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Abstract 11 

Subirrigation is employed to supply water to crop root zones via subsurface drainage systems, which are 12 

typically installed for the purpose of excess soil water removal. Crop yield increases due to subirrigation 13 

have been demonstrated in numerous studies, but there is limited information regarding yield under 14 

future climate conditions when growing season conditions are expected to be drier in the U.S. Corn Belt. 15 

DRAINMOD was calibrated and validated for three locations with different soil series in northwest Ohio 16 

and used to investigate maize relative yield differences between subirrigation and free subsurface 17 

drainage for historic (1984-2013) and future (2041-2070) climate conditions. For historic conditions, the 18 

mean maize relative yield increased by 27% with subirrigation on the Nappanee loam soil, but had 19 

minimal effect on the Paulding clay and Hoytville silty clay soils. Maize relative yield under free 20 

subsurface drainage is predicted to decrease in the future, causing the relative yield difference between 21 

free subsurface drainage and subirrigation practices to nearly double from 9% to 16% between the 22 
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historic and future periods. Consequently, the subirrigation practice can potentially mitigate adverse 23 

future climate change impacts on maize yield in northwest Ohio. 24 
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the basis of race, color, national origin, age, disability, and where applicable, sex, marital status, familial 31 

status, parental status, religion, sexual orientation, genetic information, political beliefs, reprisal, or 32 

because all or part of an individual's income is derived from any public assistance program. (Not all 33 

prohibited bases apply to all programs.) Persons with disabilities who require alternative means for 34 

communication of program information (Braille, large print, audiotape, etc.) should contact USDA's 35 

TARGET Center at (202) 720-2600 (voice and TDD). To file a complaint of discrimination, write to USDA, 36 

Director, Office of Civil Rights, 1400 Independence Avenue, S.W., Washington, D.C. 20250-9410, or call 37 

(800) 795-3272 (voice) or (202) 720-6382 (TDD). USDA is an equal opportunity provider and employer. 38 

1. Introduction 39 

Although the U.S. Corn Belt generally receives sufficient annual precipitation to satisfy the total annual 40 

crop evapotranspiration demands, disparities exist between crop water demands and effective water 41 

availability during the drier months of the growing season. Irrigation is often used on agricultural lands 42 

to supplement precipitation and maintain appropriate soil water during periods of high crop water 43 

demands. In the U.S. Corn Belt, supplemental water supply to maize (Zea mays) through irrigation may 44 

help mitigate the impacts of  drought  on  yield, therefore helping to sustain or increase  agricultural 45 
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productivity (Baker et al., 2012). Irrigation can be implemented using several available methods, 46 

including sprinkler, drip and subirrigation.  Subirrigation has considerable potential in the U.S. Corn Belt 47 

because it relies on subsurface drainage systems to supply water directly to the crop root zone (Brown 48 

et al., 1997), therefore minimizing irrigation water losses as well as irrigation system installation and 49 

operation costs. The application of water below the ground surface during subirrigation helps raise and 50 

maintain the water table at an appropriate depth in the crop root zone (Cooper et al., 1992). The 51 

subsurface drainage system serves a dual purpose of a channel network to provide root zone drainage 52 

during wet periods or irrigation during periods of drought. More than 30% of agricultural lands in the 53 

U.S. Corn Belt have subsurface drainage systems, some of which can be retrofitted for subirrigation 54 

(Zucker and Brown, 1998).  Drainage system retrofitting usually involves reducing drain spacing by 55 

installing new drain lines between old ones, to more effectively distribute water horizontally within the 56 

soil profile during subirrigation and to more quickly drain water from the soil in response to large rainfall 57 

events. 58 

Subirrigation capable fields are not only operated in subirrigation mode, but also controlled drainage 59 

and free subsurface drainage modes as the need arises. In free subsurface drainage systems, the soil 60 

profile is allowed to drain freely to the depth of the drains. During controlled drainage, the drainage 61 

depth is regulated at a controlled structure, most often installed at the subsurface drainage system 62 

outlet, but without the addition of supplemental water. On subirrigation capable fields, water can be 63 

supplied continuously to the root zone during the growing season or can be interrupted by short periods 64 

of free or controlled subsurface drainage. In this paper, the term “subirrigation” refers to the period 65 

during which water is supplied to the crop, whereas “subirrigation practice” refers to the water 66 

management practice that includes subirrigation, free and / or controlled subsurface drainage. 67 

Studies of the effectiveness of subirrigation practice on maize yield have generally found that the yield 68 

increased significantly and stabilized at a high level under subirrigation practice. Cooper et al. (1999) 69 
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found that maize production on Ravenna silt loam and Hoytville silty clay loam soils in Ohio was 2900 70 

kg/ha to 3750 kg/ha higher under subirrigation practice mainly during dry years. In 1998, Drury et al. 71 

(2009) found that maize yield was significantly lower under subirrigation practice on Brookston clay 72 

loam soil at Woodslee (Ontario), and suggested the large August precipitation as well as the tile spacing 73 

and depth as plausible causes for the lower yield. On Omulga silt loam soil in southern Ohio, Fisher et al. 74 

(1999) found that maize yield was 19% greater under subirrigation practice than under free subsurface 75 

drainage. Maize yield was found to be 64% larger under subirrigation practice in a sandy loam soil in 76 

southwestern Ontario (Ng et al., 2002), and 2.8% to 13.8% greater in eastern Ontario (Mejia et al., 77 

2000). Other studies also based on field experiments used wetland-reservoir complexes, where runoff 78 

and subsurface drainage water was captured and recycled back into the subsurface drainage system. At 79 

Holiday Beach (Ontario), Tan et al. (2007) found that maize yield under subirrigation practice was 91% 80 

larger than under free subsurface drainage during dry years, and 7% to 22% larger during wet years. In 81 

northwest Ohio, Allred et al. (2014) used a water capture and recycle system designated Wetland 82 

Reservoir Subirrigation System (WRSIS) on three different soil types and found that maize yield 83 

increased by 19.1% with the implementation of subirrigation practice. 84 

Field measurements need to be extended by modeling studies to predict the impact of subirrigation 85 

under future climate conditions. Maize yield performance under subirrigation practice has also been 86 

investigated through DRAINMOD simulations. DRAINMOD is a field hydrology water balance computer 87 

model that simulates free subsurface drainage, controlled drainage, and subirrigation, either as single 88 

water table management practices or in combination with one another (Skaggs et al., 2012). 89 

