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EXECUTIVE SUMMARY 

Agricultural drainage of soils using subsurface tile and surface drainage ditches has been a 

trademark of the upper Midwest landscape for more than 100 years.  Iowa contains some of the 

highest percentages of drained agricultural land in the U.S.  The original settlers who 

encountered an Iowa landscape composed of prairie potholes and wetlands recognized that crops 

would not grow well in those conditions and set out to drain excess water using subsurface clay 

tiles and drainage ditches.  It is estimated that water tables were lowered as much as 2 m below 

the land surface by this process.  When drained, the organic matter-rich soil provided an ideal 

environment for crops, leading to a monoculture of corn and soybeans in recent decades and 

Iowa’s position as a leading producer of agricultural commodities. 
 

Drainage of agricultural areas produces environmental impacts, particularly the degradation 

of surface and subsurface water quality.  Nitrogen leakage from fields – presumably aided by tile 

drainage – has been linked to the production of a hypoxic zone in the Gulf of Mexico.  Although 

quite important to aquatic life and drinking water supplies, the extreme focus on water quality 

impacts has effectively deferred investigations about the impact of drainage on the hydrologic 

cycle in agricultural areas.  Recent, major 500-year floods in 2008 (central and eastern Iowa) and 

2010 (central Iowa) resulted in loss of agricultural productivity and billions of dollars in property 

losses, causing a renewed interest in the public sector regarding the role of agricultural drainage 

on flooding. 
 

In 2011, the Iowa Economic Development Authority funded a study of the Hydrologic 

Impacts of Drainage System – a joint effort between scientists at the Iowa State University and 

the University of Iowa.  Participants comprised faculty from the Departments of Geological and 

Atmospheric Sciences and Agricultural and Biosystems Engineering at Iowa State and IIHR- 

Hydroscience at the University of Iowa.  The Iowa Flood Center and Iowa Water Center also 

participated.  The goal of this project was to enhance our understanding of how drainage systems 

impact the hydrology of Iowa that can help the State with water-resource and land-use 

management.  Our initial hypothesis was that drainage has impacted hydrologic behavior in 

Iowa’s watersheds. The specific objectives of the project were to: 

1)  Summarize and synthesize from the literature the current understanding of subsurface 

drainage impacts on water partitioning as they may apply to Iowa; 

2)  Quantify the spatial and temporal heterogeneity of water fluxes in tile-drained landscapes 

from local to regional scales; 

3)  Identify the factors affecting variability in storage, residence times, and pathways among 

parts of the hydrologic system; and 

4)  Determine the relationship between agricultural drainage and peak flow events, 

specifically whether subsurface drainage increases the magnitude of peak flows. 
 

Under Objective 1, the literature review focused on studies at the field scale, generally 

involving a single farmed field, up to the watershed scale with study areas spanning 100s to 

10,000s of hectares.  Previous studies showed that tile drains receive water through three 

mechanisms: 1) surface intakes, which are designed to prevent ponding on the land surface and 

provide a direct inlet to a subsurface drainage system; 2) drainage from soil below the water 

table (i.e., saturated conditions); and 3) preferential flow in macropores consisting of shrinkage 

cracks, root channels, biopores and other structural disturbances.  Studies at Iowa State 
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University and elsewhere in the past three decades have investigated the transport of 

agrichemicals to tile drains. These studies showed that although the role of preferential flow 

paths is more important than previously believed, the relative importance of the three pathways 

in transmitting chemicals to tile drains may vary according to hydrologic conditions. 
 

Few studies show the effect of drainage on streamflow and on peak flow (flooding), 

specifically.  Field-scale studies are generally the most common, while watershed-scale studies 

are relatively few in number.  Several studies suggest that drainage in clayey soils reduces peak 

flow by draining the soil prior to peak-flow producing precipitation events, increasing the water 

storage capacity in the unsaturated zone and thus reducing the magnitude of the peak flow event. 

Some studies have found that peak flows are reduced under higher intensity storms.  Other 

studies found that in cases where clayey soils contain macropores or if surface storage is allowed 

to drain to surface intakes, then subsurface drainage dominates the hydrograph and peak flow 

will increase.  The excess water being carried by tile drains today is significant, as a number of 

studies in Iowa and elsewhere show that stream baseflow under normal conditions has generally 

increased in part due to subsurface drainage.  However, gaps on this subject in the literature 

remain. Quantification of hydrologic responses across entire watersheds, scaling of field tile 

drain responses to the watershed scale, the role of surface intakes in contributions to peak flows, 

and impact of storm event timing on flood peaks in tile-drained watersheds are not well 

respresented in the literature and  deserve further investigation. 
 

Objectives 2, 3, and 4 were divided into multiple parts involving the simulation of field- and 

watershed-scale processes using computer-based hydrologic models.  In the first part, two field- 

scale hydrologic models that incorporate subsurface drainage – DRAINMOD (common in the 

U.S.) and SWAP (common in Europe) – were applied to 14 years of data (1990-2003) from a 4.5 

ha site near Gilmore City, Iowa.  Results of both models suggest that the process of subsurface 

drainage can be simulated at this scale, although the models are limited to one-dimension and 

water input via surface intakes and the effect of water “backing up” in tiles due to rise in stream 

stage were not evaluated.  Both models were then applied separately to study the theoretical 

response of different Iowa soil types to precipitation events, macropore density, and drainage tile 

spacing.  The results of these field-scale studies suggest that medium and high streamflows are 

reduced under tiled conditions, because tile drainage creates drier soils that lead to greater 

infiltration rates and route flow through the subsurface, thus effectively reducing surface runoff 

that would contribute to peak flows.  The models also suggest that high-magnitude intense 

storms overwhelm the soil infiltration capacity quickly, such that drainage does not affect peak 

flows.  However, results of these models also suggest that peak flow will increase in tile-drained 

soils experiencing consecutive storms.  Higher frequency, low to moderate magnitude 

precipitation events are more likely to produce increased peak flows due to tile drainage. 

 
The scope of the modeling analysis was expanded to incorporate watershed-scale processes 

using three different approaches.  In the first approach, DRAINMOD was extended to the 

watershed scale at Clear Creek, a 25,300 ha watershed near Iowa City, by using a computer 

algorithm to route runoff for individual hillslopes and then summing their discharges at the creek 

outlet.  Similar to the field-scale DRAINMOD results, the discharge hydrograph appears 

unaffected by intense precipitation events and peak flows are decreased under lesser, more 

moderate precipitation events.  It should be noted that these simulations assume that each 
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hillslope receives exactly the same rainfall input and the watershed is assumed to be a linear 

hydrologic system, neither of which are characteristic of natural hydrologic systems. 

 
In the second approach, two spatially-distributed, three-dimensional, surface-subsurface 

models – MIKE SHE and HydroGeoSphere – were applied to a much larger watershed, the 

78,800 ha South Fork (Iowa River) watershed in north-central Iowa.  More than 80 percent of the 

watershed is drained by tiles.  Both models were used to simulate the tile-drained TC242 

watershed (160 ha) within the Tipton Creek subwatershed.  The MIKE-SHE model was 

successfully used to simulate the hydrology in the watershed with tile drainage.  Results showed 

that subsurface drainage increases and surface runoff decreases as the area of drainage increases, 

and that the absence of drainage causes an increase in runoff and a decrease in overall 

streamflow.  However, under high-intensity precipitation events, drained landscapes produce a 

lower peak flow.  Drainage generally increases daily streamflow, as previous studies have 

suggested.   Application of the HydroGeoSphere model was less successful and could not be 

used to simulate the hydrology of the watershed with tile drainage.  Nevertheless, we believe that 

model improvements in the near future will allow it to realize its full potential as a watershed- 

scale hydrologic model. 

 
In the third approach, we had intended to use stable isotopes of water (H and O) to quantify 

the relative contribution of water from tile drains, surface water, precipitation, and groundwater 

to peak flow events.  Water from all four components was sampled from multiple points in the 

watershed from August 2011 to July 2013; however, part of the project could not be 

accomplished because the area was under an extreme drought during much of the study period. 

Results did suggest that tile drainage water consisted predominantly of groundwater during the 

drought.  When precipitation resumed later in the period, tile water composition changed and 

became more similar to precipitation, suggesting that this method has potential to isolate the 

contribution of tile drainage and other hydrologic components to peak flow. 
 

In summary, this study tested an initial hypothesis – that tile drainage has impacted 

hydrologic behavior in Iowa’s watersheds.  Our results indicate that these impacts have likely 

occurred.  While we found some evidence that streamflow peaks resulting from very intense 

rainfall events are either  not impacted or are reduced under tile drainage scenarios compared to 

undrained scenarios, model results were not entirely consistent and did not include potentially 

important processes.  The model analysis was clearly mixed with regard to the impact on 

baseflow, and low to moderate sized events.  Therefore, despite the multi-faceted approach used 

to address the four objectives, there appears to be no clear and unequivocal answer to the 

question of whether tile drainage increases peak flows in streams.  With the continued expansion 

of tile drainage in the state, the relationship between flooding and tiling activity should continue 

to be explored and quantified.  The effects of drainage ditches, channel modification, and surface 

intakes – all omitted in this study – should be further investigated.  State-wide monitoring and 

sampling of hydrologic variables necessary for simulating hydrologic systems in models should 

continue.  A follow-up to this study should attempt to capture a major flood event in a large, 

heavily instrumented watershed and simulate the results at that scale using a physically-based, 

distributed parameter, surface-subsurface, watershed-scale model, such as HydroGeoSphere.  As 

this analysis shows,  the nature of the precipitation, existence of macropores, and drainage design 

are important for understanding any potential effects of drainage on peak flows and should be 

considered in future studies. 
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EXECUTIVE SUMMARY 

Agricultural drainage of soils using subsurface tile and surface drainage ditches has been a 
trademark of the upper Midwest landscape for more than 100 years.  Iowa contains some of the 
highest percentages of drained agricultural land in the U.S.  The original settlers who 
encountered an Iowa landscape composed of prairie potholes and wetlands recognized that crops 
would not grow well in those conditions and set out to drain excess water using subsurface clay 
tiles and drainage ditches.  It is estimated that water tables were lowered as much as 2 m below 
the land surface by this process.  When drained, the organic matter-rich soil provided an ideal 
environment for crops, leading to a monoculture of corn and soybeans in recent decades and 
Iowa’s position as a leading producer of agricultural commodities. 

 
Drainage of agricultural areas produces environmental impacts, particularly the degradation 

of surface and subsurface water quality.  Nitrogen leakage from fields – presumably aided by tile 
drainage – has been linked to the production of a hypoxic zone in the Gulf of Mexico.  Although 
quite important to aquatic life and drinking water supplies, the extreme focus on water quality 
impacts has effectively deferred investigations about the impact of drainage on the hydrologic 
cycle in agricultural areas.  Recent, major 500-year floods in 2008 (central and eastern Iowa) and 
2010 (central Iowa) resulted in loss of agricultural productivity and billions of dollars in property 
losses, causing a renewed interest in the public sector regarding the role of agricultural drainage 
on flooding. 

 
In 2011, the Iowa Economic Development Authority funded a study of the Hydrologic 

Impacts of Drainage System – a joint effort between scientists at the Iowa State University and 
the University of Iowa.  Participants comprised faculty from the Departments of Geological and 
Atmospheric Sciences and Agricultural and Biosystems Engineering at Iowa State and IIHR- 
Hydroscience at the University of Iowa.  The Iowa Flood Center and Iowa Water Center also 
participated.  The goal of this project was to enhance our understanding of how drainage systems 
impact the hydrology of Iowa that can help the State with water-resource and land-use 
management.  Our initial hypothesis was that drainage has impacted hydrologic behavior in 
Iowa’s watersheds. The specific objectives of the project were to: 

1)  Summarize and synthesize from the literature the current understanding of subsurface 
drainage impacts on water partitioning as they may apply to Iowa; 

2)  Quantify the spatial and temporal heterogeneity of water fluxes in tile-drained landscapes 
from local to regional scales; 

3)  Identify the factors affecting variability in storage, residence times, and pathways among 
parts of the hydrologic system; and 

4)  Determine the relationship between agricultural drainage and peak flow events, 
specifically whether subsurface drainage increases the magnitude of peak flows. 

 
Under Objective 1, the literature review focused on studies at the field scale, generally 

involving a single farmed field, up to the watershed scale with study areas spanning 100s to 
10,000s of hectares.  Previous studies showed that tile drains receive water through three 
mechanisms: 1) surface intakes, which are designed to prevent ponding on the land surface and 
provide a direct inlet to a subsurface drainage system; 2) drainage from soil below the water 
table (i.e., saturated conditions); and 3) preferential flow in macropores consisting of shrinkage 
cracks, root channels, biopores and other structural disturbances.  Studies at Iowa State 
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University and elsewhere in the past three decades have investigated the transport of 
agrichemicals to tile drains. These studies showed that although the role of preferential flow 
paths is more important than previously believed, the relative importance of the three pathways 
in transmitting chemicals to tile drains may vary according to hydrologic conditions. 

 
Few studies show the effect of drainage on streamflow and on peak flow (flooding), 

specifically.  Field-scale studies are generally the most common, while watershed-scale studies 
are relatively few in number.  Several studies suggest that drainage in clayey soils reduces peak 
flow by draining the soil prior to peak-flow producing precipitation events, increasing the water 
storage capacity in the unsaturated zone and thus reducing the magnitude of the peak flow event. 
Some studies have found that peak flows are reduced under higher intensity storms.  Other 
studies found that in cases where clayey soils contain macropores or if surface storage is allowed 
to drain to surface intakes, then subsurface drainage dominates the hydrograph and peak flow 
will increase.  The excess water being carried by tile drains today is significant, as a number of 
studies in Iowa and elsewhere show that stream baseflow under normal conditions has generally 
increased in part due to subsurface drainage.  However, gaps on this subject in the literature 
remain. Quantification of hydrologic responses across entire watersheds, scaling of field tile 
drain responses to the watershed scale, the role of surface intakes in contributions to peak flows, 
and impact of storm event timing on flood peaks in tile-drained watersheds are not well 
respresented in the literature and  deserve further investigation. 

 
Objectives 2, 3, and 4 were divided into multiple parts involving the simulation of field- and 

watershed-scale processes using computer-based hydrologic models.  In the first part, two field- 
scale hydrologic models that incorporate subsurface drainage – DRAINMOD (common in the 
U.S.) and SWAP (common in Europe) – were applied to 14 years of data (1990-2003) from a 4.5 
ha site near Gilmore City, Iowa.  Results of both models suggest that the process of subsurface 
drainage can be simulated at this scale, although the models are limited to one-dimension and 
water input via surface intakes and the effect of water “backing up” in tiles due to rise in stream 
stage were not evaluated.  Both models were then applied separately to study the theoretical 
response of different Iowa soil types to precipitation events, macropore density, and drainage tile 
spacing.  The results of these field-scale studies suggest that medium and high streamflows are 
reduced under tiled conditions, because tile drainage creates drier soils that lead to greater 
infiltration rates and route flow through the subsurface, thus effectively reducing surface runoff 
that would contribute to peak flows.  The models also suggest that high-magnitude intense 
storms overwhelm the soil infiltration capacity quickly, such that drainage does not affect peak 
flows.  However, results of these models also suggest that peak flow will increase in tile-drained 
soils experiencing consecutive storms.  Higher frequency, low to moderate magnitude 
precipitation events are more likely to produce increased peak flows due to tile drainage. 

