage water management system implemented at the DWR 

treatment, which stored more water in the soil profile. On the other hand, DWR increased the 

water outflow in 2020 by 45 mm (26%), compared to the CT treatment. The water outflow 

increase from the DWR treatment in 2020 was mainly caused by the large consecutive 

precipitation events (103 mm) occurred during the second half of June (Figures 3.18 &3.19). At 

the beginning of this period, water table depth at the DWR treatment was 40 cm shallower than 

that in the CT treatment, which led to a higher drainage flow from the DWR treatment by 36 mm 

during this period. DWR increased actual evapotranspiration (AET) in all growing seasons 

compared to the CT treatment by 30 mm (11%) in 2019, 8 mm (2%) in 2020, and 83 mm (22%) 

in 2021. 
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Figure 3.18: Cumulative subsurface drainage flow from the DWR treatment and surface runoff 

from the DWR and CT treatments during the growing seasons of 2019, 2020, and 2021. 
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Figure 3.19: Daily subsurface drainage flow from the DWR treatment, surface runoff from the 

DWR and CT treatments, and daily precipitation during the growing seasons of 2019, 2020, and 

2021. 
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Table 3.12: Field water balance components during the growing seasons of 2019, 2020, and 2021 

for the DWR and CT treatments on the study site in Belhaven, North Carolina. 

 

Crop 
Year Treatment 

P IRR RO D ∆Vw AET ETc 

(mm) 

Corn 

 

2019 

 

CT 303 0 80 0 -56 279 587 

DWR 303 42 69 8 -40 309 587 

Soybean 2020 

 

CT 575 0 171 0 -11 415 433 

 DWR 575 72 189 27 9 422 433 

Corn 

 

2021 

 

CT 570 0 199 0 -6 377 551 

DWR 570 22 83 33 15 460 551 

P, precipitation; IRR, irrigation; RO, surface runoff; D, subsurface drainage; ∆Vw, change in water storage in the soil 

profile between the beginning and end of growing season; AET, actual crop evapotranspiration; ETc, crop 

evapotranspiration. 

3.5 Effect of DWR on soil water related stresses on corn and soybean 

The dry and wet stress day indices estimated for soybean and corn planted on the CT and 

DWR treatments are shown in Table 3.13 and Figure 3.20&3.21. The highest dry stress was in 

2019, which was a result of high evapotranspiration demand and low precipitation. Overall, the 

DWR system reduced dry stress for the corn and soybean crops grown on the DWR treatment 

compared to the CT treatment during all growing seasons. Dry stress reduction ranged from 3% 

in 2018 to 32% in 2020. Dry stress reduction was dependent on the timing and amount of 

irrigation applied during the growing season. Although irrigation amount applied in 2019 (42 

mm) was almost twice the amount applied in 2021 (22 m), the reduction in dry stress in 2019 

(6%) was slightly less than in 2021 (7%). This can be explained by the difference in the timing 

of irrigation for both years (Fig 19). Irrigation in 2021 was applied during the time of highest 

sensitivity of the corn crop to dry conditions (late vegetative and pollination period). On the 

other hand, irrigation in 2019 was applied early in the growing season and there was not enough 
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water in the reservoir to provide irrigation during the critical late vegetative and early 

reproductive stages. 

In 2020, the dry stress reduction on the soybean crop was highest since the timing of 

irrigation in this year was optimum when irrigation was applied during the period of the growing 

season with the highest sensitivity to dry conditions (pod development period; R3). In contrast, 

the small dry stress reduction on the soybean crop in 2018 was due to the small amount of 

irrigation applied in this year (5 mm). 

On the contrary to the dry stress, DWR considerably increased excess water stress on 

soybean in 2020 and corn in 2021, while slightly decreased wet stress on soybean in 2018 (Table 

3.13, Figure 3.21). The wetter soil profile of the DWR treatment, caused by sub-irrigation and 

controlled drainage, increased wet stress in 2020 and 2021. Wet stress was negligible in 2019 

due to the deep field water table level during the entire growing season. Conversely, wet stress 

was highest in 2018 due to the high amount of precipitation (164 mm) that the field received 

during the critical establishment growth stage (V1-V2), in addition to the high precipitation 

brought by Hurricane Florence during the critical pod filling stage (R5). The drainage water 

management system installed on the DWR treatment decreased wet stress during this period, 

when soybean was more vulnerable to wet stress, through draining the field and lowering the 

water table when it was severely wet. These results also imply that the increase in soybean yield 

in 2018 was related to the intensive drainage system of the DWR treatment. 
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Table 3.13: Total dry and wet stress day indices calculated for the entire growing season for 

soybean and corn planted on the CT and DWR treatments of the research site in Belhaven, North 

Carolina. 

Crop Year 

SDIdry (mm d-1) SDIwet (cm-days) 

CT DWR Change (%) CT DWR Change (%) 

Soybean 

2018 24 23 -3 60 59 -2 

2020 21 14 -32 14 34 134 

Corn 

2019 73 69 -6 0 0 0 

2021 54 50 -7 21 54 155 

 

  

Figure 3.20: Dry stress day index (mm/day) calculated for the growing seasons of 2018, 2019, 

2020, and 2021 for the CT and DWR treatments. 
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Figure 3.21: Wet stress day index (cm-days) calculated for the growing seasons of 2018, 2019, 

2020, and 2021 for the CT and DWR treatments. 

3.6 Effect of DWR on field water table depth 

On average, DWR decreased the water table depth from the soil surface (WTD) for the 

DWR treatment during all growing seasons compared with the CT treatment, except in 2018 

(Table 3.14, Figs. 22 to 24). In 2018, the water table at the CT treatment was shallower by 6 cm 

than the DWR treatment since the control structure was installed 11 days after the beginning of 

the growing season (7/19/2018). In addition, the control structure had been pulled out of the field 

during the period 10/1 to 10/4 of 2018 to fix leakage problems and the water table was not 

controlled during these periods. In addition, the irrigation amount applied to the DWR treatment 

in this year was small. As shown in Figure 3.22, the groundwater table at the DWR treatment 

receded at a considerably slower rate than the CT treatment in response to subirrigation during 

the period 8/25 to 9/11 of 2018. Before irrigation started, the water table at the CT treatment was 
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22 cm shallower than the water table at the DWR treatment. When irrigation stopped, the water 

table at the DWR treatment was 6 cm shallower than the water table at the CT treatment. Due to 

the high salinity level of the water in the reservoir caused by the storm surge that occurred during 

Hurricane Florence, irrigation was not applied when WTD was relatively deep during the critical 

period of pod filling (9/23-10/1), when soybean was highly susceptible to drought stress. 

Although irrigation was not applied during the critical period of pod filling, the smart drainage 

water management system implemented at the DWR likely stored higher amount of drainage 

water in the soil profile. Poole et al. (2013) reported that control drainage increased crop yields 

compared to free drainage and the yield increase was caused by the higher amount of water that 

the control drainage system stored in the soil profile. 

In 2019, WTD was the deepest compared to the other years of the study due to the severe 

dry and hot weather condition occurred during this growing season (Figure 3.23). At the 

beginning of the season, the water table was nearly 80 cm deep for both treatments and it 

continued to decline throughout the growing season until it reached 192 cm and 168 cm for the 

CT and DWR treatments, respectively. On average, the water table at the DWR treatment was 

shallower than the water table at the CT treatment by 19 cm over the entire growing season and 

by up to 49 cm during the critical vegetative growth stage (V9-V11) of corn in mid-June. The 

water table responded well to sub-irrigation when it was applied during May 7 - June 17. During 

this period, 25.7 mm of sub-irrigation was applied in 25 days and the WTD fluctuated between 

89 cm and 112 cm. During the same period, the water table at the CT treatment continued to 

recede from a depth of 97 cm on to a depth of 144 cm. This demonstrates the effectiveness of 

sub-irrigation in maintaining the water table at relatively shallow depths for this site. The soil 

water that reaches the root zone by capillary rise from shallow water tables can be important 
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source of water to meet the crops ET demand. As indicated earlier in this chapter, there was not 

enough water in the reservoir to continue irrigation during the late vegetative and pollination 

stages (late June – mid-July) to meet the high evapotranspiration demand during this period.  

In 2020, DWR had the highest effect on WTD, compared to the other growing seasons 

(Figure 3.24). On average over the entire growing season, the water table at the DWR treatment 

(WTD = 100 cm) was shallower than the water table at the CT treatment (WTD = 131 cm) by 31 

cm. At the beginning of the growing season, the water table at both treatments was at the same 

depth of 73 cm. At the end of the growing season, the water table at the DWR treatment (WTD = 

31 cm) was shallower than the water table at the CT treatment (WTD = 98 cm) by 67 cm (Figure 

3.24). Similar to the other years, subirrigation considerably slowed the rate of water table 

drawdown at the DWR treatment, compared to the water table at the CT treatment. The weather 

condition of this growing season was most suitable for the DWR system at the study site, since 

irrigation was needed and the reservoir had available water to meet irrigation demand. Although 

the site received a considerable amount of precipitation during the early periods of the growing 

season (238 mm during 6/6-7/29), precipitation during the critical stage of pod development (R3) 

was only 15 mm. During this period, 32 mm of irrigation was applied to the DWR treatment to 

partially meet the high evapotranspiration demand (74 mm). This was reflected in the increase of 

DWR soybean yield of this year by 12%, compared to the CT treatment yield (Table 3.7). 

In 2021, average WTD was the shallowest, compared to the other years due to the 

relatively wet weather condition occurred during this growing season (Figure 3.25). On average 

over the entire growing season, the water table at the DWR treatment (WTD = 74 cm) was 

shallower than the water table at the CT treatment (WTD = 91 cm) by 17 cm. At the beginning of 

the growing season, the water table at both treatments was at the same depth of 100 cm. At the 
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end of the growing season, the water table at the DWR treatment (WTD = 51 cm) was shallower 

than the water table at the CT treatment (WTD = 118 cm) by 67 cm.  The site received a 

relatively high amount of precipitation during the months of June and July (352 mm) that helped 

to meet the high evapotranspiration demand during the most critical vegetative and flowering 

stages of corn. Sub-irrigation was applied during the critical late vegetative and pollination 

period (V12 - R2). During the critical late vegetative and pollination period (V12 - R2), 17.7 mm 

of sub-irrigation was applied in 23 days (6/30-7/23). The water table at the DWR treatment 

responded well to sub-irrigation when it was applied during this period. The WTD at the DWR 

treatment fluctuated between 68 cm and 100 cm. During the same period, the water table at the 

CT treatment continued to recede from a depth of 73 cm to a depth of 129 cm. 