Murugaboopathi et al. (1995) conducted a study based on a 37-year period (1950-1986) simulation with 90 

uncalibrated DRAINMOD using the Rains and Portsmouth sandy loam soils found in North Carolina, and 91 

found that subirrigation practice had a  21% maize relative yield advantage over free subsurface 92 

drainage. 93 
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The study in northwest Ohio by Allred et al. (2014) measured crop yield impacts at three sites with 94 

different soils for twelve years. Baule et al. (2017) utilized results from Allred et al. and regional climate 95 

model output to evaluate the impact of growing season precipitation on yields at the three sites and 96 

how yields will respond under projected climate conditions. As the U.S. Corn Belt is expected to 97 

experience annual shifts in temperature, solar radiation, and precipitation regimes in the near-term and 98 

further into the future toward warmer and wetter conditions (Karl et al., 2009; Pryor et al., 2014), 99 

research needs to be conducted to define the benefits of subirrigation practice for maintaining or 100 

increasing maize yield under future climate. The goal of this study was to investigate the potential maize 101 

relative yield that could be expected in northwest Ohio with subirrigation practice in comparison to free 102 

subsurface drainage under historic (1984-2013) and future climate conditions (2041-2070). 103 

2. Material and methods 104 

2.1. Study location 105 

The sites simulated in this study are located in Fulton, Defiance, and Van Wert Counties in northwest 106 

Ohio (Figure 1). At each site, similar fields with free subsurface drainage and no irrigation were used as 107 

controls. Runoff and subsurface drainage water were collected at each site and routed to a 108 

wetland/reservoir complex, and from there used to subirrigate the crops on the subirrigated fields. 109 

Because DRAINMOD does not simulate water capture and recycling, the wetland/reservoir was not 110 

simulated in this work. The objective of subirrigation was to maintain the water table depth above the 111 

drains at 25 cm below ground surface during the growing season (May - September). Therefore, 112 

depending on the frequency and the depth of precipitation events, the water table management of the 113 

subirrigated fields varied between free subsurface drainage, controlled drainage, and subirrigation. The 114 

non-subirrigated fields were under free subsurface drainage year-round. The sites were in operation 115 

between 1996 and 2008, during which maize and soybeans were grown in rotation. The system is 116 

described more fully in Allred et al. (2014). 117 
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2.2. Subirrigation and crop relative yield simulation with DRAINMOD 118 

DRAINMOD simulates subirrigation in shallow soils with impermeable layers. A modification of the water 119 

movement rate model developed by Ernst (1974) is implemented to estimate the rate at which water 120 

moves into the soil profile from the drains and to determine the depth of the water table at the end of 121 

each simulated day (Skaggs, 1981). The user enters the dates at which control weir levels or water table 122 

management practice are changed, the new weir depth below ground surface, and the new water table 123 

management practice. The control weir is raised above the drain level to create controlled drainage or 124 

subirrigation conditions and is lowered to the drain level to create free drainage conditions. 125 

Besides its hydrologic simulation capability, DRAINMOD predicts crop relative yield response to the soil 126 

water regime based on a stress day index method (Evans et al., 1991). Therefore, DRAINMOD can be 127 

used to quantify the relative yield response of various water management systems and strategies. The 128 

relative yield can be defined as the ratio of the yield under a particular set of stress (excess water, 129 

drought, planting delay) to the maximum yield potential of a field. DRAINMOD calculates crop relative 130 

yield from simulated stresses using the simulated amount and duration of excess water above a defined 131 

water table threshold, drought intensity and duration, and extent of the planting delay. During a given 132 

simulated year, the overall crop relative yield is estimated using equation (1). 133 

�� = ��� ∗ ��� ∗ ��� (1) 

Where ��� is the relative yield with only excess water stress, ��� is the relative yield with only drought 134 

stress, and ��� is the relative yield that would result from planting delay only.  ���, ���, and ��� are 135 

estimated using linear functions based on the magnitude of wet and drought stresses that occurred 136 

during the growing season, and on the planting delay. Singh et al. (2006), Evans et al. (1991), Kanwar et 137 

al. (1994), Mukhtar et al. (1990), and Shaw (1978) provided detailed information on the estimation of 138 

the crop relative yield and proposed several linear functions to relate wet and drought stresses to 139 

relative yield. Previous studies showed that DRAINMOD crop relative yield predictions approached field 140 
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measurements based estimates depending on the growing season conditions (Ale et al., 2009; Kanwar et 141 

al., 1994; Satchithanantham and Ranjan 2015; Wang et al. 2006). 142 

2.3. DRAINMOD setup 143 

A DRAIMOD realization was setup for each location. Inputs of drainage design (according to the 144 

conceptual representation shown in Figure 2) and water table management strategy, soil and crop 145 

parameters, and weather data are required to simulate a subirrigation system. 146 

2.3.1. Drainage system design 147 

The values of the subsurface drainage system parameters used in this work are presented in Table 1. 148 

While the drainage systems on the experimental fields were generally designed based on drainage 149 

coefficients of 3.8 to 5.1 cm d-1 (Allred et al., 2014), a drainage coefficient of 5.1 cm d-1 was simulated at 150 

the 3 sites. At Defiance, the soil conductivity greatly decreased at 76 cm below ground surface, so drains 151 

were simulated above that depth, while at Fulton and Van Wert 84 cm was used. At each site the drains 152 

were either 10 cm diameter corrugated plastic pipes or clay tiles, therefore their effective radius was 153 

0.51 cm, as recommended by Skaggs (1980). Information regarding the subirrigation pump flow rate was 154 

not reported, therefore 16 cm d-1 representing twice the estimated value of the maximum daily 155 

evapotranspiration (ETp) at the three sites was conservatively selected as the maximum capacity of the 156 

subirrigation pump, under the assumption that evapotranspiration needs during drought spells are 157 

satisfied exclusively by water supplied via subirrigation. 158 

2.3.2. Soil data 159 

The major soil series found at the Defiance, Fulton, and Van Wert sites are Paulding clay, Nappanee 160 

loam, and Hoytville silty clay, respectively (Allred et al., 2014; Soil-Survey-Staff, 2013). These soils are 161 

characterized by the presence of a clay subsoil that forms an impeding layer for root growth and water 162 

flow. The Paulding clay soil series is a dense glacio-lacustrine deposit mostly located on lake plains, and 163 
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characterized by a very low permeability, a very poor drainage and frequent ponding, and a significant 164 

shrink- swell potential making it prone for large crack development during drying. Located on lake plains 165 

as well, the Nappanee loam soil series is also a dense glacio-lacustrine deposit characterized by a flat 166 

topography, a somewhat poor drainage, a moderate shrink-swell potential, with a low ponding 167 

potential, and a moderately low to high conductivity (Soil-Survey-Staff, 2013). The Hoytville silty clay soil 168 

series is also located on lake plains and also characterized by a flat topography. The Hoytville silty clay 169 

soil series is a dense glacio-lacustrine deposit as well, and characterized by a low to moderate 170 

conductivity, a very poor drainage, and frequent ponding  (Soil-Survey-Staff, 2013). 171 