 
The scope of the modeling analysis was expanded to incorporate watershed-scale processes 

using three different approaches.  In the first approach, DRAINMOD was extended to the 
watershed scale at Clear Creek, a 25,300 ha watershed near Iowa City, by using a computer 
algorithm to route runoff for individual hillslopes and then summing their discharges at the creek 
outlet.  Similar to the field-scale DRAINMOD results, the discharge hydrograph appears 
unaffected by intense precipitation events and peak flows are decreased under lesser, more 
moderate precipitation events.  It should be noted that these simulations assume that each 
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hillslope receives exactly the same rainfall input and the watershed is assumed to be a linear 
hydrologic system, neither of which are characteristic of natural hydrologic systems. 

 
In the second approach, two spatially-distributed, three-dimensional, surface-subsurface 

models – MIKE SHE and HydroGeoSphere – were applied to a much larger watershed, the 
78,800 ha South Fork (Iowa River) watershed in north-central Iowa.  More than 80 percent of the 
watershed is drained by tiles.  Both models were used to simulate the tile-drained TC242 
watershed (160 ha) within the Tipton Creek subwatershed.  The MIKE-SHE model was 
successfully used to simulate the hydrology in the watershed with tile drainage.  Results showed 
that subsurface drainage increases and surface runoff decreases as the area of drainage increases, 
and that the absence of drainage causes an increase in runoff and a decrease in overall 
streamflow.  However, under high-intensity precipitation events, drained landscapes produce a 
lower peak flow.  Drainage generally increases daily streamflow, as previous studies have 
suggested.   Application of the HydroGeoSphere model was less successful and could not be 
used to simulate the hydrology of the watershed with tile drainage.  Nevertheless, we believe that 
model improvements in the near future will allow it to realize its full potential as a watershed- 
scale hydrologic model. 

 
In the third approach, we had intended to use stable isotopes of water (H and O) to quantify 

the relative contribution of water from tile drains, surface water, precipitation, and groundwater 
to peak flow events.  Water from all four components was sampled from multiple points in the 
watershed from August 2011 to July 2013; however, part of the project could not be 
accomplished because the area was under an extreme drought during much of the study period. 
Results did suggest that tile drainage water consisted predominantly of groundwater during the 
drought.  When precipitation resumed later in the period, tile water composition changed and 
became more similar to precipitation, suggesting that this method has potential to isolate the 
contribution of tile drainage and other hydrologic components to peak flow. 

 
In summary, this study tested an initial hypothesis – that tile drainage has impacted 

hydrologic behavior in Iowa’s watersheds.  Our results indicate that these impacts have likely 
occurred.  While we found some evidence that streamflow peaks resulting from very intense 
rainfall events are either  not impacted or are reduced under tile drainage scenarios compared to 
undrained scenarios, model results were not entirely consistent and did not include potentially 
important processes.  The model analysis was clearly mixed with regard to the impact on 
baseflow, and low to moderate sized events.  Therefore, despite the multi-faceted approach used 
to address the four objectives, there appears to be no clear and unequivocal answer to the 
question of whether tile drainage increases peak flows in streams.  With the continued expansion 
of tile drainage in the state, the relationship between flooding and tiling activity should continue 
to be explored and quantified.  The effects of drainage ditches, channel modification, and surface 
intakes – all omitted in this study – should be further investigated.  State-wide monitoring and 
sampling of hydrologic variables necessary for simulating hydrologic systems in models should 
continue.  A follow-up to this study should attempt to capture a major flood event in a large, 
heavily instrumented watershed and simulate the results at that scale using a physically-based, 
distributed parameter, surface-subsurface, watershed-scale model, such as HydroGeoSphere.  As 
this analysis shows,  the nature of the precipitation, existence of macropores, and drainage design 
are important for understanding any potential effects of drainage on peak flows and should be 
considered in future studies. 
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EXECUTIVE SUMMARY 

Agricultural drainage of soils using subsurface tile and surface drainage ditches has been a 
trademark of the upper Midwest landscape for more than 100 years.  Iowa contains some of the 
highest percentages of drained agricultural land in the U.S.  The original settlers who 
encountered an Iowa landscape composed of prairie potholes and wetlands recognized that crops 
would not grow well in those conditions and set out to drain excess water using subsurface clay 
tiles and drainage ditches.  It is estimated that water tables were lowered as much as 2 m below 
the land surface by this process.  When drained, the organic matter-rich soil provided an ideal 
environment for crops, leading to a monoculture of corn and soybeans in recent decades and 
Iowa’s position as a leading producer of agricultural commodities. 

 
Drainage of agricultural areas produces environmental impacts, particularly the degradation 

of surface and subsurface water quality.  Nitrogen leakage from fields – presumably aided by tile 
drainage – has been linked to the production of a hypoxic zone in the Gulf of Mexico.  Although 
quite important to aquatic life and drinking water supplies, the extreme focus on water quality 
impacts has effectively deferred investigations about the impact of drainage on the hydrologic 
cycle in agricultural areas.  Recent, major 500-year floods in 2008 (central and eastern Iowa) and 
2010 (central Iowa) resulted in loss of agricultural productivity and billions of dollars in property 
losses, causing a renewed interest in the public sector regarding the role of agricultural drainage 
on flooding. 

 
In 2011, the Iowa Economic Development Authority funded a study of the Hydrologic 

Impacts of Drainage System – a joint effort between scientists at the Iowa State University and 
the University of Iowa.  Participants comprised faculty from the Departments of Geological and 
Atmospheric Sciences and Agricultural and Biosystems Engineering at Iowa State and IIHR- 
Hydroscience at the University of Iowa.  The Iowa Flood Center and Iowa Water Center also 
participated.  The goal of this project was to enhance our understanding of how drainage systems 
impact the hydrology of Iowa that can help the State with water-resource and land-use 
management.  Our initial hypothesis was that drainage has impacted hydrologic behavior in 
Iowa’s watersheds. The specific objectives of the project were to: 

1)  Summarize and synthesize from the literature the current understanding of subsurface 
drainage impacts on water partitioning as they may apply to Iowa; 

2)  Quantify the spatial and temporal heterogeneity of water fluxes in tile-drained landscapes 
from local to regional scales; 

3)  Identify the factors affecting variability in storage, residence times, and pathways among 
parts of the hydrologic system; and 

4)  Determine the relationship between agricultural drainage and peak flow events, 
specifically whether subsurface drainage increases the magnitude of peak flows. 

 
Under Objective 1, the literature review focused on studies at the field scale, generally 

involving a single farmed field, up to the watershed scale with study areas spanning 100s to 
10,000s of hectares.  Previous studies showed that tile drains receive water through three 
mechanisms: 1) surface intakes, which are designed to prevent ponding on the land surface and 
provide a direct inlet to a subsurface drainage system; 2) drainage from soil below the water 
table (i.e., saturated conditions); and 3) preferential flow in macropores consisting of shrinkage 
cracks, root channels, biopores and other structural disturbances.  Studies at Iowa State 
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University and elsewhere in the past three decades have investigated the transport of 
agrichemicals to tile drains. These studies showed that although the role of preferential flow 
paths is more important than previously believed, the relative importance of the three pathways 
in transmitting chemicals to tile drains may vary according to hydrologic conditions. 

 
Few studies show the effect of drainage on streamflow and on peak flow (flooding), 

specifically.  Field-scale studies are generally the most common, while watershed-scale studies 
are relatively few in number.  Several studies suggest that drainage in clayey soils reduces peak 
flow by draining the soil prior to peak-flow producing precipitation events, increasing the water 
storage capacity in the unsaturated zone and thus reducing the magnitude of the peak flow event. 
Some studies have found that peak flows are reduced under higher intensity storms.  Other 
studies found that in cases where clayey soils contain macropores or if surface storage is allowed 
to drain to surface intakes, then subsurface drainage dominates the hydrograph and peak flow 
will increase.  The excess water being carried by tile drains today is significant, as a number of 
studies in Iowa and elsewhere show that stream baseflow under normal conditions has generally 
increased in part due to subsurface drainage.  However, gaps on this subject in the literature 
remain. Quantification of hydrologic responses across entire watersheds, scaling of field tile 
drain responses to the watershed scale, the role of surface intakes in contributions to peak flows, 
and impact of storm event timing on flood peaks in tile-drained watersheds are not well 
respresented in the literature and  deserve further investigation. 

 
Objectives 2, 3, and 4 were divided into multiple parts involving the simulation of field- and 

watershed-scale processes using computer-based hydrologic models.  In the first part, two field- 
scale hydrologic models that incorporate subsurface drainage – DRAINMOD (common in the 
U.S.) and SWAP (common in Europe) – were applied to 14 years of data (1990-2003) from a 4.5 
ha site near Gilmore City, Iowa.  Results of both models suggest that the process of subsurface 
drainage can be simulated at this scale, although the models are limited to one-dimension and 
water input via surface intakes and the effect of water “backing up” in tiles due to rise in stream 
stage were not evaluated.  Both models were then applied separately to study the theoretical 
response of different Iowa soil types to precipitation events, macropore density, and drainage tile 
spacing.  The results of these field-scale studies suggest that medium and high streamflows are 
reduced under tiled conditions, because tile drainage creates drier soils that lead to greater 
infiltration rates and route flow through the subsurface, thus effectively reducing surface runoff 
that would contribute to peak flows.  The models also suggest that high-magnitude intense 
storms overwhelm the soil infiltration capacity quickly, such that drainage does not affect peak 
flows.  However, results of these models also suggest that peak flow will increase in tile-drained 
soils experiencing consecutive storms.  Higher frequency, low to moderate magnitude 
precipitation events are more likely to produce increased peak flows due to tile drainage. 

 
The scope of the modeling analysis was expanded to incorporate watershed-scale processes 

using three different approaches.  In the first approach, DRAINMOD was extended to the 
watershed scale at Clear Creek, a 25,300 ha watershed near Iowa City, by using a computer 
algorithm to route runoff for individual hillslopes and then summing their discharges at the creek 
outlet.  Similar to the field-scale DRAINMOD results, the discharge hydrograph appears 
unaffected by intense precipitation events and peak flows are decreased under lesser, more 
moderate precipitation events.  It should be noted that these simulations assume that each 
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hillslope receives exactly the same rainfall input and the watershed is assumed to be a linear 
hydrologic system, neither of which are characteristic of natural hydrologic systems. 

 
In the second approach, two spatially-distributed, three-dimensional, surface-subsurface 

models – MIKE SHE and HydroGeoSphere – were applied to a much larger watershed, the 
78,800 ha South Fork (Iowa River) watershed in north-central Iowa.  More than 80 percent of the 
watershed is drained by tiles.  Both models were used to simulate the tile-drained TC242 
watershed (160 ha) within the Tipton Creek subwatershed.  The MIKE-SHE model was 
successfully used to simulate the hydrology in the watershed with tile drainage.  Results showed 
that subsurface drainage increases and surface runoff decreases as the area of drainage increases, 
and that the absence of drainage causes an increase in runoff and a decrease in overall 
streamflow.  However, under high-intensity precipitation events, drained landscapes produce a 
lower peak flow.  Drainage generally increases daily streamflow, as previous studies have 
suggested.   Application of the HydroGeoSphere model was less successful and could not be 
used to simulate the hydrology of the watershed with tile drainage.  Nevertheless, we believe that 
model improvements in the near future will allow it to realize its full potential as a watershed- 
scale hydrologic model. 

 
In the third approach, we had intended to use stable isotopes of water (H and O) to quantify 

the relative contribution of water from tile drains, surface water, precipitation, and groundwater 
to peak flow events.  Water from all four components was sampled from multiple points in the 
watershed from August 2011 to July 2013; however, part of the project could not be 
accomplished because the area was under an extreme drought during much of the study period. 
Results did suggest that tile drainage water consisted predominantly of groundwater during the 
drought.  When precipitation resumed later in the period, tile water composition changed and 
became more similar to precipitation, suggesting that this method has potential to isolate the 
contribution of tile drainage and other hydrologic components to peak flow. 

 
In summary, this study tested an initial hypothesis – that tile drainage has impacted 

hydrologic behavior in Iowa’s watersheds.  Our results indicate that these impacts have likely 
occurred.  While we found some evidence that streamflow peaks resulting from very intense 
rainfall events are either  not impacted or are reduced under tile drainage scenarios compared to 
undrained scenarios, model results were not entirely consistent and did not include potentially 
important processes.  The model analysis was clearly mixed with regard to the impact on 
baseflow, and low to moderate sized events.  Therefore, despite the multi-faceted approach used 
to address the four objectives, there appears to be no clear and unequivocal answer to the 
question of whether tile drainage increases peak flows in streams.  With the continued expansion 
of tile drainage in the state, the relationship between flooding and tiling activity should continue 
to be explored and quantified.  The effects of drainage ditches, channel modification, and surface 
intakes – all omitted in this study – should be further investigated.  State-wide monitoring and 
sampling of hydrologic variables necessary for simulating hydrologic systems in models should 
continue.  A follow-up to this study should attempt to capture a major flood event in a large, 
heavily instrumented watershed and simulate the results at that scale using a physically-based, 
distributed parameter, surface-subsurface, watershed-scale model, such as HydroGeoSphere.  As 
this analysis shows,  the nature of the precipitation, existence of macropores, and drainage design 
are important for understanding any potential effects of drainage on peak flows and should be 
considered in future studies. 
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Chapter 1 
Introduction 

 
 

Artificial draining of soil using subsurface tile drains and surface drainage ditches has 
been occurring in the Midwest for over 100 years (Zucker and Brown, 1998).  The 
purpose of soil drainage is to dry the soil and lower the water table to prevent excess 
water from inhibiting crop growth during the growing season (Figure 1.1).  Sources of 
water to tiles include groundwater, surface water from field intakes, and preferential flow 
under saturated conditions through the unsaturated zone.   

Field tiles are generally installed at a depth of one meter below the ground surface 
with a lateral spacing of six to 24 m (Zucker and Brown, 1998).  Although previously 
comprised of clay pipe, modern tile drains are almost exclusively constructed of 
corrugated plastic.  In some case, surface intakes – vertical pipes extending a few feet 
above ground surface and designed to reduce the time of ponding on the surface – are 
connected to these subsurface systems.  Field-scale tile systems can discharge locally into 
small-scale surface drainage systems or they can be connected to county-scale tile 
systems, which form an integrated drainage network.  County-scale tile systems with pipe 
diameters that range from 0.5 to 2 m in diameter (Figure 1.2) often discharge into 
drainage ditches (Figure 1.2).   