Table 3.14: Average field water table depth from the soil surface of the CT and DWR treatments 

during the growing seasons of 2018, 2019, 2020, and 2021. 

 2018 2019 2020 2021 

CT water table depth (m) 0.85 1.50 1.31 0.91 

DWR water table depth (m) 0.91 1.31 1.00 0.74 

Water table depth difference (m) -0.06 0.19 0.31 0.17 
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Figure 3.22: Comparison of daily water table levels in the CT and DWR treatments, irrigation, 

and precipitation during the growing season of 2018. The dashed black line represents the soil 

surface 
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Figure 3.23: Comparison of daily water table levels in the CT and DWR treatments, irrigation, 

and precipitation during the growing season of 2019. The dashed black line represents the soil 

surface. 
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Figure 3.24: Comparison of daily water table levels in the CT and DWR treatments, irrigation, 

and precipitation during the growing season of 2020. The dashed black line represents the soil 

surface. 
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Figure 3.25: Comparison of daily water table levels in the CT and DWR treatments, irrigation, 

and precipitation during the growing season of 2021. The dashed black line represents the soil 

surface. 

3.7 Effect of DWR on water use efficiency (WUE) 

Zwart and Bastiaanssen (2004) reported that the globally measured average WUE of corn 

was 1.8 kg m-3 with a range of 1.1-2.7 kg m-3, based on a review of 84 research studies. In 

addition, the WUE of soybean was found to vary from 0.22 to 0.74 kg m-3 in a study conducted 

by Evett and Howell (2000). In our study, the WUE for corn in 2019 was substantially low and 

was less than the minimum value reported by Zwart and Bastiaanssen (2004; Table 3.15). On the 

other hand, the WUE for corn in 2021 was at or above the maximum value reported by Zwart 

and Bastiaanssen (2004). This is a reflection of the difference in the weather conditions for the 

two growing seasons; the 2021 growing season had near ideal weather conditions while the hot 

and dry weather conditions in 2019 had represented major challenge to corn growth and 

productivity. 
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The WUE for soybean in 2020 was higher than the maximum value reported by Evett and 

Howell (2000) for both treatments. Overall, DWR increased WUE of corn in 2019 by 0.25 kg m-

3 (61%) and soybean in 2020 by 0.08 kg m-3 (10%). Although DWR increased AET for corn in 

2021, it decreased WUE by 0.50 kg m-3 (16%) since the corn yield increase was not 

considerably high. 

Table 3.15: Estimated water use efficiency for the DWR and CT treatments on the study site in 

Belhaven, North Carolina. 

Year Crop 

WUE (kg m-3)  WUE increase 

CT DWR  kg m-3 % 

2019  Corn 0.41 0.66  0.25 61 

2020  Soybean 0.8 0.88  0.08 10 

2021 Corn 3.22 2.72  -0.5 -16 

3.8 Effect of DWR on nitrogen use efficiency (NUE) 

Nitrogen, phosphorous, and potassium contents in the grain harvest of soybean and corn 

were nearly similar for both treatments, except for the nitrogen content in soybean, which was 

higher for the DWR treatment, compared to the CT treatment (Table 3.16). The estimated values 

of nitrogen removed in the grain harvest (Nup), nitrogen supply through fertilizer application 

(Ns), uptake efficiency (UPE), utilization efficiency (UTE), and nitrogen use efficiency (NUE) 

for corn and soybean are shown in Table 3.17. Results demonstrated that Nup and UPE were 

strongly dependent on soil water content as well as nitrogen concentration in the soil profile. 

DWR increased Nup and UPE of soybean and corn in all years except for 2021. The Nup and 

UPE values were substantially small for corn in 2019 due to the high corn yield loss caused by 

the severely dry and hot condition. Too much fertilizer applied early in a dry growing season 

would speed early growth, and thus deplete the water stored in the soil profile and increase crop 
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drought stress (Steduto et al., 2012), which occurred in 2019. In contrast, Nup and UPE were 

highest for soybean in 2020 since the crop utilized some of the nitrogen that was stored in the 

soil profile and not utilized by corn in 2019, in addition to the high soil water content. 

Unlike UPE, UTE was not as strongly affected by soil water conditions as by crop type. 

The DWR crops had slightly lower utilization efficiency (UTE) in 2018, 2019, and 2020 and 

higher UTE in 2021, compared to crops grown on the CT treatment. Overall, NUE in this study 

ranged from 5 to 186 kg kg-1 for both treatments. DWR increased NUE of soybean in 2020 by 20 

kg kg-1, corn in 2019 by 4 kg kg-1, and corn in 2021 by 2 kg kg-1.  

Phosphorous use efficiency (PUE) was also estimated using a similar approach to NUE. 

Results were similar to the results of NUE with DWR increasing PUE for soybean in 2020 by 27 

kg kg-1, corn in 2019 by 19 kg kg-1, and corn in 2021 by 7 kg kg-1. 

Table 3.16: Measured concentrations of nitrogen (N) phosphorous (P), and potassium (K) 

removed in the grain harvest from the study site in Belhaven, North Carolina. 

Crop 

 

Year 

 

N (%) P (%) K (%) 

CT DWR CT DWR CT DWR 

Soybean 

2018 5.7 6.4 0.6 0.6 2.3 2.2 

2020 5.9 6.6 0.6 0.6 2.3 2.3 

Corn 

2019 1.5 1.5 0.3 0.3 0.4 0.4 

2021 1.2 1.2 0.3 0.3 0.4 0.4 
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Table 3.17: Estimated values of nitrogen removed in the grain harvest (Nup), nitrogen supply 

through fertilizer application (Ns), uptake efficiency (UPE), utilization efficiency (UTE), and 

nitrogen use efficiency (NUE) for the corn and soybean grown at the study site in Belhaven, 

North Carolina. 

Crop Year 

Nup (Kg ha-1) Ns (kg ha-1) UPE (kg kg-1) UTE (kg kg-1) NUE (kg kg-1) 

CT DWR CT DWR CT DWR CT DWR CT DWR 

Soybean 

2018 112 166 0 0 - - 17 16 - - 

2020 195 246 20 20 9.74 12.32 17 15 166 186 

Corn 

2019 16 30 229 229 0.07 0.13 69 68 5 9 

2021 150 149 182 182 0.83 0.82 81 84 67 69 

UPE and NUE were not calculated for soybean in 2018 since no fertilizer was applied in this year. 

3.9 Effect of DWR on recycling nutrients 

Total nitrogen loss from the DWR treatment through drainage was higher than that from 

the CT treatment in all years of the study by a total amount of 9.7 kg ha-1 (17 %). In contrast, TP 

loss from the DWR treatment was lower than that from the CT treatment by a total amount of 2.6 

kg ha-1 (44 %). TN was mainly lost from the field through subsurface drainage flow, while TP 

was lost through surface runoff. Despite the higher TN losses from the DWR treatment, 

compared to the CT treatment, the storage reservoir is expected to capture some of these losses. 

The water quality data collected from the study site showed that most of the TN loss from the 

DWR treatment occurred after the growing season, when subsurface drainage flow was high.  

Total nitrogen recycled back to the DWR treatment through irrigation water ranged from 

0.8 kg ha-1 to 2.3 kg ha-1, while recycled TP ranged from 0.01 kg ha-1 to 0.3 kg ha-1. Average TN 

and TP concentrations in the irrigation water were 3.0 and 0.3 mg L-1, respectively. As the results 

suggest, the amount of nitrogen and phosphorous recycled back to the DWR treatment will not 

be large enough for producers to reduce fertilizer application rate, except for 2020. The TN 



 

127 

recycled in 2020 was 12% of the nitrogen fertilizer application rate. Both TN and TP recycled 

via irrigation were smaller than those drained from the field due to denitrification, dilution, 

deposition, and other processes occurring in the reservoir. A similar conclusion was reported in a 

two-year field study by Karki et al. (2018) about the insufficiency of the recycled nitrate to 

reduce fertilizer application. Chapter 2 of the dissertation presents a two-year study of the fate 

and transport of nitrogen, phosphorus, and sediment in the storage reservoir of the DWR system 

implemented at the Belhaven experimental site. 

4. Conclusion 

This study investigated the impact of drainage water recycling (DWR) on corn and 

soybean yields for four growing seasons (2018-2021) in an experimental field site in eastern 

North Carolina. The DWR reservoir (0.38 ha) stored enough  water to meet irrigation 

requirements in 3 of the 4 growing seasons and provided 5 to 73 mm of irrigation to the DWR 

treatment (11.48 ha). Sub-irrigation of the DWR treatment raised the groundwater table by an 

average of 15 cm, compared to the control non-irrigated treatment (CT). The shallower water 

table at the DWR treatment increases the upward movement of soil water by the capillary rise 

replenishing water in the plant root zone to meet crop evapotranspiration demand. DWR 

increased corn and soybean yields in all growing seasons by an average of 0.64 Mg ha-1 (41%) 

and 0.53 Mg ha-1 (23%), respectively. Higher yield benefits were attained for the years with low 

precipitation by providing irrigation during the critical crop growth stages and storing more 

water in the soil profile. DWR increased excess water stress during the wet periods of the 

growing season, which might have reduced the yield benefits of the system. To optimize the 

yield benefits of the system, an effective drainage management system, is recommended to avoid 

increasing excess water conditions during periods of high precipitation. Water use efficiency 
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(WUE) was higher for crops grown on the DWR treatment by 10% and 61% in two growing 

seasons, and lower by 16% in one growing season. Higher WUE values can be achieved through 

the efficient management of the timing and amount of irrigation. DWR also increased nitrogen 

and phosphorous use efficiency (NUE and PUE) in all growing seasons. The NUE and PUE 

increase for soybean was attributed to the higher efficiency with which crops can take up 

nutrients from the soil profile. On the other hand, the NUE and PUE increase for corn was 

attributed to the increase in the crop yield, while nutrient uptake efficiency was nearly similar for 

the CT and DWR treatments. The amounts of nitrogen and phosphorous that the DWR system 

captured and recycled back to the field via irrigation were not large enough to reduce fertilizer 

application rate. Total N recycled back to the DWR treatment each growing season through 

irrigation water ranged from 0.8 kg ha-1 to 2.3 kg ha-1, while recycled TP ranged from 0.01 kg ha-

1 to 0.3 kg ha-1. Further research is needed to monitor the DWR performance in improving crop 

production for longer periods with varying factors of weather, soil, and system design and 

management. In addition, the effect of DWR on the spatial variation of crop yield needs to be 

investigated. Furthermore, an economic analysis is needed to optimize the crop yield benefits of 

the DWR system, while reducing the design and operation cost.  
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4. Chapter 4: DEVELOPMENT AND APPLICATION OF DRAINMOD MODEL 