The ponding potential description of the soil series served as base for surface storage parameter values 172 

selection (Table 1) based on the recommendations from Skaggs (1980) and Workman and Fausey (1985). 173 

Soil texture and hydraulic properties obtained from the SSURGO database of the 3 sites and from 174 

previous onsite measurements are reported in Table 2. Besides the hydraulic conductivity of the soil 175 

profiles, soil-water characteristics, Green-Ampt infiltration model parameters, the drainage volume–176 

water table depth and the water upflux–water table depth relationships were needed to run 177 

DRAINMOD. The soil utility package included in DRAINMOD was used to estimate these hydraulic 178 

properties based on pedotransfer function parameters obtained using the pedotransfer estimation 179 

software ROSETTA (Schaap et al., 2001). The pedotransfer function parameters were estimated in 180 

ROSETTA using the texture and water holding capacity of the soil series. 181 

2.3.3. Crop and trafficability parameter 182 

Relative yield simulation in DRAINMOD requires the soil root zone water content at wilting point, the 183 

drought period susceptibility factor, the desired planting date, the growing season length, the limiting 184 

water table depth, and the effective root depth vs. days after planting relationship (Skaggs, 1980). Initial 185 

values of soil water content at wilting point were selected from the SSURGO database and were 186 

calibrated (Table 3). Between 1997 and 2006, the average planting date at the experimental sites was 187 
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May 10th, therefore this date was selected as the desired planting date. A growing season length of 136 188 

days was selected as suggested by Barker et al. (2005). Based on the selected planting window and the 189 

growing season length, the simulations were conducted over a cropping window extending from April to 190 

October. 191 

The effective root depth vs. days after planting relationship is used by DRAINMOD to define the depth at 192 

which water is imported to satisfy evapotranspiration (ETp) needs. The effective rooting depth increases 193 

along the growing season, and an effective maximum depth of 45 cm may be reached for maize 194 

approximately 80 days after planting (Skaggs, 1980). However, the growth rate and the maximum 195 

growth is affected by the presence of physical and chemical barriers as well as water table depth. In this 196 

work, maximum effective root depth values greater than 25 cm caused large excess moisture stresses, 197 

independently of the simulated soil types, leading to simulated extended planting delays or absence of 198 

planting. Therefore, a maximum effective root depth of 25 cm was used for the 3 sites. A fallow period 199 

effective root depth of 3 cm and a crop yield limiting water table depth of 30 cm were selected as 200 

recommended by Skaggs (1980) for maize. 201 

Field trafficability parameters strongly affect field work, and consequently the planting day. DRAINMOD 202 

delays planting until soil moisture satisfies the constraints imposed by the trafficability parameters such 203 

as the minimum required air volume to work land, the minimum rain to delay work, and the delay after 204 

rain to restart work. The trafficability parameter values used in this study were derived from Nolte et al. 205 

(1983). For the minimum soil air volume required to complete field operations, 1.5 cm and 2 cm were 206 

used for the planting and the harvest periods, respectively. Planting and harvest operations were 207 

delayed for 2 days for daily precipitation amounts larger than 1 cm and 0.5 cm, respectively. Larger daily 208 

precipitation amounts above which field operations were delayed were considered based on Nolte et al. 209 

(1983) observations and expert recommendations, but resulted in large excess moisture stresses. 210 

2.3.4. Climate data 211 
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Two periods were simulated in this work: a historic period from 1984 to 2013 and a future period from 212 

2041 to 2070. For each site, observed daily precipitation and temperature data for 1984 to 2013 were 213 

obtained from the Global Historic Climatology Network Daily (Menne et al., 2012). The mean growing 214 

season precipitation amounts (May-September) calculated from the observed daily precipitation data 215 

were 45 cm for Defiance and Fulton, and 50 cm for Van Wert. DRAINMOD requires hourly precipitation 216 

data, which was not available for any of the sites. Hourly precipitation were estimated using the 217 

disaggregation utility available in DRAINMOD that evenly distributes the daily rainfall over the user-218 

defined duration (Ale et al., 2009; Singh et al., 2006; Skaggs et al., 2012). It was assumed that daily 219 

precipitation events likely occurred between 12:00 pm and 6:00 pm, accordingly the daily precipitation 220 

amounts were disaggregated within that time window. Daily ETp estimates were calculated for each site 221 

using the Priestly-Taylor method (Priestley and Taylor, 1972). Daily precipitation and temperature data 222 

came from the nearest weather station to each site, while daily solar radiation values used for the ETp 223 

calculation were obtained from the gridded Climatology Resource for Agro-Climatology (White et al., 224 

2011), as no in-situ observations of solar radiation were available. 225 

Projected climate data from the General Circulation Model - Regional Climate Model combinations  226 

CRCM_CGCM3, RCM3_GFDL, and MM5I_Hadcm3 forced by the Special Report on Emissions Scenario A2 227 

scenario (IPCC, 2007) were selected to evaluate the impacts of a variety of different projected future 228 

climate regimes over northwest Ohio. The climate model-derived projections for daily precipitation, 229 

temperature and solar radiation were obtained from the North American Regional Climate Change 230 

Assessment Program (NARCCAP) (Mearns et al., 2009) for the historic period 1971-2000 and the future 231 

period 2041-2070. The projections were analyzed for biases and corrected using the relative deviations 232 

between the observed and the projected data during the historic period. Priestly-Taylor method was 233 

used as well to estimate the daily ETp for the future period. 234 

2.4. Calibration and validation 235 
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DRAINMOD was calibrated and validated to simulate the daily water table depths observed at Defiance 236 

in 2004 and 2006, respectively, and the annual relative yields calculated from annual yields observed at 237 

each site between 1996 and 2008 by Allred et al. (2014). For each site, observation based annual relative 238 

yields were calculated as the ratio between the observed annual yields and the largest yield observed 239 

during the experimental period at the corresponding site. Refer to supplemental information for full 240 

details. 241 

The parameter estimation program (PEST) (Doherty, 2002) was linked to DRAINMOD and used to adjust 242 

the pedotransfer function pore tortuosity and connection coefficient, the shape parameter α, and the 243 

lateral and overall saturated hydraulic conductivity by soil layer (Table 2). Adjusting these parameters 244 

resulted in modifying the relationship between the water table depth and the volume of water drained 245 

as well as the upflux, and the Green-Ampt model parameters, for the purpose of improving the fit 246 

between observed and modeled daily water table depth. For Fulton and Van Wert, the pedotransfer 247 

function parameter values yielded by Rosetta were not modified due to the lack of hydrologic 248 

observation data. 249 

Yield prediction parameters (Table 3) were adjusted to replicate the observation based annual relative 250 

yields. The coefficients proposed by Kanwar et al. (1994) for wet stress and Shaw (1978) for drought 251 

stress were used to initiate the relative yield simulation, and were adjusted within the ranges shown in 252 