 

 

Figure 1.1: Effects of tile drainage on water table elevation (Zucker and Brown, 1998) 
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Figure 1.2: (right) County-scale tile drain outlet to (left) surface drainage ditch near Lake 
Cairo in north-central Iowa.  Note persons for scale. Photos by W. W. Simpkins. 

 

While subsurface drainage is widely used for crop production benefits, there are 
concerns about possible impacts to the hydrologic cycle that may radiate far downstream 
from the tile discharge point (Robinson and Rycroft, 1999).  Questions about downstream 
impacts date back to 1861 in the UK and early 1900’s in Iowa (Marston, 1909; Robinson 
and Rycroft, 2003).  Much work has been done in studying how intensive agricultural 
practices affect water quality (Lemke et al., 2011).  For example, many studies associate 
tile drainage with the worsening hypoxic zone in the Gulf of Mexico (Mitsch et al., 
2001).  However, much less effort has been directed towards understanding changes in 
water quantity due to these practices.   

Intensive agriculture may affect the timing and magnitude of peak flows, particularly 
when combined over several watersheds (Robinson and Rycroft, 1999), yet, only a few 
studies have attempted to investigate this relationship through field work or hydrologic 
modeling at the watershed scale (Robinson et al., 1999).  Because flooding in the United 
States causes millions of dollars in property and economic losses, often in predominantly 
agricultural areas (Des Moines Register, October 18, 2010; Barnes and Eash, 2012), an 
improved understanding of the relationship between tile drainage and peak flow events is 
important for prediction of flood events as well as management of water resources.  
Presently, we lack a quantitative understanding of the interplay between surface and 
subsurface hydrologic processes in intensively managed landscapes, especially under 
extreme weather events.  This hinders accurate modeling of all flow pathways within a 
watershed and limits the ability to evaluate management options for flood mitigation 
purposes. 

Opinions about the impact of tile drainage on peak flows vary widely.  Robinson and 
Rycroft (1999) conclude that evidence exists for tile drainage to both increase and 
decrease peak flow magnitude.  Tile drainage may reduce peak flow by draining the soil 
prior to precipitation events, thus increasing the water storage capacity in the unsaturated 
zone.  Conversely, tile drainage may increase peak flow by accelerating the rate at which  
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soil water and groundwater enter into ditches and streams, where it adds to the 
streamflow derived from overland flow (Robinson et al., 1999).  O’Connell et al. (2007) 
examined agricultural practices in the United Kingdom and showed a relationship 
between anthropogenic agricultural changes and flooding at the field scale.  However, 
they found that, due to a lack of watershed-scale studies, there is little evidence for field-
scale effects leading to impacts downstream.  The authors argue the only way to improve 
our understanding of this system is through watershed-scale studies, including both 
intensive field monitoring and modeling approaches.  

Iowa contains some of the most extensively tiled agricultural land in the U.S. (Figure 
1.2, 1.3). The state also experiences periodic and devastating flooding.  The most 
notably, repetitive flooding in Iowa since 2008 includes several floods characterized 
within the 100- to 500-year recurrence interval flood level, with 500-year recurrence 
interval floods in 2008 and 2010 (Buchmiller and Eash, 2008; Barnes and Eash, 
2012).  The floods of 2008 and 2010 affected central Iowa, the most productive 
agricultural region in the state, and resulted in billions of dollars economic losses 
including millions of dollars in lost agricultural productivity (Des Moines Register, 
October 18, 2010).  

 
Figure 1.3: Percentage of land using subsurface drainage in the Midwest.  The South Fork 
watershed is 80% drained. 
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The continued threat of flooding and the remaining controversy over the role of tiles 
in floods led the Iowa Economic Development Authority to fund a study titled 
“Hydrologic Impacts of Drainage Systems”, a joint effort between Iowa State University 
and the University of Iowa.  The study was borne out of the idea that informed policy can 
only occur if the effect of agricultural drainage on hydrologic processes and flooding are 
understood. This report provides the findings of the investigation, which specifically 
focused on water quantity.   

The goal of this project was to develop an enhanced understanding of how drainage 
systems have impacted the hydrology of Iowa to assist the State in water resource and 
land use management.  The overarching hypothesis was that drainage alterations have 
changed the hydrologic behavior of Iowa watersheds, and that the magnitude and nature 
of the impacts are dependent upon antecedent conditions, meteorological conditions, tile 
configuration, soil types, and degree of alteration.  The specific objectives of this study 
were to: 

1)  Summarize and synthesize the current understanding of subsurface drainage 
impacts from the literature as it applies to Iowa;  

2)  Quantify the spatial and temporal heterogeneity of water fluxes in tile-drained 
landscapes from local to regional scales;  

3)  Identify the factors affecting variability in storage, residence times, and pathways 
among parts of the hydrologic system; and  

4)  Determine the relationship between agricultural drainage and peak flow events 
and specifically whether subsurface drainage increases peak flows. 

Efforts include assessment of the state-of-the-art models as applied to tiled 
watersheds, including synthetic modeling studies, modeling of the Clear Creek watershed 
in eastern Iowa, and modeling of the South Fork watershed in north-central Iowa.  
Models of varying complexities and from field to catchment scale were used: 
DRAINMOD, SWAP, MIKE SHE, and HydroGeoSphere (HGS).  In addition, stable 
isotopes of water (δ2H and δ18O) were used to estimate the contributions of tile drainage 
and groundwater to streamflow under varying flow conditions.   

This research was conducted by a team of researchers from two of Iowa’s public 
universities, The University of Iowa (UI) and Iowa State University (ISU), with 
complementary expertise in surface hydrology, groundwater, hydraulics, drainage 
systems and watershed modeling. Participating institutions in this effort include IIHR-
Hydroscience & Engineering and Iowa Flood Center (housed at UI) and the Iowa Water 
Center (housed at ISU).   
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Chapter 2 
Literature Review 

 
 

2.1 Tile flow 

 Tile drains receive water through three mechanisms: 1) surface intakes, which are 
designed to prevent ponding on the land surface, provide a direct inlet; 2) drainage from 
soil below the water table (i.e., saturated conditions); and 3) macropore / preferential flow 
(Figure 2.1).  The relative importance of the three pathways in transmitting water to tile 
drains is not entirely clear and may vary according to conditions.  For example, Everts 
and Kanwar (1990) performed a tracer test and chemical hydrograph separation 
experiment at the Iowa State University Agricultural Engineering/Agronomy Research 
Farm, west of Ames, Iowa in mid-1987 and found that on average 98% of the tile flow 
was sourced from the saturated soil matrix while only 2% came from preferential flow 
paths.  Although, preferential flow paths accounted for only a small portion of water 
quantity, this pathway did account for a disproportionate amount of chemical transport 
(up to 24% of the KBr and 20% of Ca(NO3)2 used as tracers).   

Later studies suggest that preferential flow paths (macropores and factures) may 
dominate water flow to tiles under very wet conditions.  Jaynes et al. (2001) applied 
conservative tracers (KBr, pentafluorobenzoate, o-trifluoromethylbenzoate, and 
difluorobenzoate) to the same site used in the Everts and Kanwar (1990) study.  Tracers 
were applied immediately preceding the start of the irrigation event and in two-hour 
increments following it.  The last tracer application, which occurred some six hours after 
the start of the event, reached the tile drain in 15 minutes.  Kumar et al. (1997) used 
rainfall simulation events and hydrograph separation techniques to investigate 
preferential flow as a contributor to tile drainage at the same ISU farm using 1984 to 
1993 data.  They used a two-component system, separating matrix flow from preferential 
flow, and found that while average contribution to tile drainage from preferential flow 
paths was small (13%), it may comprise up to 60% in some events.   

        
Figure 2.1: Three methods through which tiles receive water: 1) surface intakes installed 
to prevent ponding at the ground surface; 2) tiles drain water below the water table (i.e., 
saturated conditions); and 3) preferential flow (including macropore flow). 
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 Tomer et al. (2010) used hydrograph separation to source N, P, and E. coli to Tipton 
Creek in the South Fork watershed in north-central Iowa for a single rainfall event.  The 
rainfall-runoff event occurred September 11, 2006, lasted for approximately 26 hours, 
and produced 73 to 116 mm of precipitation (depending on location in the subwatershed).  
The authors performed chemical hydrograph separation using total P and NO3–N to 
separate subsurface drainage from surface runoff (lumped approach with some surface 
intake assumed to be in preferential flow paths to tiles).  They found that about 13% of 
tile discharge resulted from surface intakes, while groundwater was the dominant input.  
The authors also found tile drainage contributed approximately 69% of total discharge 
during the rainfall-runoff event at the watershed outlet, closely matching a SWAT model 
estimation of 71% of total annual discharge reported by Green et al. (2006). 

 

2.2 Impact of tile drainage on runoff, event flows, and peak flows from field scale 
studies 

 One of the most comprehensive discussions exploring the impacts of subsurface 
drainage on peak runoff (Robinson, 1990) synthesized data collected from six field sites 
in the United Kingdom (UK) spanning different soil types: three clay, one silty loam and 
two peat soils (Table 2.1).  The sites either had contiguous drained and undrained plots, 
or measurements were made on the same plot before and after drainage was installed.  

 The analysis revealed that tile drains led to a decrease in peak flows in silty and 
clayey soils, but an increase in the sandier soils (Robinson (1990); see Table 2.1 for 
specifics of the different studies). The effects on peak flows as a function of soil texture 
is presented in Figure 2.2. The reason behind the observed phenomenon was explained by 
Robinson (1990) as follows. Under undrained conditions, the low permeability of clayey 
and silty soils leads to frequent waterlogging, and thus significant surface runoff. 
Installation of tile drainage in these soils increases the effective permeability of the soil, 
and thus increases the proportion of total flow that is routed through the subsurface 
pathway.  Subsurface pathways attenuate the flow to a greater extent than surface 
pathways, leading to the observed decrease in peak flow with installation of drainage in 
clayey soils. In contrast, in sandier soils, the permeability of the subsurface is high and 
thus the flow is routed primarily through the subsurface under undrained conditions. 
Installation of artificial drainage systems in these soils increases the permeability of the 
subsurface even more, and thus leads to an increase in peak flow.  

Although tile drains tend to decrease peak flows for low hydraulic conductivity (K) soils 
(Figure 2.3, Tylwch, Grendon silty and clayey soils) and increase peak flows for higher 
hydraulic conductivity soils (Figure 2.3 Blacklaw peat), examples of the opposite were 
also found (Figure 2.3, Wither clay loam and Staylittle peat).  Figure 2.3 illustrates that 
tiling tends to reduce heterogeneity of hydrologic responses arising from different soil 
types when compared across several landscapes.  
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Figure 2.2: Effects on peak flows in terms of soil texture for eight mineral soil sites 
(Robinson, 1990).  The + and · symbols refer to increases and decreases in peak flows 
due to subsurface drainage, respectively. 

 

 

 

 

Figure 2.3: The effects of subsurface drainage on peaks and times to peak.  The white and 
black blocks represent post- and pre-drainage results, respectively (Robinson, 1990). 



 

Table 2.1: Summary of field and modeling studies to assess hydrologic impacts of subsurface drains at the field scale (Sloan, 2013) 

Sites 
Study 
Type Land Use 

Area 
(ha) 

Slope 
(%) 

Rainfall 
(mm/yr) 

Soil Type, 
Topsoil   Clay 
Content (%) 

or K 

Depth to 
Imper-
meable. 

Layer (cm) 
Effect of Drainage on 

Peak Flow Source 

Ballinamore, 
Ireland 

Paired 
Field Grass 0.005 17.6 1100 Clay / 38% 24 Peak flow decreases in 

winter  but increases in 
summer due to cracking and 

macropore formation 

Robinson 
1990 Grendon 

Underwood, 
England 

Paired 
Field Grass 0.25 0.5 650 Clay / 52% 24 

Tylwch, Wales 

Before 
& 

After. 

Field 

Permanent 
Grass 1.7 2.6 1300 Silty Clay 

Loam / 31% 37 

Decrease due to high clay 
content 

 

Robinson 
1990 

Sandusky, Ohio 
(US) 

Paired 
Field 

Corn, oats, 
soybeans 0.55 0.30% - Silty Clay / 

36% - 
McLean and 

Schwab, 
1982 

Hayes Oak, 
England 

Paired 
Field Grass 1.8 1.5 700 Clay / 45% 25 Robinson 

1990 

Brimstone, 
England 

Paired 
Field 

Cultivated w/ 
different 
practices 

0.19 3.2 680 Clay / 49% 27 Robinson 
1990 

North Wyke, 
England 

Paired 
Field Grass 1 7 1060 Clay / 35% 20 Robinson 

1990 



 

Cockle Park, 
England 

Paired 
Field Cultivated 0.25 2.5 720 Clay Loam / 

23% 40 Increase due to loamy soil 
with lower clay content 

Robinson 
1990 

Withernwick, 
England 

Before 
& After 

Field Rotation of 
grass/cereals 13.5 0.3 

650 

Clay Loam / 
22% 45 

Increase due to loamy soil 
with lower clay content 

Robinson 
1990 

Model 1200 

Decrease - Increase in 
rainfall leads to 

waterlogged conditions 
even in loamy soils 

Harms, 1986 Model Grass vs. 
Cultivated - - 700 Sand / 25.0 

cm/hr - 

Increase - Sandier Soil, 
lower rainfall 

Increase 

Robinson 
1990 

Harms, 1986 Model Grass vs. 
Cultivated - - 700 Loam / 1.2 

cm/hr -  Robinson 
1990 

Broadhead and 
Skaggs, 1982 Model - - - ~ 1250 Loam / 4.3 

cm/hr - 

Decrease - High rainfall 
leads to more surface flow 
in un-drained conditions 

 

Robinson 
1990 

Kohnya et al, 
1988 Model - - - ~ 1250 Mineral / 1.0 

cm/hr - Robinson 
1990 

Kohnya et al, 
1988 Model - - - ~ 1250 Mineral / 7.5 

cm/hr - 

Robinson 
1990 

 



 

Harms, 1986 Model Grass vs. 
Cultivated - - 700 Clay / 0.1 

cm/hr - 

No Change-  Surface 
storage leads to more 

subsurface flow even in 
clayey soils 

Robinson 
1990 

North Carolina Model 
Wheat-

Soybean-Corn 
Rotation 

- - - Ponzer muck / 
0.75 cm/hr 300 

Decrease - Soil type 

Kohnya, 
Skaggs and 

Gilliam 1992 

 North Carolina Model 
Wheat-

Soybean-Corn 
Rotation 

- - - Wasda soil / 
0.1 cm/hr 200 

Staylittle, Wales 

Bef. & 
Aft. 