FOR SIMULATING CROP YIELD AND WATER CONSERVATION 

BENEFITS OF DRAINAGE WATER RECYCLING 

Abstract 

Drainage water recycling (DWR) is an emerging practice that has the potential to 

increase crop yield and improve water quality. DWR involves capturing and storing subsurface 

drainage water and surface runoff in ponds or reservoirs, and using this water for supplemental 

irrigation during dry periods of the growing season. The main objective of this study was to 

enhance the DRAINMOD model to simulate the hydrology and crop yield of DWR systems. The 

expanded model; named DRAINMOD-DWR, has a new module that conducts a water balance of 

the storage reservoir and simulates the interaction between the reservoir and the field that is 

irrigated from and/or draining into the reservoir. The model predicts the long-term performance 

of DWR as affected by weather conditions, soil type, crop rotation, reservoir size, and both 

irrigation and drainage management. Three performance metrics were defined based on model 

predictions to quantify irrigation, crop yield, and water capture benefits of DWR. To demonstrate 

the new features of the model, uncalibrated DRAINMOD-DWR was applied to a hypothetical 

DWR system with continuous corn using a 50-yr (1970-2019) weather record in Eastern North 

Carolina. Different reservoir sizes were simulated to predict the effect of storage capacity on the 

system’s performance. The model predicted that a 3.0-m deep reservoir with a surface area of 

4% of the field area would optimize corn yield for the simulated conditions. This reservoir size 

would increase corn yield on average by 22%, meet at least 75% of the irrigation demand in 41 

years of the simulation period, and reduce total outflow from the field to downstream surface 

water by 20%. This study demonstrates the potential of using DRAINMOD-DWR for optimizing 
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the design and management of DWR systems. Research is needed to test DRAINMOD-DWR 

using field measured data. Research is also needed to further develop the model for simulating 

the fate and transport of nutrients and sediment in the storage reservoir. This would enable the 

model to predict the water quality benefits of DWR.  
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1. Introduction 

Attaining highly productive and environmentally sustainable agriculture in humid and 

sub-humid regions in the U.S. presents a challenge due to weather uncertainty. Crop production 

in these regions is vulnerable to wet and dry conditions during the growing season (Hay et al., 

2021; Vories and Evett, 2010; Walthall et al., 2013). Even when the total precipitation during a 

growing season is sufficient, its timing does not usually coincide with the crop water demand, 

causing stress on the plant and reduction in crop yield. Additionally, the yield losses caused by 

water related stress can reduce the fertilizer use efficiency as less nutrients are taken up by 

stressed plants. Consequently, more nutrients are lost from agricultural fields contaminating 

groundwater and surface water bodies. The weather related challenges facing agriculture are 

expected to intensify as more intensive rainfall and more frequent and longer dry periods are 

projected in the future (IPCC, 2014). 

In humid regions, agricultural drainage is necessary for crop production on naturally 

poorly drained soils with shallow water tables. Drainage lowers the water table, removes excess 

soil water from the root zone, and improves soil trafficability, which enhances crop yield. 

Improved drainage is needed on nearly 25% of the agriculture land in the U.S. and on over 50% 

of cropland in some states to sustain crop production (Skaggs et al., 1994). However, subsurface 

drainage has been a major source of nutrient losses to surface water (David et al., 1997; Keeney 

and Deluca, 1993). Elevated nutrient levels in surface water bodies have increased harmful algae 

growth and caused eutrophication problems in major U.S. water bodies including the Gulf of 

Mexico (Goolsby et al., 1999; Rabalais et al., 2007) , the Chesapeake Bay (Boesch et al., 2001; 

Zedler and Kercher, 2005) and the Great Lakes (Forster and Rausch, 2002; Smith et al., 2015). 

This led to the development of conservation drainage practices for maintaining subsurface 
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drainage benefits while reducing nutrient loss to receiving water (Evans et al., 1995; Jaynes and 

Isenhart, 2014; Schipper et al., 2010).  

Supplemental irrigation has been shown to protect crops by providing sufficient water 

during dry periods of the growing season (Troy et al., 2015). Several studies have reported that 

supplemental irrigation increased crop yield and decreased the year-to-year yield variability for 

different crops grown in the humid and sub-humid regions of the U.S.  (Adamsen, 1992; Garcia 

et al., 2010; Jordan et al., 2014; Lamb et al., 1997; Spivey et al., 2018). However, expanding 

water use for irrigation can lead to depletion of groundwater aquifers (Hellerstein et al., 2019) 

such as the Ogallala aquifer in the Great Plains region of the U.S. (Haacker et al., 2016). 

Drainage water recycling (DWR) is an emerging conservation drainage practice that 

captures and stores subsurface drainage water and surface runoff in relatively small reservoirs, 

and uses this water for supplemental irrigation during dry periods of the growing season 

(Frankenberger et al., 2017; Hay et al., 2021). This practice has the potential to increase crop 

yield by mitigating drought stress while conserving the water resource. It can also improve water 

quality as it recycles nutrients back into the field, increases plant uptake, and reduces nutrient 

and sediment losses from agricultural fields to downstream surface water.  

There is a limited number of studies that investigated the benefits of DWR systems. It 

was reported that DWR increased corn yield by 14 to 50% and soybean yield by 7 to 29% in the 

states of Ohio and Missouri, U.S (Allred et al., 2014; Nelson et al., 2011; Nelson and Smoot, 

2012). In a regional synthesis paper, Willison et al. (2021) reported that DWR increased the 

resiliency of corn yield to low and normal precipitation during corn critical growth stages (V9-

R2) compared to corn grown under free drainage and no irrigation. DWR increased corn yields 

by an average of 3.6 Mg ha-1 compared to non-irrigated and freely drained field in 77% of the 53 
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site-years included in the study. The water quality benefits of the practice were studied by Tan et 

al. (2007) who reported that DWR reduced mass loads of nitrate and dissolved inorganic 

phosphorous by 41% and 18%, respectively.  

Several models have been developed to simulate the water budgets and determine the 

optimum size of on-farm irrigation reservoirs (Arnold and Stockle, 1991; Ouyang et al., 2017; 

Palmer et al., 1982; Saxton and Willey, 2006; Vico et al., 2020). These models simulate the 

hydrologic processes of a coupled field and reservoir system and estimate reservoir water 

availability, irrigation demand, and crop yield response. Typically, the NRCS curve number 

method (USDA Soil Conservation Service, 1972) has been used to estimate surface runoff, the 

main source of inflow water to the reservoir. Other methods have also been used including 

estimating surface runoff as the difference between precipitation and infiltration, with the latter 

estimated using approximate solution of Richards’s equation (Kim et al., 1996). Other models 

simply distributed precipitation into infiltration and surface runoff based on an assumed constant 

ratio (Jarboe and Haan, 1974). Irrigation timing and amount were determined based on the total 

available water (TAW) in the root zone and a specified soil moisture threshold.  

Two key characteristics differentiate DWR systems from the traditional on-farm 

reservoirs simulated by the models mentioned in the last paragraph. The reservoir of the DWR 

system receives water from both surface runoff and subsurface drainage while traditional on-

farm irrigation reservoirs receive water from surface runoff only. Models that can simulate both 

surface and subsurface water movement and estimate drainage flow from the field into the 

reservoir are needed. This is not available in the existing models, which simulate surface 

hydrology only. The second key characteristic of the DWR systems is that these systems are 

implemented on subsurface-drained agricultural landscapes with shallow water table soils. The 
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traditional on-farm reservoirs are used to irrigate fields on well-drained soils with deep water 

tables. For modeling these systems, a simple water balance for the plant root zone is adequate for 

keeping track of plant available water and determining irrigation requirements. In DWR, the 

shallow water table of the irrigated field interacts with the root zone, and the upward flux from 

this water table partially contributes to meeting crop ET demand. Irrigation water management 

and scheduling for this landscape requires a model that represent the interaction between the 

water table and vadose zone. None of the existing models adequately simulates the hydrology 

and crop yield response for DWR systems.   

Reinhart et al. (2019) developed a spreadsheet model using Microsoft Excel Visual Basic 

for Applications to simulate the storage benefits and nutrient reduction of  DWR systems and 

applied the model to two artificially drained sites in Indiana and Iowa. Reinhart et al. (2020) 

developed the algorithm of this model into an open-source online tool, referred to as EDWRD, 

which can be accessed online (https://github.com/TransformingDrainagePro- ject/edwrd). 

EDWRD conducts a daily water balance for the two main components of the DWR system, the 

irrigated field and the reservoir. The reservoir water balance was based on measured 

precipitation and tile drainage, assumed constant seepage rate, and calculated evaporation and 

irrigation demand. Reservoir evaporation was estimated using Penman-Monteith equation. 

Irrigation withdrawn from the reservoir was scheduled based on a defined soil water deficit (soil 

water depletion and readily available water difference) threshold that is equivalent to the 

maximum daily water consumption of corn. The field water balance was based on estimating the 

daily change in soil water depletion in the layer above the tile drains. The main components of 

the field water balance were precipitation, runoff, irrigation, upward and downward fluxes, and 

evapotranspiration. Runoff was estimated using NRCS curve number approach (Allen et al., 

https://github.com/TransformingDrainagePro-%20ject/edwrd
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2007). Crop evapotranspiration was calculated using the FAO-56 dual crop coefficient approach 

(Allen et al., 1998). Upward flux was estimated using the soil utility tool of DRAINMOD that 

generates a relationship between water table depth and upward flux based on the soil properties. 

Downward flux was based on estimating the amount of water drained through deep percolation 

when soil water content is above field capacity. More information about the EDWRD tool can be 

found at https://transformingdrainage.org/tools/edwrd.    

EDWRD is an easy-to-use tool but has limitations. It requires a long-term record of 

measured tile drainage flow, water table, and nutrient concentration data as inputs to assess the 

DWR system performance, which are not readily available. In addition, EDWRD does not 

predict the direct impact of DWR systems on crop yield. Moreover, nutrient reductions were 

estimated based on drainage flow captured by the system, without considering nutrient 

assimilation due to biochemical processes occurring in the reservoir (e.g., denitrification and 

uptake by aquatic vegetation). A model that can address these limitations is necessary for 

simulating DWR systems. 