Table 3 using the linked PEST-DRAINMOD model. An initial value of 1 was selected for drought period 253 

susceptibility factor and was also adjusted. 254 

2.5. Long term simulations 255 

Free subsurface drainage and subirrigation practices were simulated for each of the three sites for (1) 256 

the period 1984-2013 using observed weather data, and (2) the period 2041-2070 using the three 257 

model-based climate projections. For free subsurface drainage, the system was allowed to drain freely 258 
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year-round. Subirrigation was implemented by setting the drainage control weir at 25 cm below ground 259 

surface from June 15th to September 25th and water is added; from September 25th to June 14th, water is 260 

allowed to drain freely and subirrigation is not implemented. 261 

The effect of subirrigation practice on the hydrologic regime of the experimental fields under 1984-2013 262 

and 2041-2070 climate conditions was analyzed using t-tests to compare the mean water table depth, 263 

drainage, runoff and subirrigation between the two water table management practices at each site. 264 

ANOVA test with Tukey procedures were used at 5% significance level to assess the relative yield 265 

difference between the historic and the future period, and the impacts of growing season precipitation 266 

regime on relative yield. 267 

3. Results and discussion 268 

3.1. Projected climatological changes 269 

The climate projections indicated substantial changes in growing season climate when compared to 270 

historical values, particularly in terms of temperature (Table 4). Growing season max, min, and mean 271 

temperatures are projected to increase at similar magnitude by the mid-21st century, while precipitation 272 

projections are mixed for future growing seasons. The cumulative distribution of the growing season 273 

precipitation estimated from the projected data for the future period indicates that the CRCM_cgcm3 274 

growing season precipitation is closely distributed around a mean value, whereas those projected by 275 

MM5I_Hadcm3 and RCM3_gfdl are highly variable (Figure 3). MM5I_Hadcm3 had the largest range in 276 

growing season precipitation distribution of the three models. As a result of these projected changes in 277 

temperature and solar radiation, ETp is also expected to increase during the growing season. 278 

3.2. DRAINMOD performance assessment 279 

Details of DRAINMOD calibration and validation results with supporting figures are presented in the 280 

supplementary material of this paper. Only a brief summary is presented here. The predicted daily water 281 

table depth at Defiance generally approached the observations, with mean absolute error of 7.2 cm for 282 
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calibration and 14 cm for validation. Daily NSE for water table depth at Defiance was 0.35 for calibration 283 

and -3.84 for validation. Attempts to further reduce the errors between the observed and the modeled 284 

water table depth, especially for 2006 (validation), were unsuccessful and conflicted with observation 285 

based annual relative yields. Predicted relative yields generally approached observation based relative 286 

yields (Figure 4). The mean absolute errors between simulated and observation based maize relative 287 

yield varied between 8% to 11% for subirrigation practice and 10% to 13% for free subsurface drainage. 288 

3.3. Impacts of subirrigation practice on Hydrology 289 

3.3.1. Water table 290 

Subirrigation is expected to raise the water table during the growing season, thereby increasing crop 291 

yield.  However at Defiance, very low soil lateral hydraulic conductivity limited the effectiveness of 292 

subirrigation (Figure 5). In 2004, the water table level at the start of the subirrigation period (shaded) 293 

was at the level of the weir, and was able to remain at this height, but in 2005 and 2006, the rise of the 294 

water table was slow after the inception of subirrigation, and it took almost the entire subirrigation 295 

period for the water table to reach the weir level.  As a result, only 36 mm of water could be added to 296 

the profile through subirrigation (Table 5) and there was little impact of subirrigation on hydrology or 297 

relative crop yield at the Defiance site.  At Fulton and Van Wert, faster water table responses to 298 

subirrigation were simulated due to the higher soil lateral hydraulic conductivity. The average difference 299 

in water table depth between subirrigation practice and free subsurface drainage during the growing 300 

season was significant (Table 5) and ranged from 17 cm to 52 cm, indicating that subirrigation effectively 301 

raised the water table depth at these two sites. 302 

Hydrology of the subirrigated fields also differed from the free draining fields during the non-growing 303 

season when no subirrigation took place, due to the difference in drain spacing. By design, a narrower 304 

spacing is used in the subirrigated fields to increase the distribution rate of water within the soil profile 305 

during subirrigation events (Allred et al., 2014). As a result, the water table was generally deeper in the 306 
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subirrigated fields in the non-growing season, with the depth difference between the two practices 307 

ranging from 3 cm to 19 cm. The difference at Defiance was the lowest, due to the very slow hydraulic 308 

conductivity. 309 

Under future climate conditions, daily water table depths in the subirrigated fields followed the same 310 

pattern: shallower during the growing season and deeper during the non-growing season, except at 311 

Defiance where the difference was not significant (p-value>0.05, Table 5). In general, the water table 312 

depth did not differ significantly between historic and future climate. 313 

3.3.2. Drain flow and runoff 314 

Drain flow was higher in the subirrigated fields during both growing and non-growing seasons (Table 5), 315 

due to the narrower drain spacing. Surface runoff was also higher in the subirrigated fields during the 316 

growing season, probably due to the higher soil moisture content resulting from the subirrigation, but 317 

lower during the non-growing season due to the increased drain flow resulting in lower soil moisture. Ng 318 

et al. (2002) also found that the cumulative drain flow from the subirrigated fields was slightly larger 319 

than that from free draining fields. Drury et al. (2009) found that runoff was larger under subirrigation, 320 

but in contrast to this site, drainage was lower, probably because the drain spacing was the same. ET 321 

was higher during the growing season, as expected, since the subirrigation provided more of the crop 322 

water needs, and similar in both fields during the non-growing season. 323 

Similar results regarding drainage, runoff, and ET apply to historic as well as future conditions.  Hence, 324 

although the distribution of seasonal precipitation is expected to change, with the future period 325 

expected to frequently receive larger precipitation during the growing season (Figure 3), no significant 326 

impacts on mean water table depth, mean drainage, mean runoff, and mean subirrigation patterns are 327 

expected. 328 

3.4. Impacts of subirrigation practice on maize relative yield under historic conditions 329 
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3.4.1. Annual relative yields 330 

Crop yield response to subirrigation differed among the three sites (Figure 6). At Defiance, the low 331 

conductivity soils resulted in little response to subirrigation, with relative yield under free drainage and 332 

subirrigation almost identical.  Allred et al. (2014) observed similar response to subirrigation practice at 333 

Defiance (3% relative yield difference).  Murugaboopathi et al. (1995) also found that maize 334 

subirrigation practice in low conductivity soils tended to result in low relative yields in their North 335 