Field 

Permanent 
Grass 1.5 3.5 1800 Peat - Decrease - Undetermined Robinson 

1990 

Blacklaw Moss, 
Scotland 

Bef. & 
Aft. 

Field 

Rough Grazing 6.9 0.25 850 Peat - Increase - Undetermined Robinson 
1990 
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2.3 Factors that modify hydrologic response of tiled systems  

Macropores and/or surface storage (depressions in the landscape) have been shown to 
alter the expected response of tiled systems of the different soil types (Robinson, 1990; 
Schwab et al., 1985). At two of the clay sites in the UK study (Ballinamore and 
Grendon), peak flows were observed to increase due to the installation of drainage in the 
dry summer months, while the expected decrease occurred during other times (Figure 
2.4).  This seasonality in peak flow was attributed to the creation of macropores in the dry 
summer months from soil desiccation, causing cracking.  Clayey soils are susceptible to 
macropore formation, which consists of shrinkage cracks, root channels, biopores and 
any other structural disturbances.  Schwab et al. (1985) also found similar results in his 
study with increases in peak flows during certain storm events due to formation of 
macropores from desiccation of the Toledo clay soil.  

Tile drains can encourage macropore formation by drying the soil, causing cracking 
due to shrinkage (desiccation) which creates more defined subsurface flow paths 
(Robinson, 1999).  Installation of drainage in such soils thus creates an effective and fast 
bypass flow pathway through the macropores and tile network, and thus leads to an 
increase in the peak flow, instead of the decreased peak flow seen in the Robinson (1990) 
study.  

 

 

Figure 2.4: Differences in storm hydrograph peaks between the drained and undrained 
site during a year at Ballinamore (Robinson, 1990). 

 

Field studies indicate that the greatest reductions in peak flows due to drainage 
occurred during the most intense storms (McLean and Schwab, 1982).  Drainage reduced 
the peak flows from storm with intensities of > 3 inches/day by 32%, while peak flows 
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from storm events of > 5.9 inches/day were reduced by 46% (Schwab et al., 1985; 
Robinson, 1999).  However, the abilty to make general conclusions about the impact of 
tile flow under different precipitation regimes is complicated by variations in the initial 
conditions of the watershed, which are highly important to the hydrologic response.  
Vidon and Cuadra (2011) analyzed eight storm events that produced tile flows from April 
to June 2008 on two continuously monitored tile drains in the Leary Weber Ditch 
Watershed near Indianapolis, IN.  The site was mainly composed of Crosby-Brookston 
silty loams and required tiles to remove ponding and lower the water table for the 
planting of soybeans.  They found that total precipitation and antecedent water table 
depth were positively correlated  (99% significance level) to mean tile flow, maximum 
tile flow, and runoff ratio.  The maximum precipitation intensity was inversely correlated 
(99% significance level) to the hydrograph response time, and it was suggested that the 
more rapid response time was due to increased macropore flow under high rainfall 
intensity.  However, a similar storm that occurred later in the summer produced 
siginificantly less tile flow because crop water demand had reduced the soil moisture 
levels and antecedant water table depth. 

Simulations from the DRAINMOD plot-scale model for the Withernwick field site in 
UK suggest that drainage should decrease the peak flow (Robinson et al., 1990).  The 
DRAINMOD simulation produced reduced peak flows even when using twice the rainfall 
input (1200 mm in contrast to the field site rainfall of 650 mm).  In the model, tile 
drainage allowed for bypassing some of the flow through the subsurface which led to the 
simulated decrease.  Also using DRAINMOD, Broadhead and Skaggs (1982) modeled a 
loamy soil with rainfall equal to 1250 mm and found that drainage decreased peak flows, 
which supports Robinson’s model results at Withernwick. Consistent with these two 
studies, Kohnya modeled two mineral soils (K = 7.5 cm/hr vs. K = 1.0 cm/hr), with 
rainfall ~ 1250 mm, and observed reductions in peak flows due to the installation of 
subsurface drainage.  Harms (1986) tested a sandy, loamy and clayey soil with 
precipitation equal to 700 mm. Drainage was noted to increase peak flows in the sandy 
and loamy soil, while no change was observed in the clayey soil. The results for the more 
permeable sand and loam were expected, but the clay result was not.  The discrepency 
was attributed to Harms halving the surface storage of the drained compared to undrained 
(Robinson et al., 1990).  This change caused more frequent surface runoff and higher 
peaks, but highlights the importance of tile drainage changing surface storage. 

Drain spacing has also been found to have an impact on peak flows.  In one 
DRAINMOD study in the Webster and Canisteo soils in Iowa, a drain spacing equal to 
25 m (for a drainage intensity of 0.46 cm/day and a drain depth of 1.05 m) was found to 
optimally reduce the amount of subsurface drainage without causing excess water stress 
to crops (Singh and Helmers, 2006). In addition, for poorly drained sites, decreasing 
drainage spacing initially decreases the peak flows as more flow is routed through the 
subsurface.  However, as the drain spacing is decreased beyond some optimal point, peak 
flows from the site will increase because the hydraulic gradient to the tiles is steep and 
the subsurface flow becomes fast (Robinson, 1990).  This observed behavior was used by 
Wiskow and van der Ploeg (2003) to develop a semi-analytical procedure to determine an 
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optimal drain-spacing that would allow for highest soil water retention during extreme 
rainfall events, thereby attenuating peak flows. 

2.4 Impact of tiles on annual flows 

Recent studies suggest that streamflows have increased in part due to increases in tile 
drainage.  Seasonal and annual water yields have increased more than 50%  since 1940 in 
21 watersheds across the State of Minnesota (Schottler et al. , 2013), particularly in 
watersheds that have undergone large land-use changes (e.g., installation of artificial 
drainage networks and crop conversions).  Changes in precipitation and crop 
evapotranspiration were estimated to account for less than one-half of the increase in 
water yield, suggesting that the majority of water increase was due to continual increases 
in artificial drainage and loss of depressional (surface storage) areas over this time period.   

Others have found upward trends in annual baseflow (Schilling and Libra, 2003) and 
7-day summer low flows (Steffens and Franz, 2012) in Iowa watersheds since the mid-
1970s, a period of widespread conversion to row crops in the state.  Schilling and Libra 
(2003) analyzed discharge variables including total annual discharge, maximum and 
minimum annual discharges, annual baseflow, and annual baseflow percentage for 11 
Iowa watersheds. In nearly all of these watersheds, annual baseflow, annual minimum 
flow and annual baseflow percentage increased over time during the second half of the 
20th century. Thus, a major change in the routing of rainfall has been observed across 
Iowa with increased discharge to streams from groundwater rather than stormwater. 
These changes have been hypothetically linked to the impact of intense agricultural 
practices and related increased artificial drainage on streamflows in Iowa. 

A study by Schilling and Helmers (2008) for the Walnut Creek watershed near Des 
Moines in central Iowa, more directly points to tile drainage as the reason for increased  
baseflow in that stream.  Using hydrograph separation and DRAINMOD simulations of 
drained and undrained models of the watershed, the authors found that tile drainage 
primarily increases the baseflow component of the hydrographs.  (The drained watershed 
was modeled with 24-m tile spacing.)  During the seven-year simulation, both drained 
and undrained watersheds shared similar mean annual streamflows, with baseflow and 
tile discharge accounting for 72% of stream discharge in the drained watershed versus 
25% in the undrained watershed.  In addition, tile drainage was found to have the greatest 
effect on baseflow during the summer months (June – September).   

In a similar study using the SWAT model, Schilling et al. (2008) evaluated impacts of 
land use and land cover change on the water balance of the Raccoon River watershed in 
west-central Iowa. In this watershed, historical water balance shifts showed that annual 
ET decreased, with more precipitation being routed into streamflow and baseflow. Their 
modeling results for the future predict that increasing corn production at the expense of 
grasslands will cause further decrease in ET and increase in surface runoff and water 
yield from the watershed accompanied with increased nitrate, phosphorus and sediment 
losses.     
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2.5 Modeling tiled systems at the watershed scale 

One of the earlier works by Robinson and Rycroft (1999) emphasized two aspects to 
be considered at the watershed scale: 1) synchronicity of flows from different 
subwatersheds will affect the peak flows at the observation point; and 2)  the relative 
impact of drainage and main channels will change according to the storm size. For small 
and medium sized storms, the subsurface drainage impact is expected to be more 
dominant, whereas for large storms, channel improvements are expected to have a higher 
impact.  In order to simulate these and other issues that complicate a complete 
understanding of the hydrologic impact of tiles and other drainage practices, hydrologic 
models must be extended to account for tile drainage at the watershed scale.   

One approach to modeling tiled watersheds has been to apply models developed to 
simulate tiles at the field scale, such as DRAINMOD (Skaggs, 1978), to many small 
subunits of a watershed and aggregate the results.  Ale et al. (2012) developed a GIS 
based distributed modeling technology using DRAINMOD to predict tile flow at the 
watershed scale. Their study site was a subsurface drained agricultural watershed in west 
central Indiana which was divided into 6460 grid cells and contained explicit 
representation of the spatial variability of drainage, crop rotation, and soil types.  Overall, 
their predicted results compared well to the observed data. They were able to assess that 
drainage water management (also known as controlled drainage) reduced annual drain 
flows from 11.0 cm to 5.9 cm and the resulting nitrate load from the subsurface drainage 
system about 47% for the period 1985-2009.  Their study demonstrated potential for 
predicting the impacts of controlled drainage at the watershed scale in intensively tile-
drained agricultural areas using a field-scale model. 

 A major problem with trying to extend or “scale-up” field-scale tile models to the 
watershed scale is that field-scale models often leave out parts of the hydrologic cycle, 
making it difficult or impossible to use them to study all watershed processes.  Therefore 
attempts have been made to modify watershed-scale models to include tiles.  Green et al. 
(2006) found that modifications to the watershed-based Soil and Water Assessment Tool 
(SWAT) model (i.e., that prescribe a maximum water table depth) proved promising for 
simulation of tiles, but only if suitable data was available to achieve a good calibration.  
The authors modeled the South Fork watershed both with and without tile drainage 
components, and found that modeling of tile drains was necessary to achieve accurate 
water budgets.  The mean annual water yield without tile drainage was modeled as 16.9% 
of precipitation, while with tile drainage it was 25.1%.  This difference was explained by 
the drier soil causing more infiltration and less overland flow.  These results show the 
importance of accurately representing all components of the hydrologic system.  
However, SWAT is limited in that respect because it is a non-distributed, lumped 
parameter model that does not simulate groundwater flow using physically based 
governing equations. 
 
 Recently, the HydroGeoSphere model (Therrien et al., 2006), a finite-element, fully 
coupled groundwater-surface model, has been extended to include explicit modeling of 
tiles.  This model simultaneously solves the variably saturated, tile drain, and surface  
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water domains using physically-based governing equations. Using multiple directly-
measured field observations, Rozemeijer et al. (2010) showed that their application of 
HydroGeoSphere deviated only 2% per component from measured flow for a tile drained 
field; however, the model was applied at a relatively small scale of 38 ha.  De Schepper 
et al. (2012) tested the accuracy of HydroGeoSphere to model tile drainage networks in 
heterogeneous geologic materials.  Their field-scale model (5 ha) represents a monitored 
watershed in Denmark with known tile locations.  With clayey till 30 to 60 m thick 
surrounding a confined, sandy aquifer, the authors’ early results show reasonable 
groundwater flow and tile drainage (as the main discharge component in the watershed) 
that match observed data.   

While models are slowly advancing to include tile drainage processes, a remaining 
challenge with trying to modeling tile drainage at a watershed scale is that maps of tile 
networks are not produced and the layout, orientation, and spacing of tiles must be 
assumed.  Carlier et al. (2007) were successful in addressing this issue by replacing the 
unknown field tile network with a thin, high hydraulic conductivity (high K) subsurface 
layer as an equivalent porous medium.  Such an approach, which represents the effect of 
tiles in a conceptual manner, eliminates the need for explicitly representing tiles in the 
hydrologic model.   

 

2.6 Using hydrograph separation to understand tile drainage 

Hydrograph separation is the process of partitioning stream discharge into its 
contributing components, either by graphical means or chemical means using a 
conservative tracer (Sklash et al., 1976).  Early research using chemical hydrograph 
separation techniques focused on distinguishing between “old” and “new” water – more 
commonly known as “pre-event” and “event” water (Fritz et al., 1976; Sklash et al., 
1976).  One of the earliest hydrograph separation examples is Sklash et al. (1976) who 
used stable isotopes of oxygen (δ18O) and electrical conductivity data to separate storm 
runoff into three separate components: groundwater, direct rainfall, and direct runoff 
(Figure 2.5).  Two watersheds about 700 km2 (70000 ha) in size were investigated.  In 
what is viewed as the first documentation of the importance of groundwater in storm 
runoff and peak flow, the authors found that groundwater contributed over 50% of the 
peak discharge of storm runoff.   

Subsequent research (Harris et al., 1995; Kumar et al., 1997; Kendall et al., 2001) 
used hydrograph separation to identify the relative contribution to streamflow from 
multiple pathways (i.e., direct precipitation, overland flow, baseflow).  Harris et al. 
(1995) performed hydrograph separation on a three-component system (i.e., direct 
precipitation on saturated areas, near-stream saturated zone, subsurface water in upslope 
areas).  They found that solutions were non-unique without narrow bounds on watershed 
parameters (e.g., the relationship between stream discharge and surface-saturated area) 
and initial conditions (e.g., size of pre-event water reservoirs).  Error in water 
contributions from event and pre-event water increased concomitantly with a decreased 
difference in isotopic signatures of the reservoirs (Harris et al., 1995).  Complexity of 
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hydrograph separation also increases as the number of hydrologic components increases.  
As mentioned earlier in Section 2.1, Kumar et al. (1997) used rainfall simulation events 
and hydrograph separation techniques to investigate preferential flow as a contributor to 
tile drainage and found that while average contribution to tile drainage from preferential 
flow paths was small (13%), it may comprise 60% in some events.   

 

 
Figure 2.5: An early hydrograph separation by (Sklash et al., 1976) using conservative 
tracers (δ18O and electrical conductivity).  