In this study, we enhanced DRAINMOD model (Skaggs et al., 2012a) to simulate  DWR 

systems and predict the irrigation, water conservation, and crop yield benefits. This version of 

the model, referred to as DRAINMOD-DWR, simulates the water balance of the storage 

reservoir and the hydrology and crop yield of the field, irrigated from and/or draining into the 

reservoir. The model simulates the interaction between field hydrology and reservoir water 

budget. The model can be used to predict the long-term performance of DWR systems as 

affected by weather conditions, soil type, crop rotation, reservoir size, and irrigation and 

drainage management. To demonstrate the new features of the model and its use, we applied 

DRAINMOD-DWR to a hypothetical DWR system in Eastern North Carolina, U.S. The work 

https://transformingdrainage.org/tools/edwrd
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presented in this chapter has recently been published in the Agricultural Water Management 

Journal (Moursi et al., 2022).      

2. Materials and Methods 

2.1 Description of the hydrological component of DRAINMOD model 

DRAINMOD (Skaggs, 1978; Skaggs et al., 2012a) is a distributed field-scale 

hydrological model that was originally developed in late 1970s and early 1980s for the design 

and evaluation of agricultural drainage and related water management systems for naturally 

poorly drained, high water table soils. Over the past four decades, DRAINMOD has become a 

widely-used whole-system model that simulates the hydrology, carbon, nitrogen, and phosphorus 

dynamics, along with plant growth and productivity for agricultural and forested lands with 

poorly-drained high water table soils (Askar, 2019; Negm et al., 2014; Tian et al., 2016, 2012; 

Youssef et al., 2005). Additional notable enhancements to the model include modeling the effect 

of irrigation and drainage management on soil salinity in arid and semi-arid regions (Kandil et 

al., 1995), modeling the hydrologic processes in cold regions where snow accumulation and 

melt, freezing and thawing processes affect field hydrology (Luo et al., 2001), and modeling 

macropore flow (Askar et al., 2020).  

Following the guidelines by Saraswat et al. (2015) on documenting and reporting 

modeling studies, we are providing in this section a brief description of the hydrologic 

component of the model. Skaggs et al. (2012a) is an excellent source that provides a detailed 

description of the hydrologic component of DRAINMOD. The literature describing other model 

components is given in the previous paragraph for readers who are interested in knowing more 

about other model features.  
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The model uses the water balance approach and empirical relationships to describe 

hydrological processes affecting the hydrology of naturally poorly-drained soils with drainage. 

The model conducts water balance at hourly and daily time steps of a soil section of unit surface 

area, located midway between two parallel drains and extends from the soil surface to the top of 

a restrictive soil layer (Figure 4.1). 

 

Figure 4.1: Main hydrologic components of the field water balance simulated by DRAINMOD 

for subsurface-drained field. 

Equation 1 describes the water balance at the soil surface and Equation 2 describes the water 

balance in the soil profile. 

 

𝛥𝑆 = 𝑃 + 𝐼 − 𝐹 − 𝑅𝑂                   [1] 

𝛥𝑉𝑎 = 𝐷 + 𝐸𝑇 + 𝑉𝐿𝑆 − 𝐹 − 𝑆𝐼        [2] 
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Where ΔS is the change in the stored water on the soil surface (cm), P is precipitation 

(cm), I is surface irrigation (cm), F is infiltration (cm), RO is surface runoff (cm), ΔVa is the 

change in water-free pore space in the soil profile (cm), D is subsurface drainage flow (cm), ET 

is evapotranspiration (cm), VLS is vertical and lateral seepage (cm), SI is subirrigation (cm). 

Infiltration is estimated by the Green-Ampt equation (Green and Ampt, 1911). Surface 

depression storage is characterized by the maximum depression storage depth (Sm) that must be 

filled before surface runoff starts, and Kirkham depth (S1) that represents micro-depressions that 

prevent water from flowing freely at the soil surface to the vicinity of the subsurface drains. 

Surface runoff is estimated based on the surface water balance (Eq. 1) when Sm is filled and ΔS 

becomes zero (𝑅𝑂 = 𝑃 + 𝐼 − 𝐹). Subsurface drainage flow is calculated with the steady-state 

Hooghoudt equation (Bouwer and Schilfgaarde, 1963) when the water table is at or below the 

soil surface. When water is ponded on the surface at a depth greater than S1 and less than Sm, 

Kirkham equation (Kirkham, 1957) is used to estimate subsurface drainage flow. Vertical and 

lateral seepage are estimated using a simple approach based on Darcy’s equation and the Dupuit-

Forchheimer assumptions (Skaggs et al., 2012).  

Potential Evapotranspiration (PET) can be estimated by the user and provided as an input 

to the model or directly estimated by the model using the temperature-based, Thornthwaite, 

(1948) method. If Thornthwaite method is used, daily or monthly correction factors should be 

used to improve the accuracy of PET estimation. The model checks whether Evapotranspiration 

(ET) is limited by soil water conditions (upward flux from the water table and available soil 

water in the root zone). If PET is less than upward flux, ET is set equal to PET. If PET is higher 

than upward flux, a thin layer of the soil will be dried down to a minimum allowable water 

content (slightly greater than the wilting point) until it satisfies PET as long as this dry zone is 
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not deeper than the root zone. If PET is greater than the upward flux and the dry zone depth 

reached the root zone depth, ET will be set equal to upward flux.  

DRAINMOD also predicts the relative crop yield response to weather, drainage design, 

and management conditions. Relative yield is estimated as the ratio of the actual crop yield to the 

potential yield (yield occurred when no water related stresses existed), expressed as a percentage. 

DRAINMOD uses the stress day index (SDI) approach (Evans et al., 1991; Hiler, 1969) to 

predict the yield reduction caused by excessive soil water, deficient soil water, planting delay, 

and soil salinity. Excessive water stress is estimated in the model based on the number of days 

during which the water table is above a defined threshold, e.g., 30 cm. The model uses an 

approach suggested by Shaw, (1974) to estimate deficient water stress, which is a function of the 

ratio of actual evapotranspiration to potential evapotranspiration. Planting delay stress is 

calculated based on the number of days planting was delayed past the optimum day (Skaggs et 

al., 1982). Water related stresses are also a function of crop susceptibility that varies depending 

on crop growth stage and crop species (Hiler, 1969). Soil salinity stress is computed using 

approaches presented by (Kandil et al., 1995). 

2.2 DRAINMOD-DWR model development 

2.2.1 Model structure 

DRAINMOD-DWR model has been developed to simulate, on a daily basis, the 

hydrology and water balance of the two main components of a DWR system: the reservoir 

capturing and storing drainage water (surface and subsurface) and the field irrigated from and 

draining into the reservoir (Figure 4.2).  The model structure fully integrates the field and 

reservoir components, and simulates the interaction between the two components. Model 

predictions can be used to quantify the water conservation and crop yield benefits of DWR for 
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various reservoir sizes, soil types, crop rotations, weather conditions, and water management 

practices. 

 

Figure 4.2: Main components of the field and reservoir water balance in DWR systems 

The hydrology and crop yield for the field draining into and/or irrigated from the 

reservoir is simulated using the original version of DRAINMOD, which is briefly described in 

section 2.1. A new module was developed to conduct the water balance of the storage reservoir 

and simulate the interaction and feedback between the field and the reservoir. The modifications 

were made to the source code of DRAINMOD using the FORTRAN programming language. 

When DWR simulation is conducted, the model simulates first the hydrologic processes 

and predicts water balance components of the field including subsurface drainage flow and 

surface runoff flowing from the field into the reservoir. In case of subirrigation, the model 

estimates the irrigation amount that could be applied to the field based on the weir setting at the 

drain outlet. If other irrigation methods are used, the timing and amount of irrigation are inputs to 

the model and should be defined by the user based on crop water requirements. Then, a water 
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balance is conducted for the reservoir to keep track of the water volume in the reservoir. For 

every day of the simulation, the model checks if irrigation is scheduled on that day. For each 

scheduled irrigation event, the model limits the irrigation amount based on the available water 

volume in the reservoir. If the water volume calculated from the reservoir water balance exceeds 

the reservoir storage capacity, water will discharge from the reservoir at a rate (Qout) equal to 

the difference between the calculated water volume and the reservoir storage capacity. A logic 

diagram representing the structure of DRAINMOD-DWR model is shown in Figure 4.3. 

DRAINMOD-DWR has two modes of operation. By turning off the DWR option, the 

standard model simulates field hydrology and relative crop yield. If irrigation is simulated while 

DWR is turned off, DRAINMOD does not limit irrigation by the availability of water supply. 

When the DWR option is on, the model limits irrigation based on the water availability in the 

reservoir. The model is designed to allow the user to easily switch back and forth between the 

modified and the original models. 
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Figure 4.3: Logic diagram of DRAINMOD-DWR model for simulating drainage water recycling 

systems. 
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2.2.2 Reservoir water balance 

In DRAINMOD-DWR, a daily water balance is conducted to estimate the water volume 

in the reservoir as a function of the daily water volumes received by and lost from the reservoir. 

The Reservoir water balance equation can be expressed as: 

𝑉𝑡 = 𝑉𝑡−1 + 𝐴𝑟(𝑃𝑡 − 𝐸𝑡) + 𝐴𝑓(𝑅𝑂𝑡 + 𝐷𝑡 − 𝐼𝑅𝑡) − 𝑄𝑜𝑢𝑡𝑡 − 𝑆𝐸𝑡 +  𝑄𝑖𝑛𝑡       [3] 

where V is the water volume in the reservoir (L3), P is the precipitation (L), E is the 

evaporation from the surface of the reservoir (L), RO and D are the surface runoff and 

subsurface drainage flow, respectively, entering the reservoir from the field (L), IR is the water 

withdrawn from the reservoir to irrigate the DWR field (L), Qin is the volume of inflow water 

from other sources (e.g., upstream contributing area) (L3), Qout is the volume of the outflow 

from the reservoir when it reaches maximum storage capacity (L3), SE is seepage volume from 

the reservoir (m3), Ar is the surface area of the reservoir (L2), Af is the area of the field (L2), and 

the subscripts t and t-1 denote the current and previous days of the simulation, respectively.  

In Equation 3, surface runoff, subsurface drainage flow, and irrigation are estimated from 

DRAINMOD simulation of the field hydrology. Precipitation and inflow from other sources are 

inputs to the model. The model assumes a user-defined constant seepage flux from the storage 

reservoir. Daily evaporation from the reservoir is estimated using a simplified Penman equation 

(Eq. 4), which was proven to give reliable estimates with readily available weather data 

(Valiantzas, 2006).  