Carolina soils. The greatest impact of subirrigation was found at the Fulton site, where the overall 336 

relative yield difference for the simulated period was 26.5%. This is very similar to the 27% relative yield 337 

difference observed by Allred et al. (2014) at this site for the 1998-2008 period. Subirrigation had less 338 

impact at Van Wert because relative yields under free subsurface drainage (i.e., without irrigation) were 339 

considerably higher than at Fulton. The mean annual relative yields were 80% for subirrigation and 79% 340 

for free subsurface drainage, with a non-significant difference of 1% (Figure 6, p-value = 0.6), while the 341 

relative yield difference between the two managements reported by Allred et al. (2014) was 7%. 342 

3.4.2. Effects of dry years and wet years 343 

At both Fulton and Van Wert, the annual relative yields under the two management practices varied 344 

inversely (correlation coefficients -0.63 and -0.55 for Fulton and Van Wert, respectively, Figure 7). This 345 

means that wet years, which resulted in higher relative yields in free draining fields, actually lowered the 346 

relative yield in the subirrigated fields. This impact was further explored by comparing the relative 347 

annual yields based on the growing season precipitation (Figure 7). At Defiance, the difference in 348 

relative yield between the two practices was not significant in wet or dry years, due to low conductivity 349 

soils as discussed previously. At the Fulton site, crop yield benefited from subirrigation in both dry and 350 

wet years, with the strongest response in dry years as expected. The yield benefits in wet years are likely 351 

due to the narrower drain spacing.  At Van Wert crop yield benefited from subirrigation in dry years but 352 

declined in wet years. A supplemental addition of water via subirrigation during periods of frequent 353 



16 

 

rainfall events potentially increases the risks of root zone flooding and crop respiration disruption, which 354 

can lead to lower crop yield. In practice, and as always recommended, the farmer would be expected to 355 

actively manage subirrigation during the growing season by discontinuing the water supply and lowering 356 

the control weir in response to large rainfall events (Allred et al., 2003). Active management of 357 

subirrigation systems during the growing season with regard to rainfall events prevents root zone 358 

flooding problems, and in fact, leads to modest crop yield increases in subirrigated fields during wet 359 

growing seasons (Allred et al., 2014). However, this was not simulated. Results show that implementing 360 

subirrigation at Defiance and Van Wert during wet years may not benefit maize, unless an intermittent 361 

or active management of the subirrigation system is conducted. 362 

3.5. Implication of climate change on the relative yield differences 363 

The difference between the relative yield simulated for free drainage and subirrigation was affected by 364 

changes in climate conditions (Figure 6, Table 6). At Defiance, Fulton and Van Wert, the difference 365 

between the mean relative yield under subirrigation practice and that under free subsurface drainage 366 

was 2%, 10%, and 8% larger during the future period as compared to the historic period, respectively. 367 

The increase in relative yield difference is generally due to the expected drop in relative yield under free 368 

subsurface drainage, whereas relative yield under subirrigation practice will remain unchanged. 369 

Lower non-irrigated yields in northeast Ohio under future conditions (2041-2060) were also found In a 370 

simulation study conducted with DSSAT (Decision Support System for Agro-technology Transfer) by 371 

Brumbelow and Georgakakos (2001). Using the EPIC agroecosystem model, Izaurralder et al. (2003) and 372 

Brown and Rosenberg (1999) found that maize yield will potentially increase along with atmospheric CO2 373 

increase in the Corn Belt under future conditions, but assessed that projected water stress and 374 

evapotranspiration increase will negatively affect maize yield. Therefore, there is a potential for 375 

alleviating the impacts of climate change through the implementation of subirrigation practice that 376 

provides enough soil moisture at the appropriate time to compensate for the increased water demands. 377 
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By introducing subirrigation in their management, farmers in rainfed areas can lower the threats of 378 

occasional droughts and maintain high yields. 379 

4. Limitations 380 

DRAINMOD estimates the relative yield only as a function of the intensity and duration of wet and dry 381 

stresses and planting delays predicted for the growing season. Potential stresses such as diseases and 382 

nutrient availability are not simulated, while salinity stress (which can be simulated by DRAINMOD) is 383 

unlikely in humid Ohio conditions. Therefore, a 100% relative yield indicates the maximum yield that 384 

could be obtained during a growing season if there was neither wet nor dry stresses during the growing 385 

season, and if planting occurred on time. In reality, other factors may occur during the growing season 386 

that affect crop yield. DRAINMOD is being modified to address the potential impacts of other factors on 387 

crop yield by incorporation of a crop model (DSSAT) (Negm et al., 2014a, 2014b). A climate factor that 388 

was not simulated here but that may strongly affect maize growth and yield is atmospheric 389 

concentration of CO2, which is highly relevant to crop yield under future conditions. Although this study 390 

was instrumental at defining the potential implications of climate change on maize relative yield under 391 

subirrigation practice in northern Ohio, factors such as adaptive agricultural management response to 392 

climate change (planting date shifts, cultivars changes, etc.) were not considered. Further studies that 393 

combine the potential impacts of these factors will provide a more complete picture of the climate 394 

change impact on maize relative yield under subirrigation practice in northern Ohio. 395 

5. Conclusion 396 

This paper provides the result of a simulation study conducted with DRAINMOD to investigate the 397 

effects of subirrigation practice on maize yield under historic (1984-2013) and future (2041-2070) 398 

climate conditions. The three sites studied here showed a range of responses to subirrigation, leading to 399 

the following conclusions: 400 
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- At sites with low soil hydraulic conductivity (Defiance), subirrigation may have little effect. Site 401 

selection is critical to identify suitable soils with moderate to high lateral hydraulic conductivities. 402 

- Crop yield response to subirrigation can be as high as 26.5% at sites that respond well to 403 

subirrigation such as Fulton. Future benefits are expected to increase. Long-term average benefits of 404 

26.5% under historic precipitation may increase to 36% under future climate conditions. At Fulton, 405 

crop yield increased in both dry and wet years, indicating that the soils responded positively to 406 

subirrigation and were not unduly harmed by excess water. 407 

- At sites that generally do not require irrigation for high yields (Van Wert), crop yield increased in dry 408 

years but decreased in wet years, demonstrating the importance of actively managing the water 409 

control structures to limit excess water effects.  410 

Crop yields under free subsurface drainage are expected to decline under future climate conditions, but 411 

subirrigation can maintain yields at their historic level. On soils that respond well to subirrigation, the 412 

mean relative yield difference between subirrigation and free drainage will potentially nearly double 413 

from 15% to 24% between the historic period and the future period.  414 

At the three sites reported here, drain spacing was narrower in the subirrigated fields, resulting in higher 415 

drain flow but lower surface runoff during the non-growing season.  Larger drain flow can increase the 416 

potential for nutrient export. However, capturing and recycling water and nutrients as was done at 417 

these sites can be used to curb the negative environmental impacts of narrower drain spacing 418 