 

Because they are largely unaffected by chemical processes (i.e., conservative), stable 
isotopes of oxygen (18O, 16O) and hydrogen (2H, H) have been applied to hydrograph 
separation, to identify groundwater and surface water provenance, and estimate the 
degree of water mixing (Freeze and Cherry, 1979; Clark and Fritz, 1997).  
Meteorological processes partition 18O and 2H in a predictable fashion (Craig, 1961).  
When thermodynamic equilibrium between liquid and vapor phases of water is not 
reached, as occurs during evaporation of an open water body to an unsaturated 
atmosphere, isotopic fractionation occurs due to different transfer rates through a 
boundary layer at an air-water interface containing isotopically lighter water molecules 
(Rózanski et al., 2001).  The result is that isotopically heavier water molecules 
(e.g., 2H2

18O), preferentially remain in the liquid phase and water vapor is depleted in the 
heavier isotopes (Rózanski et al., 2001).  Meteorological processes also control the 
isotopic composition of water vapor after evaporation.  The same isotopic fractionation  
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processes, described in Rózanski et al. (2001), cause the preferential transfer of 
isotopically heavier isotopes of water vapor into the liquid phase during condensation.  
Water in the liquid phase leaves the system as precipitation, leaving the remaining water 
vapor depleted in heavier isotopes (Gat et al., 2001).  This process, and depletion of 
isotopically heavier water molecules, continues as the water vapor moves farther from the 
source of evaporation. 

Krabbenhoft et al. (1990) used stable isotopes of water to estimate inflow and outflow 
contributions to the water balance of Sparkling Lake in northern Wisconsin.  The authors 
found rates of 29 and 54 cm/year for inflow and outflow, respectively; these values 
closely match results from a 3-D groundwater flow and solute transport model.  Jones 
(2006) analyzed three lakes in northeastern Minnesota and found that analysis of stable 
isotopes of water was an important tool in identifying areas of groundwater inflow and 
outflow.  Jones et al. (2013) used stable isotopes of water as part of a large groundwater-
surface water interaction study of recent low water levels on White Bear Lake in 
Minnesota.  The authors determined from isotope data that wells screened in a buried 
aquifer down-gradient from the lake receive a mixture of lake water and groundwater.  
This evidence suggested that increased groundwater pumping from municipal wells was 
partly responsible for the decreased lake levels. 

A successful chemical hydrograph separation relies on contrast in the chemical 
signature of the varying water sources (e.g., groundwater and storm water).  If water 
sources show overlapping chemical signatures, they cannot be distinguished and their 
relative contributions cannot be estimated.  In the common two-component system using 
isotopes, where the goal is to distinguish pre-event and event water, there are several 
additional assumptions: 1) isotopic signatures of pre-event and event water are constant 
in space and time; 2) contributions from the unsaturated zone are negligible, or similar in 
composition to groundwater; and 3) contributions from surface storage are negligible 
(Kendall and McDonnell, 1999).  The assumption of a constant isotopic composition of 
event water in space and time is known to be incorrect.  McDonnell et al. (1990) showed 
that the rainfall weighting technique that averages event water for the entire event was 
flawed.  In a study of a small, heavily monitored watershed (310 ha) on the South Island 
of New Zealand, they showed δ2H values varying by 32.9‰ during a 45.1 mm event.  
The authors found differing weighting techniques led to overestimates of event (or ‘new’) 
water by up to 30%.  When the isotopic composition of event water changes dramatically 
over a single event, it is essential that the correct weighting method be used.  An 
incremental mean, where a running-average isotopic composition is used, is the most 
physically correct method (McDonnell et al., 1990). 

A number of studies analyzing the relationship between tile drainage and peak flow 
events using hydrograph separation have been conducted (Table 2.2), including some 
previously described.  The focus of these studies ranges from separating pre-event from 
event tile drainage contributions to ditch discharge (Rozemeijer et al., 2010) to 
determining tile drainage contributions to streamflow over multi-year monitoring periods 
(Schilling and Helmers, 2008).  However, a lack of watershed-scale studies during peak 
flow events is evident.   



 

Table 2.2 Modeling studies that use hydrograph separation techniques to examine the relationship between tile drainage and 
precipitation events. (Morrison, 2014) 

Paper Location Event 
Details 

Notes  Hydrograph 
Separation 

Model Results 

Jaynes, D.B. et al., 
2001 

Soil Science Society 
of America Journal 

“Temporal Dynamics 
of Preferential Flow 
to a Subsurface 
Drain” 

24.4m x 42.7m 
field plot 

Non-flood, 
Irrigation 

6/30, 11.4 
hrs 

 

4.76cm 
water 
applied 

Ponding observed in 
wheel tracks after 6 
hrs 

Conservative tracers, 
peaked at 1.5 days after 
irrigation start. 

 

Tracers: Br, PF, DF, TF 

HYDR–US–
2D 

Tile discharge responded 6hrs 
after start of irrigation.  Peaked 
at 0.8mm/hr. 

Winston, W.E. and 
R.E. Criss, 2002 

Journal of Hydrology 

“Geochemical 
variations during 
flash flooding, 
Meramec River 
basin…” 

Meramec 
River, Franklin 
County, 
Missouri 

 

Bourbeuse 
River 

Big River 

 

4.1 x 105 ha 
(1.013 x 106 
acres)  

Flood event 

May 7, 2000 

 

Average 
rainfall: 
12.7–39.9cm 
over 13 
hours 

Temp, specific 
conductivity, 
turbidity, pH, major 
ion concentrations, 
δ18O monitored 

Oxygen isotope ratios 
used (to distinguish 
between event and pre-
event water). 

Major ions used to 
corroborate baseflow 
calculations from oxygen 
isotope ratios. 

N/A At peak flow: 70% – 100% 
originated as event water. 

 

Typical event water <50% of 
flood discharge. 



 

Rodgers, P. et al., 
2005 

Hydrology and Earth 
System Science 

“Using stable isotope 
tracers to assess 
hydrological flow 
paths, residence…” 

River Feugh 
catchment, NE 
Scotland 

 

23300 ha (576 
acres) 

Non-flood 

 

Storm events 

 

2001–2002 
hydrologic 
year 

Significant δ18O 
seasonal variation, 
allowed use in 
inferring influence of 
storm-derived soil 
flows 

Classical two-component 
mixing model 

 

Residence times 
modeled with sine wave 
method. 

N/A Streamwater δ18O 
measurements on mesoscale 
catchments “effectively 
integrate the influence of these 
complex catchment 
heterogeneities as well as 
indicating the relative 
importance of different sources 
in runoff production.” 

Li, Q. et al., 2008 

Journal of Hydrology 

“Simulating the 
multi-seasonal 
response of a large-
scale watershed…” 

Duffins Creek 
near Toronto, 
AB 

 

28600 ha 
(70800 acres) 

Non-flood 

Calibrated 
from 4/86 – 
12/86 

 

Model 
prediction 
tested in 
1987 

“This trend implies 
that the model tends 
to place more of the 
discharge into the tail 
of a given hydrograph 
rather than into the 
peak.” 

HGS used to predict 
hydrographs. 

HGS “the model was able to 
reproduce the annual average 
stream flows for 1987, [but] it 
was unable to adequately 
reproduce detailed features of 
individual hydrographs” 
mainly due to 
evapotranspiration changes. 

Schilling, K. and 
Helmers, M. 2008 

Hydrological 
Processes 

“Effects of 
subsurface drainage 
tiles on streamflow in 
Iowa…” 

Walnut Creek 
watershed, 
Story County, 
Iowa 

 

5130 ha (12680 
acres) 

Non-flood 

6 year 
monitoring 
period 

N/A PART used on 
DRAINMOD 
simulations. 

 

RECESS used to model 
discharge recession. 

DRAINMOD Drainflow: 95% of average 
total flow 

DRAINMOD consistent with 
field monitoring. 



 

Rozemeijer et al. 
2010 

Water Resources 
Research 

“Integrated modeling 
of groundwater-
surface water…” 

 

Hupsel 
catchment, 
Eastern 
Netherlands 

 

0.9 ha (2.2 
acres) grass 
field in 38 ha 
(94 acres) 
subcatchment 

Non-flood 

3/20 – 
3/22/2008 

Single, 
isolated 
rainfall 
event.  

Tile drain effluent 
sent into 500L vessel. 

N/A 

Water physically 
separated. 

HGS Pre-event tile drain 
contribution to total ditch 
discharge: ~80% 

 

Maximum ditch discharge tile 
contributions: 28% 

 

Over 3-day period, tile 
contributions to ditch 
discharge: 

HGS: 58% 

Measured: 56% 

Rozemeijer et al., 
2010 

Environmental 
Pollution 

“Direct 
measurements of the 
tile drain and 
groundwater flow…” 

Experimental 
field, Hupsel 
catchment, 
Eastern 
Netherlands 

 

6.64 ha (1641 
acres) 

Non-flood 

Multi-month 
monitoring 
periods. 

N/A N/A 

Physically separated 

N/A 11/2007 – 10/2008: 

Drainflow: average 80% ditch 
discharge 

 

11/2007 – 4/2008: 

Drainflow: average 83% ditch 
discharge 

Contribution decreased with 
major rainfall events 



 

Tomer, M.D. et al. 
2010 

JEQ 

“Source-Pathway 
Separation of 
Multiple 
Contaminants…” 

Tipton Creek, 
Hardin County, 
Iowa 

 

85% tile 
drained 

 

19850 ha 
(49050 acres) 

Non-flood 

9/10 – 9/11 
2006 

26 hour 
rainfall 
event 

 

116mm of 
rainfall 

Stream gauge. 

 

Carousel-type 
sampler.  Most 
intervals > 3h. 

“essentially a dual-
mixing model for NO3–
N and total P” 

 

Difference in timing of 
dominant pathways: 
NO3–N via subsurface 
drainage, P via surface 
runoff. 

 

Some macropore flow 
included in intake flows 
 some lumping of 
pathways. 

SWAT At watershed outlet, drainflow: 

68.6% 

 

SWAT Model predicted 
drainflow: 

71% 

Stewart, Michael K. 
et al., 2010 

Hydrological 
Processes 

“Truncation of 
stream resident time: 
how the use of 
stable…” 

Case studies: 
New Zealand, 
Bavaria, 
Germany. 

Non-flood 

Varied: 
springs, 
runoff, 
event. 

N/A 18O, 3H 

 

“focus on streamwater 
residence time deduced 
from 18O studies has 
truncated our view of 
streamwater residence 
time and skewed our 
understanding of how 
catchments store and 
transmit water.” 

N/A When tritium is analyzed, it 
becomes clear groundwater 
contributes larger volumes of 
water to streams than 
previously believed. 
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2.7 Synthesis and Knowledge Gaps 

Several conclusions have been drawn from the literature review: 

1. Field scale studies indicate that for low permeability soils with predominantly 
surface flow pathways under undrainaed conditions,the addition of sub-surface 
drainage leads to a greater fraction of the flow to be routed through the slower 
subsurface pathway - leading to a decrease in peak flow. In contrast, in higher 
permeability soils where the sub-surface flow pathway dominates under natural 
conditions, introduction of sub-surface drainage can increase peak flows due to 
faster routing of the water.  Most studies have found that subsurface drains 
decrease peak flows in clayey soils and increase peak flows in sandy soils. 
However, if clay soils have macropores, or surface storage, the sub-surface flow 
routes are more dominant leading to an increase in peak flow with drainage.  

2. Though there are few studies on the impacts of drainage under varying 
precipitation events, qualitatively studies indicate that reduction in peak flow with 
subsurface drainage is higher for more intense storms. 

3. Assessment of drainage at the watershed scale, using both observations and 
models, has indicated that baseflow increases after drainage, and summer 
baseflows are impacted the most.   

 

Our literature review also identified the following key knowledge gaps:  

1. The statements about increase/decrease in peak flow based on soil type, spacing 
etc. are primarily qualitative and site specific. There is a lack of quantification of 
the alteration of responses across hydrologic flow regimes.  What is needed is a 
typology of sites defined by a series of non-dimensional parameters (for example, 
the ratios of the mean rainfall intensity and hydraulic conductivity of the 
subsurface) that can be used for scaling up responses.  

2. Most studies have focused on a single tile, while the interest is in studying tile 
networks. For example, the response of a second order tile to a certain event 
would be very different from a first order tile that is only carrying the water from 
its contributing area and has no up-gradient inputs. Thus, scaling of tile responses 
at the watershed scale is a critical missing component of the current state of the 
science.  

3. Storm frequency is not clearly considered in the literature.  Consecutive storm 
events can have an impact on flood peaks depending on how much storage is 
available in the subsurface and how the surface runoff peaks interact with the 
peaks from the subsurface drains 

4. The literature suggests that the function of tile drainage on hydrology at the 
watershed scale is less well known than at the field scale.  Only recently has work 
begun to explicitly include this important routing mechanism in watershed-scale 
modeling. Unfortunately, hydrologic models capable of this task are also at their 
early stage of development and it may be several years before the complete 
watershed hydrology including tiles can be successfully simulated. 
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5. Some studies reported that the total volume of watershed output was unimpacted 
by drainage while others suggested that overall watershed outflow has increased 
due to agricultural practices that include tile drainage.  The impact of tiles on total 
watershed outflow is still not clear.  This is a difficult problem to address as any 
investigations on this topic must consider the additional effects of changing 
transpiration and evaporation rates, changes in baseflow due to a decreased water 
table, land use change and climate variability.    
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Chapter 3 
Field scale modeling of tile systems using SWAP and DRAINMOD 

 

3.1 Introduction 

 To predict subsurface flow in artificially drained landscapes, complex physical 
interactions between soil profiles, field surfaces, and drainage systems must be 
considered.  Various computer models are used to simulate these interactions; in 
particular, the DRAINMOD model is used frequently in the United States.  It is a one-
dimensional, process-based, field-scale model that focuses on drainage in soils and 
predicts the effects of drainage on water table depths, the soil water regime, and crop 
yield (Skaggs, 1985).  Soil-Water-Atmosphere-Plant (SWAP) is a similar model 
commonly used in Europe.  It is a one-dimensional model that simulates the transport of 
water, solutes, and heat in unsaturated and saturated soils at the field scale.  The most 
recent version of SWAP was developed in the Netherlands by Kroes et al. (2008) and is 
the successor of the agro-hydrological model SWATR (Feddes et al., 1978).  Both 
DRAINMOD and SWAP allow for large sets of data, simulation of tile drains, specific 
soil properties, and are developed and well tested.  

 Few previous studies have compared the two models directly.  Samipour et al. (2010) 
compared SWAP and DRAINMOD in a sugarcane field in Khozestan Province in 
southwest Iran to determine optimum tile drain management. The models were calibrated 
using soil characteristics, climatological data, irrigation depths and schedules, and water 
table information and validated. The optimum drain spacing and depths were determined 
by maximum crop production and minimum drainage water volume.  The results show 
that DRAINMOD had a tendency to underestimate the drainage water while SWAP 
overestimated it. The optimum drain spacing and depth determined by DRAINMOD 
were 15 m and 1.15 m, respectively; the values determined by SWAP were 25 m and 
1.60 m, respectively.  The RMSE was 14.85 cm for SWAP and was 20.69 cm for 
DRAINMOD; it was determined that both models showed satisfactory results in the arid 
conditions of this case study. 