𝐸 = 0.047𝑅𝑆√𝑇 + 9.5 − 2.4 (
𝑅𝑆

𝑅𝐴
)

2

+ 0.09(T + 20) (1 −
𝑅𝐻

100
)            [4] 
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Where E is evaporation (mm/day), RS is solar radiation (MJ m-2 d-1), RA is 

extraterrestrial radiation (MJ m-2 d-1), T is mean air temperature (oC), and RH is relative 

humidity. If relative humidity and solar radiation data are not available, Valiantzas, (2006) 

provided simplified formulae to estimate these parameters in terms of the minimum and 

maximum air temperatures and site latitude. The daily evaporation rate is distributed during a 12-

hour period (6:00 am to 6:00 pm) and adjusted to zero during the hours of rainfall and when the 

reservoir is dry. If the water in the reservoir is less than the evaporation demand, the evaporation 

is set equal to the available water in the reservoir. 

2.2.3 Model inputs and outputs 

Along with the weather, soil, crop, and drainage system inputs required by the standard 

DRAINMOD model, DRAINMOD-DWR requires a few additional inputs (Table 4.1). These 

inputs include the area of the field irrigated from and draining to the reservoir, the area of the 

reservoir as a percentage of the field area, and the maximum and minimum depths of water in the 

reservoir, and the reservoir seepage flux. If applicable, a time series of daily inflow from other 

upstream sources is also required by the model. For drainage systems with subsurface pipe 

drains, the model gives the user the options to either route subsurface drainage flow only or route 

both surface runoff and subsurface drainage flow to the storage reservoir. For drainage systems 

with open ditches, the model routes both surface runoff and subsurface drainage flow to the 

reservoir since open ditches collect both surface and subsurface flows from the field. In addition 

to the outputs generated by the standard DRAINMOD model, DRAINMOD-DWR predicts the 

daily, monthly, and annual components of the reservoir water balance. 
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Table 4.1 Main additional inputs of DRAINMOD-DWR model and their definitions. 

Input Definition 

Af 
The area of the agricultural field receiving irrigation from and/or draining to the 

reservoir (m2). 

PFR The percent of the surface area of the reservoir to the field area (%). 

Hmax 
The maximum water depth of the reservoir, above which water discharges from the 

reservoir (m). 

Hmin 
The minimum water depth of the reservoir, below which irrigation form the 

reservoir cannot be applied (m). 

SE The daily seepage losses from the reservoir (mm/day). 

 

2.3 DWR Evaluation Criteria Based on DRAINMOD Predictions 

DRAINMOD-DWR predictions can be used for DWR systems design and evaluation. 

Three indices were defined based on DRAINMOD-DWR predictions to quantify benefits and 

evaluate performance of DWR. These indices are described in this section. 

The irrigation index (IRI). The IRI compares the amount of irrigation water that can be 

withdrawn from the reservoir in a specific year to the amount of irrigation water from unlimited 

water supply (Eq. 5). This index was defined by Malano and Burton (2001) and used by Reinhart 

et al. (2019). 

𝐼𝑅𝐼𝑖 = (
𝐼𝑅𝑅𝑖

𝐼𝑅𝑈𝑖
)            [5] 

Where IRIi is the irrigation index for year i, IRRi is the irrigation amount that can be 

withdrawn from the reservoir during year i, and IRUi is the irrigation amount needed by the crop 

from unlimited water supply during the year i. The values of IRIi range from 0 to 1, with larger 

values indicating more water is provided for supplemental irrigation from the DWR system and 

vice versa. When IRIi = 1, the reservoir is large enough to provide sufficient supplemental 
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irrigation in year i. Since the design of the system is site specific (weather conditions, soil type, 

drainage and irrigation design), IRIi can be used as one of the design metrics for determining the 

proper size of the reservoir that can provide enough supplemental irrigation. 

The water capture index (WCI). The WCI defines the proportion of the total inflow water 

that is captured and stored in the reservoir in a specific year. A similar index was used by 

Reinhart et al. (2019) to evaluate the performance of  DWR systems in reducing nutrient losses.  

𝑊𝐶𝐼𝑖 = 1 − (
𝑄𝑜𝑢𝑡𝑖

𝐷𝑖+𝑅𝑂𝑖 + 𝑄𝑖𝑛𝑖
)            [6] 

Where WCIi is the water capture index in year i, Qouti is the outflow from the reservoir 

in year i, Di and ROi are the subsurface drainage flow and surface runoff from the field to the 

reservoir in year i, respectively, and Qini is the volume of inflow water from other upstream 

sources in year i. The WCIi values range from 0 to 1, with 1 indicating all received water is 

captured and stored by the reservoir and 0 indicating no water is captured. The larger the 

reservoir size, the larger the value of WCIi and vice versa. This index can have multiple uses 

including i) the evaluation of the storage potential of the reservoir should this practice be used 

for flood mitigation, ii) the evaluation of the hydrologic effects of DWR particularly on stream 

flow, and iii) indirect evaluation of DWR effect on surface water quality by reducing nutrient- 

and sediment-enriched surface runoff and subsurface drainage flow that reach downstream 

surface water bodies.  

The crop yield index (CYI). The CYI is the ratio of the crop yield for a DWR field to 

crop yield for a non-irrigated field.  

𝐶𝑌𝐼𝑖 = (
𝐼𝑅𝐶𝑌𝑖(1 −

𝐿𝑅
100)

𝑁𝐼𝐶𝑌𝑖
) − 1            [7] 
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Where CYIi is the crop yield index for crop i, IRCYi is the relative yield for crop i that 

was irrigated from a reservoir, NICYi is the relative yield of a non-irrigated crop i, LR is the 

percent of the surface area of the reservoir to the field area, if the reservoir was constructed on 

land taken out of production.  Thus, the crop yield of the irrigated field represents the yield from 

the land that was actually planted. CYIi > 0 indicates an increase in the crop yield of DWR 

system compared to a non-irrigated field, while CYIi < 0 indicates the DWR system reduced the 

overall crop yield. Using this index, the size of the reservoir that maximizes the yield can be 

identified. As the reservoir size increases, it provides more water for supplemental irrigation, 

alleviating plant stresses due to dry conditions and increasing crop yield. However, increasing 

the reservoir size takes more land out of production and causes yield loss if LR> 0. At a specific 

reservoir size, the system would reach an inflection point where the yield increase due to 

irrigation is offset by the yield loss due to taking more land out of production. Beyond this point, 

larger reservoir sizes will cause an overall yield reduction (CYIi < 0).  

2.4 Model application 

We present a case study for a subsurface drained agricultural field in eastern North 

Carolina, U.S., to demonstrate DRAINMOD-DWR application and use. The daily precipitation 

and temperature data used in the model simulations were based on 50-year (1970-2019) weather 

record retrieved from a NOAA weather station (PLYMOUTH 5 E: 35.8723o N, 76.6592o W). 

The simulated soil is Portsmouth sandy loam, which is poorly drained under natural conditions. 

The simulated drainage system consists of subsurface drains, installed at a depth of 125 cm and a 

spacing of 30 m. Good surface drainage (e.g., maximum surface storage of 0.5 cm) was assumed 

in this simulation to represent common practices in North Carolina since good surface drainage 

is needed to effectively remove excess water following large storm events that frequently occur 
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during the growing season. The area of the simulated field is 13.8 ha. DRAINMOD soil 

properties and other site input parameters were based on values reported by Skaggs et al. 

(2012b). Key drainage system input parameters and lateral saturated hydraulic conductivity 

values for the soil profile are listed in Table 4.2. 

Two water table management scenarios were simulated: 1) free drainage with no 

irrigation and DWR, which represents the baseline scenario; 2) DWR system with adaptive water 

table management scenario that consists of controlled drainage during the fallow season, free 

drainage before planting and harvesting, and subirrigation during the crop growing season. The 

site is irrigated through a subirrigation system; water is delivered to the soil through the 

perforated subsurface drains. The water table management mode and the weir settings of the 

control structure at the drain outlet are given in Table 4.3. Simulations were conducted for a 

continuous corn rotation. The simulated target planting day of the year is 100 and the simulated 

length of the growing season is 130 days. DRAINMOD was set to estimate PET using the 

Thornthwaite method. Monthly PET correction factors determined by Amatya et al. (1995) were 

used to correct PET values calculated by the Thornthwaite method. These monthly factors were 

obtained by comparing the PET values calculated by Thornthwaite method and Penman 

Montieth equation at multiple locations in Eastern North Carolina. DRAINMOD inputs needed 

to simulate crop yield were based on values reported by Evans et al. (1991). 
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Table 4.2: Drainage design inputs and lateral saturated hydraulic conductivity of the Portsmouth 

soil used in the simulation. 

Drainage system design parameters  

Drain depth (cm)  125 

Drain spacing (m) 30 

Drainage coefficient (cm/day) 2.5 

Depth to impermeable layer (cm) 215 

Effective drain radius for 102-mm 

diameter perforated pipe (cm) 
1.5 

Maximum surface storage (cm) 0.5 

Kirkham depth (cm) 0.5 

Soil layers and lateral saturated hydraulic conductivity (Ks) 

Top and bottom depths of soil layers  

(cm) 
Ks (cm/hr) 

 0 - 30  15 

30 - 100 2 

100 - 215 8 

 

Table 4.3: Weir management schedule. 

Dates Weir depth (cm) Mode Season 

1 Jan. - 14 Mar. 30 Controlled drainage Fallow 

15 Mar. - 9 Apr. 125 Free drainage  Fallow 

10 Apr. - 14 May 125 Free drainage  Growing season 

15 May - 31 July 60 Subirigation Growing season 

1 Aug. - 20 Aug. 125 Free drainage Growing season 

21 Aug. - 14 Oct. 125 Free drainage Fallow 

15 Oct. - 31 Dec.  30 Controlled drainage Fallow 

 

To predict the crop yield and water conservation benefits of the simulated DWR system, 

reservoirs with various storage capacities were simulated including 3.0-m deep reservoirs with 

surface areas ranging from 2% to 10% of field area. Reservoir sizes selection followed a similar 
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approach that was presented by Reinhart et al. (2019), so the results of the two studies can be 

easily compared. The reservoir minimum depth was assumed 0.30 m (Table 4.4). 

Table 4.4: Values of the main additional inputs of DRAINMOD-DWR model for the simulated 

study. 

Description Value 

Field area (m2) 138000 

Reservoir/field area (%) 2, 6, 4, 8, and 10 

Reservoir maximum depth (m) 3 

Reservoir minimum depth (m) 0.30 

Seepage rate (mm/day) 0 

3. Results and Discussion 

3.1 Precipitation 

Over the 50-year simulation period, average annual precipitation was 134.1 cm and 

ranged from 85.5 cm to 190.1 cm. The highest monthly precipitation occurred during the 

growing season months (Figure 4.4). Precipitation during the growing season accounted for 47% 

(63.2 cm) of annual precipitation. The year-to-year variability in monthly precipitation was high 

particularly during the summer months (Figure 4.4). For example, monthly precipitation for July 

ranged from 2.3 cm in 1993 to 35.8 cm in 1984. This high variability in the timing and amount of 

precipitation increases the crop vulnerability to water stresses and signifies the need for using 

DWR systems to mitigate these stresses.  
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Figure 4.4: Boxplot graph of monthly precipitation for the 50-year simulation period. 