Overall, maize relative yield increases can be expected with subirrigation practice on suitable soils. The 419 

simulations with future climate projections (2041-2070) indicated that maize relative yield will 420 

potentially drop in the future, but subirrigation practice may help alleviate the impacts of climate 421 

change by holding relative yields at the level observed during the historic period. 422 



19 

 

Acknowledgements 423 

The authors extend their gratitude to the Ohio Agricultural Research and Development Center (OARDC), 424 

the Overholt Drainage Education and Research Program, the Department of Food, Agricultural, and 425 

Biological Engineering at the Ohio State University (FABE-OSU), and the U.S. Department of Agriculture 426 

Soil Drainage Research Unit (Columbus, Ohio) for providing the necessary funding for this study. 427 

Funding for this study was also provided by the Great Lakes Integrated Sciences and Assessments 428 

Program (GLISA), a collaboration of the University of Michigan and Michigan State University funded by 429 

the National Oceanic and Atmospheric Administration (NOAA). 430 

References 431 

Ale, S., Bowling, L.C., Brouder, S.M., Frankenberger, J.R., Youssef, M.A., 2009. Simulated effect of 432 

drainage water management operational strategy on hydrology and crop yield for Drummer soil in 433 

the Midwestern United States. Agric. Water Manag. 96 (4), 653–665. 434 

Allred, B.J., Brown, L.C., Fausey, N.R., Cooper, R.L., Clevenger, W.B., Prill, G.L., La Barge, G.A., Thornton, 435 

C., Riethman, D.T., Chester, P.W., Czartoski, B.., 2003. Water table management to enhance crop 436 

yields in a wetland reservoir subirrigation system. Appl. Eng. Agric. 19 (4), 407–421. 437 

Allred, B.J., Gamble, D.L., Clevenger, W.B., LaBarge, G.A., Prill, G.L., Czartoski, B.J., Fausey, N.R., Brown, 438 

L.C., 2014. Crop Yield Summary for Three Wetland Reservoir Subirrigation Systems in Northwest 439 

Ohio. Appl. Eng. Agric. 30 (6), 889–903. 440 

Baker, J.M., Griffis, T.J., Ochsner, T.E., 2012. Coupling landscape water storage and supplemental 441 

irrigation to increase productivity and improve environmental stewardship in the U.S. Midwest. 442 

Water Resour. Res. 48 (5). 443 

Barker, D., Beuerlein, J., Dorrance, A., Eckert, D., Eisley, B., Hammond, R., Lentz, E., Lipps, P., Loux, M., 444 

Mullen, R., Thomison, P., Watson, M., 2005. Ohio Agronomy Guide, 14th Edition. The Ohio State 445 

University Extension, Columbus, OH. 446 



20 

 

Baule, W., Allred, B., Frankenberger, J., Gamble, D., Andresen, J., Gunn, K., Brown, L., 2017. Northwest 447 

Ohio crop yield benefits of water capture and subirrigation based on future climate change 448 

projections. Agric. Water Manag. 189, 87-97. 449 

Brown, L.C., Ward, A.D., Fausey, N.R., 1997. Agricultural water table management systems. Columbus, 450 

Ohio. 451 

Brown, R.A., Rosenberg, N.J., 1999. Climate change impacts on the potential productivity of corn and 452 

winter wheat in their primary United States growing regions. Clim. Change 41 (1), 73–107. 453 

Brumbelow, K., Georgakakos, A., 2001. An assessment of irrigation needs and crop yield for the United 454 

States under potential climate changes. J. Geophys. Res. 106 (D21), 27383–27405. 455 

Cooper, R.L., Fausey, N.R., Johnson, J.W., 1999. Yield Response of Corn to a Subirrigation/Drainage 456 

Management System in Northern Ohio. Jpa 12 (1), 74-77. 457 

Cooper, R.L., Fausey, N.R., Streeter, J.G., 1992. Effect of Water Table Level on the Yield of Soybean 458 

Grown under Subirrigation/Drainage. jpa 5 (1), 180-184. 459 

Doherty, J., 2002. Model-Independent Parameter Estimation, Watermark Numerical Computing. 460 

http://www.pesthomepage.org/Downloads.php (accessed 09/2015). 461 

Drury, C.F., Tan, C.S., Reynolds, W.D., Welacky, T.W., Oloya, T.O., Gaynor, J.D., 2009. Managing tile 462 

drainage, subirrigation, and nitrogen fertilization to enhance crop yields and reduce nitrate loss. J. 463 

Environ. Qual. 38 (3), 1193–1204. 464 

Ernst, L.F., 1974. Formulae for the groundwater flow in areas with sub-irrigation by means of open 465 

conduits with a raised water level. Wageningen, The Netherlands. 466 

Evans, R.O., Skaggs, R.W., Sneed, R.E., 1991. Stress day index models to predict corn and soybean 467 

relative yield under high water table conditions. Trans. Am. Soc. Agric. Eng. 34 (5), 1997–2005. 468 

Fisher, M.J., Fausey, N.R., Subler, S.E., Brown, L.C., Bierman, P.M., 1999. Water Table Management, 469 

Nitrogen Dynamics, and Yields of Corn and Soybean. Soil Sci. Soc. Am. J. 63 (6), 1786-1795. 470 



21 

 

Hothem, J.A., 1999. Modeling of flow routing in a linked weland-reservoir-subirrigation system (WRSIS) 471 

using simulink (M.S. Thesis). The Ohio State University. 472 

IPCC, 2007. Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the 473 

Fourth Assessment Report of the Intergovernmental Panel on Climate Change. [Core Writing Team, 474 

Pachauri, R.K. and Reisinger, A. (eds)]. IPCC, Geneva, Switzerland, 104 pp. 475 

Izaurralde, R.C., Rosenberg, N.J., Brown, R.A., Thomson, A.M., 2003. Integrated assessment of Hadley 476 

Center (HadCM2) climate-change impacts on agricultural productivity and irrigation water supply 477 

in the conterminous United States. Part II. Regional agricultural production in 2030 and 2095. 478 

Agric. For. Meteorol. 117 (1-2), 97–122. 479 

Kanwar, R.S., Melvin, S.W., Sanoja, J., 1994. Simulating corn yields for two Iowa soils. Appl. Eng. Agric. 10 480 

(3), 373–379. 481 

Mearns, L.O., Gutowski, W., Jones, R., Leung, R., McGinnis, S., Nunes, A., Qian, Y., 2009. A Regional 482 

Climate Change Assessment Program for North America. Eos, Trans. Am. Geophys. Union 90 (36), 483 