 El-Sadek et al. (2000) also researched the both SWAP and DRAINMOD, along with 
the WAVE model.  The purpose of their study was to validate a lateral field drainage 
subprogram added to the WAVE model by comparing the results with SWAP and 
DRAINMOD.  The performance of the three models was compared using the resulting 
water table heads and the drainage fluxes over a 2-year period for soil cultivated with 
corn and a 5-year period for a bare soil.  El-Sadek et al. (2000) concluded that the three 
models tested were not significantly different when using daily rainfall and 
evapotranspiration data, and a few site specific parameters characterizing the local 
drainage conditions.  

In this section, we compared SWAP and DRAINMOD performance for a watershed 
in Iowa to assess drainage impacts for a synthetic analysis of typical rainfall event over 
typical Iowa soils.   The focus is field-scale effects of tile drainage.  
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3.2 Description of SWAP and DRAINMOD 

3.2.1 SWAP Theory 

The Soil-Water-Atmosphere-Plant (SWAP) model (available at 
www.swap.alterra.nl) simulates the interaction of vegetation development with the 
transport of water, solutes, and heat in the unsaturated zone at the field scale. It is a one-
dimensional vertically directed model with a domain reaching from a plane just above the 
canopy to a plane in the shallow saturated zone (Figure 3.1).  It is a deterministic, field 
scale model that assumes homogeneity in microclimate, vegetation type, soil type, and 
drainage management. 

 

Figure 3.1: Overview of the tranport processes and domain of SWAP (Kroes et al. ,2008). 

 

 Soil water flow is calculated with Richards’ equation and is solved numerically with 
an implicit, backward, finite difference scheme (the Newton-Raphson iterative 
procedure).  Richards’ equation combines Darcy’s equation and the continuity equation 
for water balance.  Soil hydraulic functions are defined using the Mualem-Van 
Genuchten function (Van Genuchten, 1980) with an adjustment for near saturation 
conditions (Schaap et al., 2001; Kroes et al., 2008).  Hysteresis in the retention function is 
described by scaling of the main drying and main wetting curves. The bottom boundary 
can be controlled by different conditions specified by the user.  The user can assign a flux 
boundary, a head boundary, or a combination of both.  

 Canopy interception is computed according to Von Hoyningen-Hüne (1983) and 
Braden (1985) for agriculture and grassland cover and Gash (1979; 1995) for trees and 
forests.  Evapotranspiration can be computed using reference evapotranspiration and crop 
factors; or the Penman-Monteith potential evaporationspiration equation.  When the 
Penman Monteith formula is used, data on solar radiation, air temperature, air humidity  
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and wind speed are required at daily increments.  Actual evaporation and transpiration are 
determined from the potential evapotranspiration estimate, moisture and salinity 
conditions in the root zone, the root density, and the capacity of the soil to transport water 
to the soil surface.  Surface runoff is calculated based on two methods: rainfall excess 
(Horton overland flow) and saturation excess (Dunne overland flow).  Interflow is 
defined as the near-surface flow of water within the soil profile and occurs in the 
drainage level.  

 Drainage can be calculated based on a table of drainage flux and groundwater level 
(water table) relationship, the drainage formula of Hooghoudt and Ernst, or the drainage 
and infiltration resistances.  An extended drainage section allows input to the surface 
water level of primary and secondary drainage systems, including weirs.  The drainage 
equations of Hooghoudt and Ernst are based on drainage flux as a function of the head 
difference between the drainage level and the maximum groundwater elevation midway 
between adjacent drains.  Five drainage situations with various positions of the water 
table, the drainage level, and the possible water supplies can be modeled in SWAP  
(Ritzema, 1994).  

 A macropore module has been recently added to SWAP to directly characterize the 
effects of shrinking and cracking of soil by plant roots, soil fauna, or tillage operations. 
The calculations take into account infiltration into macropores at the soil surface, rapid 
transport in macropores to deeper layers, lateral infiltration into and exfiltration out of the 
soil matrix, water storage in macropores, and rapid flow to drainage systems.  SWAP 
divides macropores into two different domains (Figure 3.2).  The main bypass domain is 
the network of continuous, horizontal, interconnected macropores and the internal 
catchment domain describes the discontinuous macropores ending at different depths.  In 
addition to the different domains, the model divides macropores by dynamic volumes, 
which depend on shrinking characteristics, and static volumes.  

 

Figure 3.2: Schematic representation of SWAP’s macropore module showing A) the 
profile of the main bypass flow domain and the internal catchment domain and B) the 
mathmatical description of the two domains as static macropore volume fraction Vst as a 
function of macropore depth (Kroes et al., 2008). 
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 Three crop growth routines are presented in SWAP.  A simple module sets the crop 
growth rate and is independent of external stress factors.  A more detailed crop module 
has many possible crop types and uses the generic crop growth model from World Food 
Studies (WOFOST; Supit et al., 1994).  This model simulates photosynthesis and crop 
development in detail taking into account growth reductions due to water and salt stress. 
The absorbed radiation is a function of solar radiation and crop leaf area.  A third option 
is a modified version of WOFOST for grass.  The WOFOST model requires specification 
of crop factor or crop height, crop development, initial values, green surface area, 
assimilation, conversion of assimilates into biomass, maintenance respiration, 
partitioning, death rates, crop water use, salt stress, interception root growth, and root 
density profile.  In order to properly simulate detailed crop growth, detailed weather data 
are also necessary.   

 Soil temperatures affect many physical, chemical, and biological processes including: 
the surface energy balance, soil hydraulic properties, decomposition rate of solutes, and 
growth rate of roots.  SWAP simulates soil temperatures both analytically and 
numerically.  In the numerical approach, the influence of soil moisture on soil heat 
capacity and soil thermal conductivity is addressed.  In the analytical approach, an input 
sine function at the soil surface combined with the soil thermal diffusivity is used to 
simulate soil temperatures.  

 SWAP can also simulate snow, frost and surface water management.  The snow 
model is a temperature-index model in which the form of precipitation and melt 
processes are determined using air temperature.  Heat content of the snowpacks is 
determined from surface soil temperatures, insulating effect of snowpacks, and air 
temperature.  

 Inputs to SWAP include: meteorology, crop rotation scheme, irrigation, soil water 
flow, heat flow, solute transport, vegetation emergence and harvest dates, amount and 
quality of irrigation applications, soil properties by layer, initial conditions of the soil, 
hysteresis of soil water retention function, preferential flow due to macropores, and snow 
and frost conditions.   

 

3.2.2 DRAINMOD Theory 

 DRAINMOD is a deterministic, hydrologic model developed for the purpose of 
simulating a soil-regime of drainage landscapes (Figure 3.3).  The model predicts surface 
runoff, infiltration, evapotranspiration, subsurface drainage, and seepage from the soil 
primarily using a water balance for a vertical soil column of unit surface area.  The 
vertical column ranges from the impermeable layer up to the soil surface. 
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Figure 3.3: Schematic of hydrologic processes simulated by DRAINMOD with 
subsurface drains that may be used for drainage or subirrigation (Skaggs, 1985).  

 

 Similar to SWAP, the DRAINMOD soil utility program uses the soil hydraulic 
parameters from Mualem-Van Genuchten (Mualem, 1976; Van Genuchten, 1980) and the 
Hooghoudt and Ernst tile drainage method.  Soil temperature calculations and soil 
freeze/thaw cycles are simulated according to air temperatures (Luo et al., 2000; 2001).   

 Rather than using the physically based, non-linear Richards’ equation as in SWAP, 
DRAINMOD uses on the Green-Ampt equation (Green and Ampt, 1911).  The Green-
Ampt is an approximation of Richards’ equation that greatly simplifies the infiltration 
computations and reduces the time needed to solve unsaturated flow equations.  Green-
Ampt assumes that as infiltration continues, the wetting front advances at the same rate 
with depth, producing a well-defined wetting front.  The volumetric water contents above 
and below the wetting front and the soil water suction located immediately below the 
wetting front remains constant as infiltration continues.  DRAINMOD does not include a 
module for macropores in shrinking and cracking soil structures.   

 DRAINMOD also uses a simpler approach for estimating potential 
evapotranspiration, crop-growth, and crop-soil water interactions than SWAP.  The 
Thornthwaite (1948) method, which uses only mean air temperature, is used to determine 
potential evapotranspiration in DRAINMOD.  Crop water used is based on a user 
specified ‘effective rooting depth’ which is used to define the zone from which water can 
be removed to supply evapotranspiration demands as necessary.  This method is at best 
an approximation and research is being conducted to develop root and plant growth 
models for use in DRAINMOD.   
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 Although DRAINMOD relies on more conceptual approximations of complex 
physical processes compared to SWAP, the input variables for DRAINMOD are 
generally easier to measure or find in literature making it potentially simpler to 
implement in hydrologic studies.  

 

3.3 Comparison of SWAT and DRAINMOD for an Iowa study site 

 The DRAINMOD and SWAP models were compared using data from ISU’s 
experimental plots near Gilmore City, Iowa.  The experimental plots are located near 
Gilmore City in Pocahontas County, Iowa, USA and span a 4.5 ha area. The drainage 
system of these plots consists of parallel tiles placed at a depth of 1.06 m with 7.6 m 
between adjacent parallel tiles (Singh et al., 2006).  Only plots in Webster soil, which 
were cultivated with continuous corn, were used here.  The sites were monitored during 
the growing season (April-November) for 14 years (1990-2003) and both models were 
calibrated and validate using this period of meteorological records.  To satisfy the input 
requirements of the DRAINMOD model, the daily values were disaggregated to a 6 hour 
timestep by assuming the rainfall within a day occurs within a 6-hour interval. The solar 
radiation, temperature, humidity, wind speed, and rain were provided in hourly intervals 
and were aggregated to 6 hours.  

 

3.3.1 Model Calibration and Validation  

 The DRAINMOD model used in this section was previously calibrated and validated 
by Singh et al. (2006) for Webster and Canisteo soils on ISU’s experimental plots near 
Gilmore City, Iowa.  Details of the experimental plots and DRAINMOD simulation input 
parameters are discussed further by Singh et al. (2006).  DRAINMOD was calibrated 
using data from 1990-1993 and validated with data from 1994-2003 (Singh et al., 2006).  
The study used the Iowa Soil Properties and Interpretations Database (ISPAID) Version 
7.0 and the pedotransfer function ROSETTA to predict soil hydraulic parameters 
necessary as inputs to DRAINMOD.  The non-linear parameter estimation program PEST 
was used to calibrate the tile flow volumes for 2-3 week periods of time that data was 
collected using KL, KV, and a shape parameter (α) as the calibration parameters (Singh et 
al., 2006).  The results of the validation period were reasonable for the two soils; the 
predicted and observed values for the Webster soil are shown below in Tables 3.1 and 
3.2.  

 Calibration of SWAP was done by Sheler (2013) following the procedure of Singh et 
al. (2006), and is described below. Although Singh et al. (2006) calibrated DRAINMOD 
for two different Iowa soils, only the Webster soil properties and observations were used 
for this study.  SWAP was calibrated for Iowa corn before the calibration procedure 
described by Singh et al. (2006).  The crop module WOFOST (See Section 3.2.1) was 
calibrated using a procedure that calibrates the crop parameters in the following order:  
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length of growth period and phenology, light interception and potential biomass 
production, assimilate distribution between crop organs, water availability, 
evapotranspiration, and water-limited production (Wolf , 2010).  Corn was simulated 
with the date of crop emergence set at May 10th for each year and the date of crop harvest 
set at October 17th.  The temperature sum from emergence to anthesis was 750 °C and the 
sum from anthesis to maturity was 859 °C.  The initial total crop dry weigh is 20 kg ha-1 
and the initial leaf area index (at emergence) was 0.02604 m2 m-2.  The crop water use 
was determined by the root extraction method of Feddes et al. (1978).  Initial rooting 
depth was 10 cm and the maximum daily increase in rooting depth was 1.20 cm d-1.  The 
salt stress was not simulated. The interception coefficient of Von Hoyningen-Hüne and 
Braden was 0.25 cm. No irrigation was applied to the field.  The same corn 
parameterization was used in all simulations.  

 The initial soil moisture condition was dependent on the pressure head of each 
compartment of soil and in hydrostatic equilibrium with initial groundwater level (-110 
cm).  The minimum thickness of ponding needed to produce runoff is 1.25 cm and runon 
was not simulated.  Soil hydraulic functions are described by the Mualem-Van 
Genuchten parameters.  The soil hydraulic parameters of Webster soils were used from 
Singh et al. (2006).  No hysteresis was simulated.  Preferential flow due to shrinking and 
cracking is switched on and off in the experimental section of this study in order to 
understand the impact of simulating macropores.  The macropores are described by their 
geometry and the default values were used.  Frost, snow accumulation, and snowmelt 
were not simulated.  

 This study uses the Hooghoudt and Ernst equations to simulate drainage routines in 
both models.  The soil profile is homogeneous and the tile drains are above an impervious 
layer, therefore, the ‘Hooghoudt with equivalent depth’ theory is employed and the 
bottom flux is equal to zero (Table 2.1).  Tile spacing was set at 7.6 m for the calibration 
procedure.  The wetted perimeter of each drain was 9.425 cm and the level of the bottom 
of the tile drain was -106 cm below the soil surface.  The drain entry resistance is based 
on soil type.  The horizontal hydraulic conductivity was estimated to be equal to the 
vertical hydraulic conductivity multiplied by 1.4 (Singh et al., 2006).  

 For the SWAP model, the first four years of observed data were used for calibration 
and the remaining ten years were used for validation.  Manual calibration was used for 
the SWAP model.   

 

3.3.2 Statistical Measures used for Validation 

 The performance of DRAINMOD and SWAP was evaluated using four metrics: root 
mean square error (RMSE), coefficient of residual mass (CRM), index of agreement 
(IoA) (Willmott, 1982), and model efficiency (EF) (Nash and Sutchliffe, 1970):  
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where N is the total number of observations, Oi is the observed value of the 𝑖th 
observation, Pi is the predicted value of the 𝑖th observation, and O is the mean of the 
observed values.  The root mean square error (RMSE) is frequently used to measure the 
difference between observed and predicted values as it is an effective measure of 
accuracy.  The coefficient of residual mass (CRM) shows the model’s tendency of over 
and under prediction.  A positive value shows an over prediction while a negative value 
shows an under prediction.  The index of agreement (IoA) developed by Willmott (1981) 
measures the degree of model prediction error and varies between 0 and 1.  When the 
model predicts observed subsurface drainage amounts well, the IoA is closer to 1.00.  
Extreme values due to the squared differences within the formula make the IoA an overly 
sensitive metric.  The model efficiency (EF) (Nash and Sutchliffe, 1980) evaluates the 
error relative to the natural variation of the observed values. Values can vary from –∞ to 
1.00; values of 0.50 < EF < 1.00 are considered acceptable (Helweig et al., 2002; Wang 
et al., 2006). 