We used the Standardized Precipitation Index (SPI; McKee et al., 1993) to describe the 

dryness and wetness of each simulated year. Since the simulated water management included 

subirrigation during May through July, we based our calculations of the SPI on the monthly 

precipitation during this period. The SPI is a widely used drought index that quantifies dry and 

wet conditions based on the deviation of precipitation from the long-term average. The 

variability of the SPI values of May, June, and July months for the 50-year simulation is 

graphically depicted in Figure 4.5. Negative SPI values indicate dry conditions while positive 

values indicate wet conditions. When the value of the SPI is less than -2, it indicates extremely 

dry conditions while an SPI greater than 2 indicates extremely wet conditions. Based on the 

drought categories defined by McKee et al. (1993), 18 years were classified as mildly dry, 4 
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years as moderately dry, and one year as severely dry. In contrast, 24 years were classified as 

mildly wet, 2 years as moderately wet, and one year as severely wet. 

  

Figure 4.5: Standardized Precipitation Index (SPI) values for the months of May, June, and July 

during the 50-year simulation period. 

3.2 Field water balance 

The long-term simulation of the field water balance indicated that 87% (117 cm) of 

average annual precipitation infiltrated into the soil, and the other 13% (17 cm) was routed to the 

reservoir as surface runoff. The annual irrigation withdrawn from the reservoir averaged across 

all simulated reservoir sizes was 11 cm. Evapotranspiration was the main water loss from the 

field (54%), while subsurface drainage flow and surface runoff accounted for 34% and 12%, 

respectively. 
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3.2.1 Subsurface drainage flow 

The two main water sources for filling the reservoir were subsurface drainage flow and 

surface runoff. Understanding the variability of both components of the field water balance is 

important to the design and management of the reservoir. Subsurface drainage flow varied 

throughout the year depending on precipitation and potential evapotranspiration patterns and the 

management settings of the drainage control structure (Figure 4.6). On average, the highest 

monthly subsurface drainage flow occurred during March (9 cm), when PET was still low and 

the drainage system was still in the free drainage mode during the last half of the month. On the 

other hand, the lowest average monthly subsurface drainage flow occurred during November (1.3 

cm), when monthly precipitation was lowest and the drainage system was managed in controlled 

drainage mode. Although most of precipitation occurred during the growing season as discussed 

in section 3.1, subsurface drainage flow was low. This was because of the high 

evapotranspiration during this period. Furthermore, the drainage system was set in controlled 

drainage mode during this period, which allowed for more water storage in the soil profile and 

less drainage flow.   
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Figure 4.6: Boxplot graph of monthly subsurface drainage flow for the 50-year simulation 

period. 

3.2.2 Surface runoff 

Surface runoff also varied throughout the year depending on the duration and intensity of 

precipitation, soil moisture condition, and weir settings (Figure 4.7). Surface runoff tended to be 

higher with less variability during winter months and when controlled drainage was in effect. 

Average monthly surface runoff was highest in January (2.8 cm) and lowest in April (0 cm). 

These results suggest that relying on surface runoff only to fill the reservoir would increase the 

uncertainty of the reservoir storage, compared to subsurface drainage flow that has less 

variability.  
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Figure 4.7: Boxplot graph of monthly surface runoff for the 50-year simulation period. 

3.3 Reservoir water balance 

The water budget of the reservoir was simulated for five reservoir sizes (2%, 4%, 6%, 

8%, and 10% of the field area) and each component of the water balance was estimated (Figure 

4.8). The values were normalized by the field area (the water volume of each component was 

divided by the field area) so that the water balance of the field and the reservoir can be related. 

On average, subsurface drainage flow from the agricultural field accounted for most of the 

reservoir’s water inflow (67%), while runoff and collected rainfall accounted for only 23% and 

10%, respectively. Reservoir outflow accounted for 71% of the total water outflow, while 

subirrigation and evaporation accounted for 16 and 13%, respectively. As expected, larger 

reservoirs were able to provide more irrigation and release less water than smaller reservoirs. 
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Larger reservoirs stored more precipitation and lost more water via evaporation than smaller 

reservoirs. Subsurface drainage flow and surface runoff were almost the same and were not 

significantly affected by the reservoir size. The small change in subsurface drainage flow and 

surface runoff values were mainly because of the amount and timing of irrigation. 

 

Figure 4.8: Annual average of the reservoir water balance components over the 50-year 

simulation period. Water volume is expressed as the water volume of each component divided by 

the field area. 

Monthly average of predicted storage volumes for the simulated reservoir sizes were 

calculated to describe the temporal variation in reservoir storage. Reservoir storage volumes 

were expressed in depth units (cm) by dividing the water volume in the reservoir by the field 

area (Fig 9). Regardless of timing, monthly reservoir storage increased as reservoir size 
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increased. Reservoir storage was lowest during summer because of water withdrawn for 

irrigation. Interannual variation of reservoir storage was lowest during spring months and highest 

during summer and early fall. This can be explained by the difference in the amount of water 

withdrawn for irrigation that depends on weather conditions. For example, storage variation was 

lowest in April, which was the second month with lowest precipitation variability. In contrast, 

storage variation was highest in August, which was the second month with highest precipitation 

variability. 

 

 

Figure 4.9: Average monthly water storage in different reservoir sizes across the 50-year 

simulation period. Reservoir storage is expressed as the volume of the reservoir divided by the 

field area. The error bars represent the mean ± standard deviation. 
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3.4 Predicted effect of reservoir size on water availability for irrigation 

The performance of the DWR system was investigated through quantifying its ability to 

provide the needed irrigation during different weather conditions. The predicted reservoir water 

depth for different reservoir sizes during wet and dry years is given in Figure 4.10. In all weather 

conditions, the reservoir water depth varied between the maximum (3.0 m) and minimum water 

depth (0.30 m). All reservoirs with different sizes were almost full before the growing season, 

which supports our hypothesis to study the precipitation deficit during the growing season, rather 

than during the entire year. As Figure 4.10 suggests, the water stored in the reservoirs was 

depleted earlier as the reservoir size gets smaller and weather gets drier. During wet years, all 

reservoirs stored enough water for irrigation except for the 2% and 4% reservoir sizes, which 

were depleted in 19 and 3 of the 24 mildly wet years, respectively. Reservoir size of 6% was 

depleted in 4 of the 18 mildly dry years, 3 of the 4 moderately dry years, and the only year 

classified as severely dry. Reservoir size of 8% was able to provide irrigation during all weather 

conditions, except during the severely dry year. The only reservoir size that was able to store 

enough water for irrigation during all weather conditions was the 10% size. 

The annual irrigation applied during wet growing seasons (less than 10 cm) was much 

less, compared to irrigation applied during dry growing seasons (as high as 18 cm). The annual 

irrigation index (IRI) was estimated for the 50-year simulation period (Figure 4.11). Based on the 

simulation results, a reservoir size of 8% or larger can store enough water for providing irrigation 

during all weather conditions for this study site. 
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Figure 4.10: Water depth of the given reservoir sizes for wet and dry weather conditions, red and 

black horizontal dotted lines represent the maximum and minimum water depth of the reservoir, 

respectively. 
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Figure 4.11: Box plots of the annual irrigation index (IRR) for the given reservoir sizes. 

3.5 Predicted effect of reservoir size on crop yield 

The impact of DWR on corn yield was quantified by comparing the yield of irrigated and 

non-irrigated corn. Two scenarios were simulated to predict crop yield benefits of DWR with 

different storage reservoir sizes. In the first scenario, the reservoir was assumed to be constructed 

on an area that was not productive (e.g., marginal land). The second scenario assumed the 

reservoir was constructed on a land that was taken out of production. The model predicted that 

supplemental irrigation from the 2% reservoir size increased average corn yield by 13% for 

scenario 1 and 11% for scenario 2 (Figure 4.12). Increasing the reservoir size from 2% to 4% of 

the irrigated field resulted in a large increase in average corn yield (22% for scenario 1 and 17% 

for scenario 2). The model predicted that reservoir sizes larger than 4% of the irrigated field area 
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will slightly increase corn yield for scenario 1 and reduce corn yield for scenario 2 (Figure 4.12). 

For example, the model predicted that the 6% reservoir size will increase average corn yield by 

1% for scenario 1 and reduce corn yield be 2% for scenario 2, compared to yield corresponding 

to the 4% reservoir size.  Average corn yield decreased when irrigating from reservoirs with size 

larger than 4% in the second scenario because the yield loss due to taking larger field area out of 

production was greater than the yield increase due to irrigation. Based on model predictions, a 

reservoir with 4% size would be recommended at this study site to optimize corn yield. As model 

predictions indicate, designing a DWR system with a large reservoir (i.e., 8% size) that can 

maintain enough storage for irrigation under all weather conditions does not always increase 

crop production. In addition to the availability of the water in the reservoir, the yield increase is 

also limited by how irrigation is managed (timing and rate of irrigation). If the field is irrigated 

using subirrigation, the rate at which water can be delivered to crops is highly limited by soil 

type and the design of the drainage system (e.g., spacing and depth of laterals). 
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Figure 4.12: Box plots of crop yield index values (CYI) simulated for reservoirs constructed on a 

non-productive land (left) and reservoirs constructed on a productive land (right) . The dotted 

black line represents no yield difference between the DWR irrigated and non-irrigated field. 

3.6 Predicted effect of reservoir size on water capture 

The water capture benefits of DWR were quantified by estimating the reduction in 

surface runoff and subsurface drainage flow amounts that reached the downstream surface water 

(Figure 4.13). As indicated by the values of the annual WCI, the water capture increased with the 

increase of the reservoir size. On average over the 50-year simulation period, the reservoir with 

2% size captured 15% of total reservoir inflow (WCI=0.15). Increasing the reservoir sizes to 4% 

and 6% of the field area resulted in considerable increases in water capture. The average values 

of the annual WCI were 0.2 and 0.24 for the 4% and 6% reservoir sizes, respectively. Further 

increase in reservoir size leads to only slight increase in annual water capture (average annual 

WCI=0.25 and 0.26 for 8% and 10% reservoirs sizes, respectively).  The model predicted that 

most of the water capture occurred during the months of June, July, and August when a large 

portion of the reservoir was empty due to water use for supplemental irrigation during the corn-
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growing season (Figure 4.14). The water capture during the non-growing season was small and 

did not exhibit large variation across dry and wet years when evaporation was relatively small 

and no water was withdrawn for irrigation.  