311–311. 484 

Mejia, M.N., Madramootoo, C.A., Broughton, R.S., 2000. Influence of water table management on corn 485 

and soybean yields. Agric. Water Manag. 46 (1), 73–89. 486 

Menne, M.J., Durre, I., Vose, R.S., Gleason, B.E., Houston, T.G., 2012b. An overview of the global 487 

historical climatology network-daily database. J. Atmos. Ocean. Technol. 29, 897–910. 488 

Mukhtar, S., Baker, J., Kanwar, R., 1990. Corn growth as affected by excess soil-water. Trans. ASAE 33 489 

(2), 437–442. 490 

Murugaboopathi, C., Skaggs, R.W., Evans, R.O., 1995. Subirrigation for corn and soybean production for 491 

North Carolina soils, in: Belcher, H.W., D’Itri, F.M. (Eds.), Subirrigation and Controlled Drainage. 492 

Lewis Publishers, Boca Raton, Florida, pp. 37–61. 493 

Negm, L.M., Youssef, M.A., Skaggs, R.W., Chescheir, G.M., Jones, J., 2014. DRAINMOD–DSSAT model for 494 



22 

 

simulating hydrology, soil carbon and nitrogen dynamics, and crop growth for drained crop land. 495 

Agric. Water Manag. 137, 30–45. 496 

Negm, L.M., Youssef, M.A., Skaggs, R.W., Chescheir, G.M., Kladivko, E.J., 2014. DRAINMOD-DSSAT 497 

Simulation of the Hydrology, Nitrogen Dynamics, and Plant Growth of a Drained Corn Field in 498 

Indiana. J. Irrig. Drain. Eng. 140, 8. 499 

Ng, H.Y.F., Tan, C.S., Drury, C.F., Gaynor, J.D., 2002. Controlled drainage and subirrigation influences tile 500 

nitrate loss and corn yields in a sandy loam soil in Southwestern Ontario. Agric. Ecosyst. Environ. 90 501 

(1), 81–88. 502 

Nolte, B.H.H., Fausey, N.R.R., Skaggs, R.W.W., 1983. Time Available for Field Work on Two Ohio Soils. 503 

Trans. ASAE [American Soc. Agric. Eng. 26 (2), 445–451. 504 

Priestley, C.H.B., Taylor, R.J., 1972. On the Assessment of Surface Heat Flux and Evaporation Using Large-505 

Scale Parameters. Mon. Weather Rev. 100 (2), 81–92. 506 

Pryor, S.C., Scavia, D., Downer, C., Gaden, M., Iverson, L., Nordstrom, R., Patz, J., Robertson, G.P., 2014. 507 

Midwest. Climate change impacts in the United States: The third national climate assessment, in: 508 

Melillo, J.M., Rich-mond, T.C., Yohe, G.W. (Eds.), National Climate Assessment Report. U.S. Global 509 

Change Research Program, Washington, DC, pp. 418–440. 510 

Satchithanantham, S., Ranjan, R.S., 2015. Evaluation of DRAINMOD for potato crop under cold 511 

condictions in the canadian prairies. Trans. ASABE 58 (2), 307–317. 512 

Schaap, M.G., Leij, F.J., Van Genuchten, M.T., 2001. Rosetta: A computer program for estimating soil 513 

hydraulic parameters with hierarchical pedotransfer functions. J. Hydrol. 251 (3-4), 163–176. 514 

Shaw, R.H., 1978. Calculations of soil moisture and stress conditions in 1976 and 1977. Iowa State J. Res. 515 

53 (2), 119–127. 516 

Singh, R., Helmers, M.J., Qi, Z., 2006. Calibration and validation of DRAINMOD to design subsurface 517 

drainage systems for Iowa’s tile landscapes. Agric. Water Manag. 85 (3), 221–232. 518 



23 

 

Skaggs, R.W., 1981. Water movement factors important to the design and operation of subirrigation 519 

systems. Trans. Am. Soc. Agric. Eng. 24 (6), 1553-1561. 520 

Skaggs, R.W., 1980. Drainmod: reference report - Methods for design and evaluation of drainage-water 521 

management systems for soils with high water tables. Fort Worth, TX. 522 

Skaggs, R.W., Youssef, M.A., Chescheir, G.M., 2012. Drainmod: model use, calibration, and validation. 523 

Trans. ASABE 55 (4), 1509–1522. 524 

Soil-Survey-Staff, 2013. Web Soil Survey. Nat. Resour. Conserv. Serv. (Accessed 09/2015) 525 

Tan, C.S., Zhang, T.Q., Drury, C.F., Reynolds, W.D., Oloya, T., Gaynor, J.D., 2007. Water Quality and Crop 526 

Production Improvement Using a Wetland-Reservoir and Draining/Subsurface Irrigation System. 527 

Can. Water Resour. J. 32 (2), 129–136. 528 

Karl, T, Melillo, J., Peterson, T., 2009. Global climate change impacts in the United States, United States 529 

Global Change Research Program. 54, 196. 530 

Wang, X., Mosley, C.T., Frankenberger, J.R., Kladivko, E.J., 2006. Subsurface drain flow and crop yield 531 

predictions for different drain spacings using DRAINMOD. Agric. Water Manag. 79 (2), 113–136. 532 

White, J.W., Hoogenboom, G., Wilkens, P.W., Stackhouse, P.W., Hoel, J.M., 2011. Evaluation of satellite-533 

based, modeled-derived daily solar radiation data for the continental United States. Agron. J. 103 534 

(2), 1242–1251. 535 

Workman, S.R., Fausey, N.R., 1985. Macro relief surface storage on naturally occurring and surface 536 

drained plots. Trans. ASAE - Am. Soc. Agric. Eng. 28 (5), 1612-1616 537 

Zucker, L.A., Brown, L.C., 1998. Agricultural drainage: water quality impacts and subsurface drainage 538 

studies in the Midwest. The Ohio State University Extension. Columbus, OH. 539 



 



 



 

 

 

 

 

 



 



 



 



 



Table 1. Drainage systems design and surface storage. 

Parameters Calibration 

range 

Sites 

Defiance Fulton Van Wert 

System design     

 Drain depth (cm)a  76 84 84 

 Drain spacing (m)a     

  Subirrigated field  4.9 4.6 5.3 

  Free drainage field  6.1 13.7 10.7 

 Drainage coefficient (cm d-1)a  5.1 5.1 5.1 

 Effective radius of drain (cm)b  0.51 0.51 0.51 

 Depth to impermeable layer (cm)c  84 122 102 

 Subirrigation pump capacity (cm d-1)  16 16 16 

 Subirrigation weir depth (cm)a  25 25 25 

Surface storage d     

 Maximum surface storage (cm) 0.5 – 1.5 0.74 0.5 1.2 

 Kirkham’s depth for flow to drains (cm) 0.3 – 1.0 0.5 0.4 0.6 

a Allred et al. (2014) b Skaggs (1980)  

c Hothem (1999)  d Storage values reported for Defiance are from calibration  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Soil series texture and hydraulic properties. 