 

3.3.3 Results of model comparison 

 The calibrated DRAINMOD and SWAP models show good agreement between the 
predicted and simulated monthly surface drainage for Webster soils (Table 3.1 SEE 
ALTERNATE TABLE; Figure 3.4).  The RMSE is 1.34 cm for DRAINMOD and 2.03 
cm for SWAP.  The coefficient of residual mass (CRM) is -0.04 for DRAINMOD and 
0.09 for SWAP; neither models show a systematic over- or under-prediction. 
DRAINMOD had an IoA value of 0.97 and SWAP had a value of 0.93.  Both models 
show that the additive and proportional differences in the observed and simulated means 
and variances are acceptable.  The EF is 0.89 for DRAINMOD and 0.73 for SWAP.  
RSME, CRM, IoA, and EF for SWAP for the verification period are 5.43, 0.22, 0.93, and 
0.73 respectively (Table 3.2).  Compared with SWAP, DRAINMOD consistently 
performs marginally better in terms of all four metrics; however, both models show 
acceptable agreement with observed values (Table 3.2, Figure 3.5).  In addition to these  
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metrics, SWAP predictions for the subsurface tile drainage of this landscape falls within 
acceptable ranges and the model performs a water balance for every time step (Figure 
3.6).   

  

Table 3.1: Statistical Performance of SWAP and DRAINMOD. 

 Calibration  Verification 

 RMSE CRM IoA EF  RMSE CRM IoA EF 

DRAINMOD 

 
 

1.34 -0.04 0.97 0.89  2.02 0.05 0.87 0.56 

SWAP 2.03 2.03 0.09 0.73  5.43 0.22 0.93 0.73 

 

 

 

 

Table 3.2: Values of measured and predicted (DRAINMOD and SWAP) subsurface tile 
flow (expressed in cm) over a period of 14 years.  

 

Year DRAINMOD SWAP
Observed Predicted Predicted

1990 27.2 22.7 28.5
1991 23.6 25.8 31.3
1992 17.0 13.4 16.9
1993 32.8 34.7 32.9
1994 3.3 2.6 3.3
1995 3.6 6.6 9.9
1996 15.4 11.0 5.9
1997 0.1 4.0 5.6
1998 8.2 6.8 7.8
1999 2.0 5.9 7.8
2000 1.8 0.5 0.0
2001 13.2 18.7 20.2
2002 10.3 6.3 11.9
2003 20.8 23.8 29.4
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Figure 3.4: Observed and predicted subsurface drainage flows during calibration years 
(1990-1993). 

 

 

 

Figure 3.5: Observed and predicted subsurface drainage flows during validation years 
(1994-2003). 
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Figure 3.6: Annual sum of observed and predicted (SWAP and DRAINMOD) subsurface 
drainage. 

 

3.4 Field-Scale Modeling of the Role of Drainage Systems on Hydrologic Response 
using SWAP (Scheler 2013) 

 The effect of tiling on the soil water regime and hydrologic response during storm 
events was explored through a series of tests using the SWAP model and meteorological 
data from Ames, Iowa spanning a period of 26 years (Sheler, 2013).  Variations in soil 
type, soil structure, climate (annual rainfall) and tile spacing as well as the interplay of all 
three controls were explored.  

 

3.4.1 Data and model parameters 

 Observed weather data from 1987 to 2012 at hourly intervals were collected in Ames, 
Iowa from the Iowa Environmental Mesonet (IEM).  The weather input file consists of 
solar radiation (kJ m-2), air temperature (°C), air humidity (kPa), wind speed (m s-1), and 
rainfall (mm).  According to the Soil Survey Geographic Database SSURGO database, 
the soil types found in Iowa primarily are primarily classified as loam, clay loam, silt 
loam, and silty clay (Figure 3.7).  
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Figure 3.7: Trilinear plot of USDA soil textural classes showing clay, sand, and silt 
percentages by weight. Circles indicate soils prevalent in Iowa. 

 

Table 3.3: Average soil hydraulic properties of USDA soil textural classes from 
ROSETTA: the residual water content, θres (cm3 cm-3), saturated water content, θsat (cm3 
cm-3) , saturated vertical hydraulic conductivity Ksat (cm d-1), empirical shape factor of 
the main drying curve, α (cm-1), the shape parameter n (-), and the exponent in the 
hydraulic conductivity function λ (-). 

  

Textural Class θres θsat α n Ksat λ
(cm3/cm3) (cm3/cm3) (1/cm) (cm/hr)

Clay 0.098 0.459 0.015 1.25 0.615 -1.531
Clay Loam 0.079 0.442 0.0158 1.42 0.341 -0.763
Loam 0.061 0.399 0.0111 1.47 0.502 -0.371
Loamy Sand 0.049 0.390 0.0348 1.75 4.383 -0.874
Sand 0.053 0.375 0.0352 3.18 26.779 -0.930
Sandy Clay 0.117 0.385 0.0334 1.21 0.473 -3.665
Sandy Clay Loam 0.063 0.384 0.0211 1.33 0.549 -1.280
Sandy Loam 0.039 0.387 0.0267 1.45 1.595 -0.861
Silt 0.050 0.489 0.0066 1.68 1.823 0.624
Silty Clay Loam 0.111 0.481 0.0162 1.32 0.401 -1.287
Silty Clay 0.090 0.482 0.0084 1.52 0.463 -0.156
Silt Loam 0.065 0.439 0.0051 1.66 0.760 0.365
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  Four standard soil types (clay, loam, silt, and sand) were modeled and used to 
explore the hydrologic response of typical Iowa soils under drained and undrained 
conditions. Hydraulic parameters for use with the Van Genuchten theory are often 
difficult to measure due to practical or financial constraints.  Therefore, they were 
obtained using the computer program called ROSETTA (Schaap et al., 2001).  
ROSETTA estimates Van Genuchten (1980) parameters based on Mualem’s (1976) pore-
size model.  The class average hydraulic parameters are tabulated in Table 3.3 for each of 
the twelve USDA textural classes.  The class average hydraulic parameters for clay, 
loam, sand, and silt were used.  

 Subsurface tile drains were simulated in a parallel pattern from 5 to 30 m apart and at 
a depth of 1.06 m.  The drain entry resistance (d) varied by soil type and were obtained 
by dividing the wet perimeter of the channel walls by the hydraulic conductivity.  The 
depth to impermeable layer was 390 cm. 

 

3.4.2 Measures of hydrologic response 

 Richards-Baker Flashiness Index (R-B index; Baker et al., 2007) characterizes flow 
by integrating several flow regime characteristics associated with the concept of stream 
flashiness.  Most flow regime indicators (e.g., total annual discharge, maximum annual 
discharge, etc.) vary from year to year; the R-B index normalizes annual variability, 
making trends easier to discover.  The term ‘flashiness’ refers to the frequency and 
intensity of short-term changes in streamflow.  These abrupt changes to the flow regime 
are especially apparent during storm events.  Increased or decreased stream flashiness is 
an indicator of hydrological alteration.  

 The R-B index is based on mean daily flows and is determined by dividing the path 
length of flow fluctuation for a time interval by total discharge during that period of time 
as follows: 

𝑅 − 𝐵 𝐼𝑛𝑑𝑒𝑥 =  
∑  |𝑞𝑖 − 𝑞𝑖−1|𝑁
𝑖=1  

∑ 𝑞𝑖𝑁
𝑖=1

                                                               (3.5) 

where qi and qi−1 are the daily discharge volumes (m3) or average daily flows (m3 s-1) 
depending on preference; the value of the index remains the same.  

 

3.4.3 Impact of subsurface drainage for varying soil and macropore conditions  

 The effects of subsurface drainage on flow partitioning and peak flow attributes were 
examined for four soil types by comparing lateral flow before and after tile installation. 
Changes in lateral flow to the tile drains due to shrinking and cracking were simulated 
and evaluated for clay soils with varying densities of macropores.  Results comprise an 
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average of the 26 years of simulations using tiles spaced at 20 m in a parallel 
configuration, which is a typical spacing for the Midwest (Love, 2013). 

 According to the SWAP model results, the most significant effect of subsurface 
drainage is the partitioning of the flow between surface runoff and subsurface lateral flow 
(Table 3.4).  Lateral flow is dominated by tile-flow in a tile-drained field, while in an 
undrained field it is dominated by lateral seepage, or interflow.  In the clay, loamy, and 
silty soils, the discharge is dominated by surface runoff prior to drainage.  Post drainage 
surface runoff is minimal, and tile flow dominates.  Before drainage, surface runoff 
ranges from 5% to 23% of the outflow and lateral flow ranges from 1% to 29%.  After 
tile drains are installed, surface runoff varies from 0.1% to 9% and lateral flow from 21% 
to 29% of the outflow.  As would be expected, interception is relatively constant among 
the different types and drainage management.  The drained clay, loam and silt (the three 
commonly drained soil types in Iowa) behave similarly to the undrained sandy soil.   On 
average, surface runoff is reduced by 63%, while lateral flows are increased by 95%.  
Note that evapotranspiration is decreased in the clay, loam and silt under drained 
conditions, with this “excess” water likely going to lateral flow.   

 

Table 3.4: Partitioning of water balance components of drained and undrained soils 
(average annual sums of 26 years of data) normalized by surface area. 

 

 

 Lateral flows for undrained soils are significantly less than that of drained soils 
according to simulations in the SWAP (Figure 3.8).  The annual sum of lateral drainage 
averaged 23.46 cm for loam, 23.13 cm for clay, 28.53 for silt, and 33.17 cm for sand soils 
(Figure 3.8).  After drainage the difference in the lateral flows between sands and clays 
are dramatically reduced.  This occurs because tiling increases the lateral flow for soils 
with low K, and has minimal impact on soils with high K.  This suggests that tile drains 
homogenize the hydrologic response across landscapes containing different soil types.   

 In undrained clayey soil, water exits a plot primarily as surface flow.  Addition of 
subsurface drainage keeps the soil drier in-between events and thus helps in infiltration  

Partitioning Undrained Drained Undrained Drained Undrained Drained Undrained Drained
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

Precipitation 662.6 662.6 662.6 662.6 662.6 662.6 662.6 662.6

Interception 16.5 19.5 16.5 19.5 17.0 19.7 18.4 21.2

Evapotranspiration 490.2 449.2 489.2 448.0 485.2 445.0 416.6 439.7

Surface Runoff 149.0 57.3 151.7 56.7 139.0 47.7 34.6 1.0

Lateral Flow 10.0 140.3 8.6 142.6 25.0 154.5 194.2 205.1

             
    y   )  y  

Clay Loam Silt Sand
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leading to lower surface runoff and lower peak flow (Figure 3.9).  The hydrograph of the 
drained loam most closely resembles the hydrograph of the undrained sand, while drained 
clay and silt have higher peak discharges than the drained loam.  In addition, under 
drained conditions the natural watershed response (rapid peak and recession) is highly 
altered and baseflow remains elevated during a prolonged recession period post-rainfall. 

 

 

 

 

Figure 3.8: SWAP results: annual sum of lateral flow (presented as discharge normalized 
by contributing area) through the soil matrix A) before installation of tile drainage and B) 
after installation of tile drainage. The results are presented in order of increasing 
hydraulic conductivity (Kloam = 17 cm d-1, Kclay = 21 cm d-1, Ksilt = 61 cm d-1, Ksand = 900 
cm d-1). 

 

   

  

A) B) 
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Figure 3.9:  SWAP model: Hydrographs during May-June 2007 of A) loam, B) clay, C) 
silt, and D) sand showing the discharge of stream flow (combination of lateral flow and 
surface runoff). 

A) Loam 

B) Clay 

C) Silt 

D) Sand 
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 Annual maximum peak flows do vary before and after installation of tiles (Figure 
3.10).  This is mostly due to infiltrated water filling the soil pores and reducing the 
infiltration capacity of the soil, in which case, excess precipitation is rapidly routed via 
surface runoff.  Further, the subsurface tiles have a maximum carrying capacity that is 
negligible compared to the volume of water that can be transported through surface 
runoff during large storm events. Therefore, maximum annual peak flows from the 
models indicate that little or no change occurs due to additional subsurface drainage.  

 In the undrained state, the R-B flashiness index (FI) is maximum for loam with the 
lowest hydraulic conductivity (K), and minimum for sand with the highest K.  Under 
drained conditions, the FI decreases for soils with low K due to greater routing of the 
flow through the subsurface.  In contrast, the FI of soils with high K (sand) increases due 
to faster subsurface flow through tiles than as lateral seepage.  The flashiness of loam, 
clay, and silt soils decreases in the simulations with tile drainage while the flashiness of 
sand increases.  FI still remains higher for the low permeability soils under drained 
conditions, compared to the undrained and drained sand (Figure 3-11).   

 

 

Figure 3.10:  Maximum annual peak flow from SWAP model ordinate (presented as 
discharge normalized by contributing area) for each of the 26 simulated years A) before    
installation of tile drainage and B) after installation of tile drainage. The results are 
presented in order of increasing hydraulic conductivity (Kloam = 17 cm d-1, Kclay = 21 cm 
d-1, Ksilt = 61 cm d-1, Ksand = 900 cm d-1). 

A) B) 
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Figure 3.11:  R-B Flashiness Index for each of the 26 simulated years SWAP model 
simulations A) before installation of tile drainage and B) after installation of tile drainage. 
The results are presented in order of increasing hydraulic conductivity (Kloam = 17 cm d-1, 
Kclay = 21 cm d-1, Ksilt = 61 cm d-1, Ksand = 900 cm d-1). 

 

 To assess the impact of shrinking and cracking on the hydrologic response of clay 
soils, the static macropore volume was manipulated along with tile drain spacing.  In the 
SWAP model, the dynamic macropore volume, expressed as a volume fraction, is not 
constant in time and is used to simulate shrinking and expanding cracks while the static 
macropore volume is constant in time and is used to simulate macropores that are 
permanently present in the soil matrix and independent of the soil moisture status (e.g., 
due to worm holes, root holes, and tillage operations).  The static and dynamic volumes 
together form the total macropore volume which is distributed over cracks and holes in 
the horizontal plane according to the structure and geometry of the macropores.  

 The volume fraction of static macropores as a function of depth is controlled by two 
parameters: the volume fraction of static macropores at the soil surface and the depth of 
the static macropores.  By comparing pore volume of large samples with fitted values for 
θsat of the original, unmodified Mualem-Van Genuchten functions, the static macropore 
volume fraction at the soil surface can obtained.  In this case, the static macropore  

volume at the soil surface was varied from 0.02 to 0.32 cm3 cm-3 (volume per total soil 
surface volume) where the suggested default value is 0.04 cm3 cm-3.  By increasing the 
macropore volume at the surface, additional water may enter the macropore domain and  

A) B) 
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the water will be stored until it is infiltrated into the vadose zone or directly into tile 
drains.  The large macropore volume of 0.32 cm3 cm-3, which is nearing bulk porosity 
values observed in soils, is used just for demonstration purposes.  Macropore volumes are 
most likely closer to the lower values (0.02-0.08 cm3 cm-3). 