While the water quality benefits of DWR systems were not quantified in this study, the 

water storage benefits of the system can clearly demonstrate the potential of the system for 

reducing nutrients and sediment losses from drained agricultural fields to downstream surface 

water. Using DRAINMOD-NII model (Youssef et al., 2005), Skaggs et al. (2012b) estimated the 

35-year average annual nitrate flow-weighted concentrations in subsurface drainage flow and 

surface runoff as 6.0 mg/L and 0.8 mg/l, respectively, for continuous corn growing on the same 

study site. Therefore, the water capture by a 4% size reservoir at the case study site and the 

associated reduction in outflow to receiving surface water could lead to a yearly reduction in 

nitrate loss by an average of 20% or 7.7 kg NO3-N ha-1 yr-1. It should be noted that the removal 

and assimilation processes occurring in the reservoir (e.g., denitrification and settling) are 

expected to further reduce nutrient and sediment losses to receiving surface water beyond the 

levels estimated on the outflow reduction mechanism only. 
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Figure 4.13: Box plots of the annual water capture index (WCI) for the specified reservoir sizes. 
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Figure 4.14: Box plots of the monthly water capture of the different simulated reservoir sizes. 

Reservoir capture is expressed as the water volume captured by the reservoir divided by the field 

area. 

4. Conclusion 

Drainage water recycling (DWR) or drainage water reuse is a practice that has recently 

been proposed for adapting crop production to precipitation uncertainty and reducing nutrient 

and sediment losses from drained cropland. The practice involves the capture and storage of 

subsurface drainage flow and possibly surface runoff in relatively small and easy-to-manage 

ponds or reservoirs, and utilizing the stored water for supplemental irrigation during the dry 

periods of the crop growing season. This paper presents an expanded version of the 

DRAINMOD model that simulates the hydrology and crop yield for DWR systems. The model 
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simulates the water balance of the reservoir capturing and storing drainage water and the 

hydrology and crop yield of the field irrigated from and/or draining into the reservoir. The model 

fully represents the interaction between field hydrology and reservoir water balance. This version 

of the model requires a few inputs to describe the storage reservoir, in addition to the inputs 

required by the standard version of DRAINMOD. The model can be used to predict the 

performance of DWR systems as affected by weather conditions, soil type, crop rotation, 

reservoir size, and irrigation and drainage management. Utilizing model predictions, three 

indices were suggested as design and performance evaluation metrics for DWR. These indices 

provide quantitative assessment for simulated reservoir sizes with regards to meeting irrigation 

demand, increasing crop yield, and reducing total runoff to downstream surface water bodies. 

Based on these indices, the user can decide the reservoir size that would optimize the system 

benefits. Currently, a new version of the DRAINMOD model is being developed that includes 

DRAINMOD-DWR along with other recent developments (Askar et al., 2021, 2020; Lisenbee et 

al., 2020; Negm et al., 2014; Tian et al., 2012, 2016). This version is expected to be released to 

model users by the end of 2022. Additionally, the source code of DRAINMOD-DWR can be 

shared with interested researchers upon request. 

A hypothetical drainage water recycling system in eastern North Carolina, U.S. was 

simulated to demonstrate model use. The model application underscored the importance of 

understanding the inter- and intra-annual variation of precipitation for determining the optimum 

size of the storage reservoir. This application demonstrated the potential of the expanded model 

for optimizing the design and management of drainage water recycling systems. Further research 

is needed to test DRAINMOD-DWR using field measured data. Also, adding a water quality 

component to the model that simulates the fate and transport of nitrogen, phosphorus, and 
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sediment in the storage reservoir would further enhance the model and make it capable of 

predicting the water quality benefits of DWR. 
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Appendix A 

 Water quality data of samples collected from surface runoff from the upstream forested land 

(ST1), reservoir outflow (ST2), subsurface drainage flow from the DWR treatment (ST3), 

sub-irrigation (ST4), surface runoff from the CT treatment (ST5), surface runoff from the 

DWR treatment (ST6), and water in the reservoir (PND). 

Sample Sampling date TSS TKN TP NO3N NH4N OP 

mg L-1 

ST3 5/22/2019 41.35 2.14 0.42 1.23 0.05 0.05 

ST4 5/22/2019 26.32 1.60 0.11 0.49 0.05 0.01 

ST1 6/13/2019 5.4 0.90 0.40 6.44 0.0500 0.35 

ST3 6/13/2019 1.7 0.55 0.08 0.93 0.0500 0.06 

ST4 6/13/2019 64 0.79 0.09 1.37 0.0500 0.08 

ST5 6/13/2019 2,180 12.1 2.21 48.90 12.1 2.13 

ST3 6/25/2019 5.71 1.25 0.17 2.53 0.05 0.12 

ST4 6/25/2019 5.71 0.21 0.22 3.49 0.0500 0.21 

ST5 6/25/2019 39 3.87 0.30 2.30 3.38 0.27 

ST6 6/25/2019 941 3.32 0.55 4.33 2.63 0.54 

ST1 7/16/2019 4.5 0.90 0.28 0.84 0.23 0.23 

ST4 7/16/2019 40.2 1.26 0.07 0.47 0.05 0.01 

ST5 7/16/2019 695 2.56 0.48 0.88 2.00 0.42 

ST3 7/31/2019 109 1.03 0.29 5.43 0.05 0.25 

ST5 7/31/2019 1,874 1.15 0.66 6.22 0.98 0.66 

ST1 8/7/2019 15.4 1.18 0.78 0.61 0.36 0.72 

ST5 8/7/2019 22.0 3.38 0.94 0.75 2.28 0.82 

PND 8/14/2019 21.0 2.14 0.41 0.05 0.51 0.33 

ST1 8/14/2019 49.8 0.47 0.27 0.85 0.050 0.25 

ST4 8/14/2019 20.9 1.46 0.48 0.28 0.63 0.42 

ST5 8/14/2019 145 1.12 0.42 0.90 0.63 0.41 

PND 8/29/2019 35.1 1.30 0.29 0.05 0.050 0.20 

ST4 8/29/2019 17.2 3.83 0.76 0.11 2.86 0.71 

ST5 8/29/2019 451 2.23 0.77 7.03 0.84 0.72 

ST6 8/29/2019 458 1.31 0.63 3.25 0.050 0.59 

PND 9/9/2019 19.2 1.41 0.57 0.36 0.19 0.47 

ST1 9/9/2019 112 0.64 0.57 1.02 0.05 0.47 

ST2 9/9/2019 31.7 1.67 0.56 0.68 0.52 0.44 

ST3 9/9/2019 10.6 1.56 0.04 16.24 0.82 0.02 

ST5 9/9/2019 138 2.55 0.78 1.24 1.38 0.72 

ST6 9/9/2019 983 2.51 0.95 0.31 1.27 0.82 

ST1 9/13/2019 20.4 2.18 0.92 0.50 0.98 0.75 

ST2 9/13/2019 17.3 1.43 0.63 0.26 0.40 0.46 
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Sample Sampling date TSS TKN TP NO3N NH4N OP 

mg L-1 

ST3 9/13/2019 10.9 0.59 0.05 17.53 0.18 0.01 

ST5 9/13/2019 68.5 4.07 1.12 2.19 2.39 0.94 

ST6 9/13/2019 186 3.35 1.00 1.77 1.77 0.89 

PND 9/26/2019 2.77 1.28 0.50 0.05 0.05 0.25 

ST2 9/26/2019 8.83 0.76 0.66 1.25 0.05 0.50 

ST3 9/26/2019 2.20 0.94 0.08 11.08 0.42 0.01 

PND 10/18/2019 4.89 1.42 0.34 0.05 0.30 0.20 

PND 10/31/2019 6.26 1.11 0.25 0.25 0.050 0.16 

ST1 10/31/2019 515 0.79 0.49 0.89 0.050 0.43 

ST2 10/31/2019 71.3 1.13 0.32 0.86 0.050 0.24 

ST3 10/31/2019 6.97 0.31 0.02 11.08 0.050 0.0050 

ST5 10/31/2019 26.9 1.59 0.37 1.32 0.050 0.32 

ST6 10/31/2019 1,606 1.91 0.67 8.62 0.67 0.61 

PND 11/14/2019 2.23 1.07 0.17 2.33 0.28 0.0050 

ST1 11/14/2019 1,151 0.39 0.56 0.89 0.13 0.28 

ST2 11/14/2019 19.3 0.67 0.36 0.26 0.0500 0.14 

ST3 11/14/2019 12.8 0.34 0.11 16.23 0.0500 0.0050 

ST5 11/14/2019 1,584 1.40 0.44 2.64 0.68 0.37 

ST6 11/14/2019 1,545 0.93 0.48 6.92 0.29 0.31 

PND 11/27/2019 12.9 0.81 0.02 5.21 0.0500 0.02 

ST1 11/27/2019 20.4 1.03 0.53 5.23 0.0500 0.41 

ST3 11/27/2019 9.6 0.0500 0.07 19.51 0.0500 0.0050 

ST5 11/27/2019 22.7 0.82 0.11 14.49 0.0500 0.05 

ST6 11/27/2019 71.5 1.16 0.41 8.18 0.0500 0.32 

PND 12/18/2019 1.46 0.98 0.10 7.10 0.11 0.05 

ST1 12/18/2019 113 0.59 0.24 1.39 0.0500 0.17 

ST2 12/18/2019 80.3 0.75 0.16 4.80 0.0500 0.08 

ST3 12/18/2019 3.83 0.25 0.03 17.97 0.0500 0.0050 

ST5 12/18/2019 253 0.88 0.21 4.36 0.39 0.14 

ST6 12/18/2019 391 0.79 0.35 1.94 0.17 0.27 

PND 1/2/2020 6.74 0.79 0.04 5.47 0.0500 0.0050 

ST3 1/2/2020 5.57 0.0500 0.02 18.45 0.0500 0.0050 

PND 1/23/2020 5.67 0.76 0.12 2.99 0.05 0.02 

ST1 1/23/2020 222 0.25 0.36 0.62 0.05 0.13 

ST2 1/23/2020 33.7 0.57 0.21 5.28 0.05 0.04 

ST3 1/23/2020 2.53 0.05 0.09 15.80 0.05 0.01 

ST5 1/23/2020 38 0.86 0.25 8.78 0.27 0.10 

ST6 1/23/2020 1,033 0.47 0.44 3.45 0.17 0.27 

PND 2/4/2020 0.73 0.79 0.11 2.24 0.05 0.01 
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Sample Sampling date TSS TKN TP NO3N NH4N OP 