Layer top 

depth 
Sand a Silt a Clay a 

Dry bulk 

density a 

Water content 

at field 

capacity a 

Water content 

at wilting 

point a 

Saturated 

hydraulic 

conductivity 

cm % % % g cm-3 cm3 cm-3 cm3 cm-3 cm d-1 

Paulding (Defiance)     

0 8 31 61 1.49 0.45 0.36 0.60b – 1.82b 

15 4 29 67 1.61 0.44 0.39 0.60b – 1.82b 

23 4 27 69 1.61 0.43 0.38 0.60b – 1.82b 

76 4 26 70 1.67 0.42 0.39 0.02a – 1.82b 

122 4 27 69 1.74 0.39 0.39 0.02a – 1.82b 

Nappanee (Fulton)   

0 39 37 24 1.47 0.29 0.15 6 .00b – 36.00b 

15 18 29 53 1.83 0.34 0.25 6 .00b – 36.00b 

66 28 29 43 1.98 0.30 0.22 3.60a – 36.00b 

Hoytville (Van Wert)   

0 16 43 41 1.32 0.35 0.26 18.00b – 36.00b 

20 15 39 46 1.55 0.33 0.25 18.00b – 36.00b 

98 18 43 39 1.82 0.34 0.24 18.00b – 36.00b 

152 22 40 38 2.07 0.27 0.25 3.60a – 12.24a 

a SSURGO database (Soil-Survey-Staff, 2013)  b (Hothem, 1999) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. Crop and trafficability parameters. 

Parameters Calibration 

range 

Sites 

Defiance Fulton Van Wert 

Crop     

 Limiting water table depth (cm)a  30 30 30 

 Root zone lower limit water content (cm3 cm-3)b 0.2 – 0.4 0.30 0.22 0.25 

 Maximum effective root depth (cm)b  25 25 25 

 Relative yield simulation      

  Cropping windowc   Apr-Oct Apr-Oct Apr-Oct 

  Desired planting datec  5/10 5/10 5/10 

  Growing season length (d)d  136 136 136 

  Yield intercept for crop wet stress (SDI wet)b 90 - 110 100 100 95 

  Slope for yield vs. crop wet stress (SDI wet)b 0.3 – 0.8 0.36 0.36 0.36 

  Drought stress yield interceptb 90 – 110 100 100 110 

  Drought stress yield slopeb 0.5 – 1.5 1.22 1.22 1.00 

  Drought period susceptibility factorb 0.5 – 1.0 0.6 1.0 0.8 

Trafficabilitye     

 Minimum required air volume (cm)     

  First period  1.5 1.5 1.5 

  Second period  2 2 2 

 Minimum rain to delay work (cm)     

  First period  1 1 1 

  Second period  0.5 0.5 0.5 

 Delay after rain to restart work (d)  2 2 2 

a (Skaggs, 1980)   b Calibrated values c (Allred et al., 2014) 

d (Barker et al., 2005) e (Nolte et al., 1983) 

 

 

 

 

 

 

 

 



Table 4. Climatological growing season values (1984-2013) from station observations and relative 

changes in growing season climate variables between the future period (2041-2070) and the modeled 

historic period (1971-2000). Positive (negative) values indicate a future increase (decrease) (Data 

source: Mearns et al., 2009). 

Observations 

(1984-2013) 

Maximum 

Temperature 

Minimum 

Temperature 

Average 

Temperature 
Precipitation 

Solar 

radiation 
Potential ET a 

 °C °C °C mm MJ m2 d-1 mm 

Defiance - - 20.1 449 19.4 620 

Van Wert - - 20.4 502 19.4 627 

Fulton - - 19.6 448 19.4 611 

Projected 

Changes 

Maximum 

Temperature 

Minimum 

Temperature 

Average 

Temperature 
Precipitation 

Solar 

radiation 
Potential ET* 

 °C °C °C mm MJ m2 d-1 mm 

CRCM_cgcm3 3.9 3.3 3.6 -29 0.48 61 

RCM3_gfdl 3.3 3.0 3.1 0 0.48 59 

MM5I_Hadcm3 2.8 3.0 2.9 37 0.59 59 

a Potential evapotranspiration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5.  Daily water table depth, and annual subsurface drainage, runoff, crop evapotranspiration 

(ETc) and subirrigation amount by site, season and management. 

Hydrologic 

variables 

Defiance Fulton Van Wert 

GS a NGS a GS NGS GS NGS 

FSD† Sub a FSD Sub FSD Sub FSD Sub FSD Sub FSD Sub 

Historic period 

Water table 

(cm) 
54 37 25* 28* 109* 57 61* 80* 86 47 60* 73* 

Drainage (mm) 33 35 131 181 16 75 101 177 56 135* 210 266 

Runoff (mm) 111 109 172 154 34 125 130 81 29* 75 48 34 

ETc (mm) 338* 345* 151 149 413* 538 193 192 450* 558* 193 194 

Subirrigation 

(mm) 
- 36 - - - 301* - - - 277 - - 

Future period 

Water table 

(cm) 
53 36 25 25 106 56 51 73 89 49 57 71 

Drainage (mm) 37 38 130 187* 27 84 155* 264* 60 116 249* 310* 

Runoff (mm) 102 99 203 179 43 74 168 87* 14 24 56* 39* 

ETc (mm) 316 323 143 141 376 548* 162 176 391 549 160 177 

Subirrigation 

(mm) 
- 36 - - - 301 - - - 283 - - 

a GS: growing season (May-September); NGS: non-growing season (October-April); FSD: Free subsurface drainage; 

Sub: subirrigation 

* Significant difference between historic and future for the corresponding variable within the same column 

Bolded numbers show significant difference between FSD and Sub. for the same site, season, and variable 

 

 

 

 

 

 

 

 

 

 

 

 



Table 6. Annual mean relative yield by site, period, climate data source, and management. 

Time period 
Climate data 

source 
Management 

Defiance Fulton Van Wert 

% 

Historic 

  Observed FSDa 63 61 77 

   Sub.b 63 87 80 

  Sub. - FSD 0 26 3 

Future 

 RCM3_gfdl       

  FSD 61 55 77 

  Sub. 64 86 84 

  Sub. - FSD 3 31 7 

 MM5I_Hadcm3    

  FSD 56 50 71 

  Sub. 59 87 83 

  Sub. - FSD 3 37 12 

 CRCM3_cgcm3    

  FSD 55 44 70 

  Sub. 55 86 84 

  Sub. - FSD 0 42 14 

 Mean (Sub. – FSD) c 2 36 11 

Difference (Future – Historic) d 2 10 8 

a Free subsurface drainage  b Subirrigation c Mean of the 3 circulation models   

d Difference showing the implication of climate change 

 