mg L-1 

ST1 2/4/2020 13.87 0.65 0.24 0.95 0.05 0.14 

ST2 2/4/2020 1.73 0.64 0.09 2.32 0.22 0.01 

ST3 2/4/2020 0.20 0.05 0.06 13.80 0.05 0.01 

ST5 2/4/2020 13.73 1.09 0.24 7.02 0.05 0.13 

ST6 2/4/2020 242 0.73 0.26 2.63 0.05 0.16 

PND 2/19/2020 3.63 0.89 0.12 1.87 0.05 0.06 

ST1 2/19/2020 1145.00 0.54 0.26 0.76 0.05 0.17 

ST2 2/19/2020 77.23 0.75 0.10 2.15 0.05 0.01 

ST3 2/19/2020 0.63 0.05 0.03 16.74 0.05 0.01 

ST5 2/19/2020 455.90 0.71 0.26 1.44 0.05 0.18 

ST6 2/19/2020 913.80 0.62 0.41 1.49 0.05 0.34 

PND 3/9/2020 3.43 1.09 0.08 3.26 0.05 0.03 

ST1 3/9/2020 17.20 0.74 0.10 0.11 0.05 0.02 

ST2 3/9/2020 22.03 0.89 0.13 1.86 0.05 0.04 

ST3 3/9/2020 1.63 0.05 0.02 17.38 0.05 0.01 

ST5 3/9/2020 35.73 0.93 0.24 3.11 0.05 0.16 

ST6 3/9/2020 114.15 0.76 0.34 0.65 0.05 0.29 

PND 4/30/2020 25.13 1.14 0.16 0.05 0.05 0.02 

ST1 4/30/2020 22.35 0.94 0.13 0.05 0.05 0.01 

ST2 4/30/2020 48.18 0.90 0.18 1.32 0.05 0.06 

ST3 4/30/2020 13.53 0.05 0.04 15.35 0.05 0.01 

ST5 4/30/2020 53.82 0.83 0.47 1.77 0.05 0.32 

ST6 4/30/2020 83.70 0.68 0.47 1.41 0.05 0.34 

PND 6/4/2020 111.97 1.42 0.15 1.62 0.05 0.05 

ST1 6/4/2020 56.60 1.26 0.13 0.05 0.05 0.04 

ST2 6/4/2020 14.80 0.84 0.15 0.56 0.05 0.05 

ST5 6/4/2020 116.60 1.11 0.21 6.52 0.05 0.12 

ST6 6/4/2020 539.40 0.89 0.36 4.08 0.05 0.26 

PND 6/18/2020 11.30 1.84 0.23 4.32 0.05 0.07 

ST1 6/18/2020   1.11 0.47 0.20 0.05 0.30 

ST2 6/18/2020 13.73 1.93 0.26 0.94 0.05 0.09 

ST3 6/18/2020 4.94 0.36 0.13 19.10 0.05 0.01 

ST5 6/18/2020 318 3.59 0.79 14.33 2.24 0.60 

ST6 6/18/2020 3969 1.81 0.46 3.19 0.49 0.32 

PND 7/3/2020 11.73 1.56 0.20 0.13 0.05 0.02 

ST2 7/3/2020 65.6 1.89 0.31 5.25 0.05 0.10 

ST3 7/3/2020 3.46 0.75 0.16 23.00 0.05 0.01 

ST5 7/3/2020 958 1.37 0.67 1.57 0.05 0.48 

ST6 7/3/2020 2,631 0.97 0.42 1.02 0.05 0.26 
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Sample Sampling date TSS TKN TP NO3N NH4N OP 

mg L-1 

PND 7/15/2020 28.7 1.50 0.23 0.05 0.05 0.03 

ST1 7/15/2020 443 1.39 0.34 0.05 0.05 0.12 

ST2 7/15/2020 506 1.59 0.30 0.05 0.05 0.09 

ST5 7/15/2020 971 1.91 0.62 0.05 0.05 0.40 

ST6 7/15/2020 1546 1.16 0.35 0.05 0.05 0.18 

PND 7/29/2020 10.38 1.57 0.29 0.05 0.05 0.03 

ST1 7/29/2020 47.0 1.93 0.25 0.34 0.05 0.02 

ST2 7/29/2020 46.7 1.42 0.39 0.11 0.05 0.10 

ST4 7/29/2020 32.3 1.93 0.49 2.90 0.05 0.20 

ST6 7/29/2020 1637 1.81 0.62 0.26 0.05 0.32 

ST1 8/11/2020 142.04 1.41 0.33 0.81 0.05 0.09164 

ST2 8/11/2020 229.00 1.61 0.33 0.14 0.05 0.10312 

ST3 8/11/2020 11.40 1.32 0.31 1.12 0.05 0.1114 

ST4 8/11/2020 34.73 1.87 0.52 1.35 0.12 0.26379 

ST5 8/11/2020 1351.00 1.37 0.56 0.84 0.05 0.39827 

ST6 8/11/2020 843.10 1.18 0.44 0.59 0.05 0.26774 

PND  8/11/2020 25.63 2.31 0.23 0.05 0.12 0.02066 

ST1 8/28/2020 29.75 2.05 0.21 0.05 0.05 0.005 

ST2 8/28/2020 16.60 1.47 0.21 0.32 0.05 0.04148 

ST3 8/28/2020 52.30 1.67 0.35 1.76 0.05 0.15481 

ST4 8/28/2020 100.20 1.28 0.55 2.69 0.05 0.35776 

PND  8/28/2020 14.00 1.56 0.18 0.05 0.05 0.005 

PND  9/15/2020 108.90 1.52 0.13 0.05 0.50 0.03 

ST4 9/15/2020 19.30 0.83 0.25 1.02 0.05 0.17 

PND  10/5/2020 21.30 1.15 0.07 0.05 0.19 0.02 

ST4 10/5/2020 19.80 0.99 0.21 1.79 0.05 0.15 

ST1 10/5/2020 77.40 0.66 0.15 1.04 0.05 0.10 

PND  10/22/2020 36.00 1.12 0.08 0.05 0.05 0.02 

ST1 11/13/2020 3.46 0.77 0.07 0.05 0.05 0.05 

ST2 11/13/2020 61.50 1.01 0.17 0.31 0.13 0.17 

ST3 11/13/2020 4.94 0.50 0.03 5.35 0.05 0.03 

ST5 11/13/2020 578.10 1.76 0.53 0.72 0.22 0.51 

ST6 11/13/2020 27.60 1.05 0.30 1.76 0.05 0.26 

PND 11/13/2020 7.91 0.78 0.17 0.54 0.05 0.15 

ST1 12/15/2020 0.73 1.15 0.07 0.11 0.05 0.03 

ST2 12/15/2020 2.68 0.81 0.18 0.93 0.05 0.12 

ST3 12/15/2020 0.58 0.32 0.05 9.40 0.05 0.01 

ST5 12/15/2020 14.66 1.25 0.22 0.72 0.05 0.14 

ST6 12/15/2020 35.75 0.94 0.24 0.60 0.05 0.17 
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Sample Sampling date TSS TKN TP NO3N NH4N OP 

mg L-1 

PND 12/15/2020 4.52 0.74 0.05 0.99 0.05 0.02 

ST1 2/17/2021 1.00 0.60 0.14 0.05 0.05 0.02 

ST2 2/17/2021 1.00 0.48 0.10 1.16 0.05 0.06 

ST3 2/17/2021 1.00 0.12 0.08 11.02 0.05 0.01 

ST5 2/17/2021 1.20 0.70 0.17 0.86 0.05 0.06 

ST6 2/17/2021 8.92 0.42 0.18 0.16 0.05 0.06 

PND 2/17/2021 1.17 0.49 0.10 0.99 0.05 0.03 

ST1 2/2/2021 3.33 0.60 0.08 0.11 0.05 0.01 

ST2 2/2/2021 1.98 0.61 0.12 1.20 0.05 0.05 

ST3 2/2/2021 1.00 0.31 0.04 11.93 0.05 0.01 

ST5 2/2/2021 12.12 0.38 0.18 0.50 0.05 0.14 

ST6 2/2/2021 20.27 0.18 0.18 0.30 0.05 0.12 

PND 2/2/2021 1.34 0.57 0.08 1.03 0.05 0.03 

ST1 3/4/2021 7.14 0.84 0.04 0.11 0.12 0.01 

ST2 3/4/2021 7.60 0.74 0.18 1.34 0.21 0.03 

ST3 3/4/2021 5.20 0.12 0.01 9.46 0.05 0.01 

ST5 3/4/2021 76.56 0.45 0.04 0.24 0.17 0.04 

ST6 3/4/2021 193.50 0.33 0.07 0.16 0.15 0.07 

PND 3/4/2021 13.93 0.80 0.02 1.22 0.10 0.02 

ST1 3/17/2021 3.90 0.67 0.10 0.12 0.05 0.01 

ST2 3/17/2021 15.91 0.61 0.26 0.90 0.05 0.01 

ST3 3/17/2021 8.63 0.24 0.08 8.73 0.05 0.01 

ST5 3/17/2021 44.20 1.58 0.23 2.69 0.63 0.12 

ST6 3/17/2021 50.47 0.56 0.41 0.11 0.05 0.25 

PND 3/17/2021 11.46 0.64 0.26 0.45 0.05 0.07 

ST1 4/1/2021 12.26 0.45 0.05 0.12 0.05 0.01922 

ST2 4/1/2021 12.14 0.32 0.12 0.66 0.05 0.06464 

ST3 4/1/2021 4.97 0.17 0.02 10.07 0.05 0.005 

ST5 4/1/2021 38.48 0.66 0.25 1.88 0.05 0.20338 

ST6 4/1/2021 81.85 0.66 0.31 0.24 0.11 0.30468 

PND 4/1/2021 11.60 0.65 0.09 0.59 0.14 0.06748 

ST1 4/30/2021 30.05 0.56 0.02 0.19 0.05 0.02 

ST2 4/30/2021 22.55 0.52 0.08 0.89 0.05 0.08 

ST3 4/30/2021 5.68 0.05 0.01 9.65 0.05 0.01 

ST5 4/30/2021 120.50 0.79 0.61 6.22 0.05 0.59 

ST6 4/30/2021 115.47 0.79 0.14 1.28 0.05 0.13 

PND 4/30/2021 14.30 0.74 0.04 0.05 0.05 0.01 
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Appendix B 

 DRAINMOD module to estimate evaporation losses from the DWR reservoir 
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 DRAINMOD module to conduct a water balance for the DWR reservoir  
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 An example of DRAINMOD-DWR output (annual reservoir water balance) 
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Appendix C 

Water level of the reservoir at the study site during different times of the study period  

 

 

 