 Macropores decrease flashiness in the undrained condition (Table 3.5, column 2) 
much in the same way drainage decreases flashiness, by allowing more water to enter the 
subsurface.  For a given volume of macropores (Table 3.5, columns 3-7), FI is similar 
under drained and undrained conditions and tile spacing has only minimal effect on the 
FI.  This suggests that in clay soils, macropores may provide the dominant path for 
subsurface flow and subsurface drainage tiles have an insignificant effect on the stream 
flashiness.  The simulations of drained clay soils without macropores (V=0.00) compares 
to the simulations of clay soils with static macropore volume at the surface is 0.16 cm3 
cm-3 (Table 3.5).  The highest flashiness index results from an absence of both 
macropores and subsurface drainage systems at a value of 1.01.  

 

Table 3.5: Flashiness Index showing the relationship between tile drain spacing (m) and 
the volume of static macropores. 

  

  

 

3.4.4 Impact of subsurface drainage for varying annual rainfall regimes  

 The other dominant control on hydrologic response is the rainfall regime.  Even 
though peak flows of soils with low hydraulic conductivities are typically decreased after 
installing subsurface drainage in the SWAP simulations, there are instances when this 
trend is contradicted.  Drained soils with low hydraulic conductivities sometimes produce 
higher peaks than undrained soils during small precipitation events or during large 
precipitation events with multiple peaks.  

 In the example in Figure 3.12, multiple rainfall events within a relatively short time 
on drained clay soils produce peak flows that are initially lower and then higher in the 
following peaks compared to undrained conditions.  During the first heavy rainfall event 
the undrained soil matrix reaches its storage capacity and the precipitation is forced to 

V = 0.00 V = 0.02 V = 0.04 V = 0.08 V = 0.16 V = 0.32

(cm3/cm3) (cm3/cm3) (cm3/cm3) (cm3/cm3) (cm3/cm3) (cm3/cm3)
Undrained 1.01 0.79 0.76 0.66 0.51 0.35

10m tile drains 0.57 0.80 0.78 0.67 0.54 0.37
20m tile drains 0.53 0.80 0.77 0.66 0.53 0.36
30m tile drains 0.55 0.79 0.77 0.68 0.52 0.36
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exit via surface runoff.  Much of the water from the second rainfall event is also routed 
away via surface flow.  In the drained condition (20M Tiles), the precipitation mostly 
infiltrates into the soil matrix where the tile drains regulate the lateral discharge and only 
a small amount of the rainfall leaves via surface runoff.  Although the soil profile has 
drained somewhat by the second rainfall and the soil profile has room to absorb 
additional water, the new precipitation is combined with the lateral flow still occurring 
from the previous storm resulting in a larger peak.  

 

 

 

Figure 3.12: SWAP model hydrographs with clay soils during average precipitation 
events for A) August 1990 and B) May through June, 2007. 

 

 The maximum peak flows for each of the 26 years in the drained and undrained 
landscapes are shown in Figure 3.13 but are separated into low (132 and 524 mm),     
medium (525 and 685 mm), and high (686 and 1500 mm) rainfall years by calculating the 
33th and 66th percentiles (this statistic is used for capturing the distribution of number 
sets).   As shown earlier, the peak flows are generally not significantly affected by 
drainage and annual precipitation. 

A) 

B) 
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 Although the maximum peak flows remain relatively similar before and after 
drainage with 20-meter tiles, flashiness indices decrease in the clay, silt and loam for all 
precipitation regimes after drainage (Figure 3.14).  As the annual sum of rainfall 
increases, the flashiness index increased for soils with low hydraulic conductivities. This 
remains true for simulations that did and did not include drainage. 

 

A) Low rainfall regimes.                                                

 

Figure 3.13:  Peak flow discharge for each of the 26 simulated years during A) low, B) 
medium, and C) high rainfall regimes, in order of hydraulic conductivity (Kloam = 17 cm 
d-1, Kclay = 21 cm d-1, Ksilt = 61 cm d-1, Ksand = 900 cm d-1) before and after drainage. 
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B) Medium rainfall regimes.                                

  
 

C) High rainfall regimes.                                        

 

Figure 3.13 cont.:  Peak flow discharge for each of the 26 simulated years during A) low, 
B) medium, and C) high rainfall regimes, in order of hydraulic conductivity (Kloam = 17 
cm d-1, Kclay = 21 cm d-1, Ksilt = 61 cm d-1, Ksand = 900 cm d-1) before and after drainage. 
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A) Low rainfall regimes.                                     

 
 

B) Medium rainfall regime            

 

Figure 3.14: Flashiness Index for each of the 26 simulated years during A) low, B) 
medium, and C) high rainfall regimes, in order of hydraulic conductivity (Kloam = 17 cm 
d-1, Kclay = 21 cm d-1, Ksilt = 61 cm d-1, Ksand = 900 cm d-1) before and after drainage. 
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C)High rainfall regime              

 

Figure 3.14 cont.: Flashiness Index for each of the 26 simulated years during A) low, B) 
medium, and C) high rainfall regimes, in order of hydraulic conductivity (Kloam = 17 cm 
d-1, Kclay = 21 cm d-1, Ksilt = 61 cm d-1, Ksand = 900 cm d-1) before and after drainage. 

 

 

3.4.5 Impact of subsurface drainage for different drainage spacing 

 Tile drain spacing varies for many reasons: closer spaces to mitigate water-logging of 
the soil, larger spaces to meet cost constraints, or specific spaces to increase a particular 
crop yield.  We hypothesized that spacing causes a difference in hydrologic response and 
we tested this using SWAP.    

 The models show that the peak flows for loam soils are lowest when tiles are spaced 
at 10 m and then 20 m and increase when the tiles are dense or sparse (Figure 3.15).  The 
peak flows of clay soils show similar behaviors (Figure 3.16).  When the tiles are dense, 
the lateral drainage during a storm event combines with runoff because the tiles are 
conveying water at a rapid rate.  When tiles are spread further apart, the soil surface 
becomes saturated quickly and the surface runoff dominates the discharge because the 
lateral drainage transports water at a slower rate.   

The FI is lowest for clay and loam soils with tile drain spacing of 5-15 m (Figure 3.17) 
and increases with drain spacing beyond 15 m.  In all cases, the FI is lower under drained  
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 conditions than undrained.  The FI for silt continually decreases with increase drain 
spacing for the analysis conducted. 

  

 

Figure 3.15: Hydrograph of loam soils during a precipitation event in A) June 1989 and 
B) March 1991.   

A) 

B) 
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Figure 3.16: Hydrograph of clay soils during a precipitation event in A) June 1989 and B) 
March 1991.  

 

A) 

B) 

B) 



June 2014 
Page 50 

Hydrologic Impacts of Drainage Systems 

 

 

Figure 3.17:  R-B Flashiness Index of soils during 2008 (a high precipitation year) 
varying distance between tile drains with “0” referring to the undrained state. Tile drain 
spacing of “0” refers to the undrained state.  

 

 

3.4.6 Interplay of soil type, rainfall regime and drain spacing  

 To best understand the effect of rainfall, soil textures, and tile drains on the hydrology 
at the field scale, the results of the flashiness index were separated into low, medium, and 
high rainfall years; 5, 10, 15, 20, 25, and 30 meter distances between tiles; and soil types 
of loam, clay, silt, and sand.  The flashiness index and the distance between tile drains for 
each of the 26 years is plotted and then separated into low, medium, and high rainfall 
years.  Figure 3.18 shows one representative year from each of the three rainfall regime 
categories.  For soils with the lowest hydraulic conductivities (clay and loam), high 
rainfall years show a strong saddle shape behavior with a minimum flashiness at 15 
meters between tile drains.  The medium rainfall years also show a saddle shape for these 
soils, but the ‘dip’ is shifted slightly to the right at around 20 to 25 meters.  Low rainfall 
years however, exhibit a monotonic decrease in flashiness with increase in drain spacing. 
The saddle shaped behavior is not evident in silty soils which exhibit a monotonic 
decrease in flashiness as distance between tiles increases, though they tend to level off 
around 25 and 30 m spacing, especially during years with higher rainfall.  This analysis  
strengthens the conclusion that subsurface drainage decreases the flashiness index of soils 
with low hydraulic conductivities regardless of moisture conditions (i.e. high annual 
rainfall).  
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A) Low rainfall regime.

 

   

 
B) Medium rainfall regime

 
 

Figure 3.18:  R-B Flashiness Index of soils during A) low (2012), B) medium (1999), and 
C) high (2008) rainfall regimes in four different soils with varying distance between tile 
drains.   Tile drain spacing of “0” refers to the undrained state.  
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C) High rainfall regime

 

Figure 3.18 cont.:  R-B Flashiness Index of soils during A) low (2012), B) medium 
(1999), and C) high (2008) rainfall regimes of four different soils with varying distance 
between tile drains with “0” referring to the undrained state.  

 

3.5 Field Scale Modeling of the Role of Drainage Systems on Hydrologic Response 
using DRAINMOD (Sloan 2013) 

 The calibrated DRAINMOD model was used in a virtual experimentation mode to 
explore hydrologic response given different soil types, climate inputs, and drainage 
designs that are typical to Iowa (Sloan, 2013). 

 

3.5.1 Data and Methods 

 Six soil types were explored: 

• the three main soil types in Iowa (silt clay loam, silt loam, and loam) as indicated 
in the USDA-NRCS United States General Soil map (STATSGO2), and  

• the end member soil types  of sand, silt, and clay. 

The hydraulic parameters for each soil textural classes were estimated using the 
pedotransfer function ROSETTA.  The saturated lateral hydraulic conductivity (KL) was 
assumed to be 1.4 times KV, and the depth to impermeable layer was assumed be 3.9 m 
based on the Singh and Helmers (2006) model.   

 Hourly precipitation data were obtained from the NOAA National Climatic Data 
Center for Iowa City, Iowa (COOP #134101) for the years ranging from 1981 to 2010.   
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These data were selected based on the quality and length of the dataset and because it 
seemed like a variable collection of rainfall years with values ranging from 295 mm to 
1504 mm of annual precipitation.  Daily minimum and maximum temperature data were 
also collected from the NCDC, while the PET adjustment factors were left the same as 
Singh and Helmers (2006).  The drainage design inputs were kept very similar to those in 
Singh and Helmers (2006).  Drainage spacing was adjusted in order to analyze the 
impacts of drain spacing, but a constant spacing of 20 m was used for all other 
simulations based on typical values for the main Iowa soils found in the Iowa Drainage 
Guide (Iowa State University Extension and Outreach, 2012).   

 When modeling an undrained field, the drainage coefficient was set to 0 cm/day so 
that the fields were being drained only through lateral seepage.  Lateral seepage was 
simulated using a constant head boundary assumed to be a ditch with a depth of 1.06 m 
(the same depth as the tile drains) that was located 100 m from the tile drains.  This 
implies that there is either a perennial stream or an aquifer at the edge of the field that 
does not fluctuate much throughout the year.  This constant head boundary allowed for 
lateral seepage from both drained and undrained fields, but it is also a potential source of 
error.  During dry times, when the water table dips below the tiles due to ET and vertical 
seepage, the lateral seepage turns negative, which means that water is flowing back into 
the subsurface.  This adds water to the system from an outside source and can alter the 
water balance, though the impact is minimal.  The constant head boundary is the best 
option available to simulate lateral seepage, and it was necessary for comparison to keep 
the boundary at the same head as the tile drains and to keep the same head for each soil 
type.  The crop inputs were left unadjusted from the Webster model as discussed in 
Section 3.3.2.   

 

3.5.2 Impact of Soil Type and Surface Storage on Hydrologic Response 

The peak annual flow for the six different soil types for years 1981-2010 are 
presented in Figures 3.19A and B, for the drained and undrained scenarios respectively.  
The peak flows are not statistically different between the undrained and drained scenarios 
for any of the six soil types.  This is because the largest storms of the year are almost 
always dominated by surface runoff.  The magnitude and intensity of the event is large 
enough that the subsurface moisture deficit, and thus the presence or absence of 
subsurface drainage, has practically no effect on peak flow.  This is similar to the 
observations using the SWAP model in Section 3.4.    

 The Richards-Baker Flashiness Index (FI), calculated over the entire year, does show 
a difference between the drained and undrained scenarios (Figure 3.20 A and B).  As 
expected, in the undrained state, the FI is maximum for loam which has the lowest K, and 
minimum for sand which has the highest K. A low K leads to slower rates of infiltration 
into the soil matrix, greater surface runoff, and a higher flashiness. Conversely, a high K 
leads to faster rates of infiltration into the soil matrix, lower surface runoff, and a lower 
flashiness.  For drained soils, the FI of low K soils decreases due to greater routing of the   
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flow through the subsurface. In contrast, the FI of high K soils increases due to faster 
subsurface flow through tiles compared to what would be occurring as lateral seepage 
under undrained conditions.  

 The differences between FI values before and after drainage for all the soil types are 
statistically significant at 5% level of significance. These results corroborate conclusions 
in the literature that drainage in soils that are surface runoff dominated leads to flow 
attenuation, whereas drainage in soils that were subsurface flow dominated (like sand) 
leads to flow magnification (Robinson, 1990; Robinson and Rycroft, 1999).  Thus, FI 
becomes similar across drained landscapes, despite the presence of different soil types 
(Figure 3.20 A and B).  

 

 

 

Figure 3.19: DRAINMOD Results: Peak annual discharge as a function of soil type (A) 
before installation of tile drainage, and (B) after installation of tile drainage. The results 
are presented in order of increasing hydraulic conductivity KSat values from left to right 
on the x-axis of 11, 12, 15, 38, 44, and 643 cm/day. 

 

 

   

(A) (B) 
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Figure 3.20: DRAINMOD Results: Flashiness Index as a function of soil type (A) before 
installation of tile drainage, and (B) after installation of tile drainage. The results are 
presented in order of increasing hydraulic conductivity KSat values from left to right on 
the x-axis of 11, 12, 15, 38, 44, and 643 cm/day. 

 

 The flow duration curves for the two end member soil types (clay and sand) 
illustrate how the effect of subsurface drainage varies with the flow regime (Figure 3.21). 
In clay, for exceedance probabilities < 0.8% (high flows) the difference between the 
drained and undrained scenarios is minimal.  For exceedance probabilities between 0.8% 
and 8% (medium to high flows), the drained scenario demonstrated lower flows than the 
undrained scenario (Figure 3.21 A).  For low flows (> 8% exceedance probabilities), 
flows are greater for the drained scenario than the undrained scenario.   

For soils with high hydraulic conductivity, like sand (Figure 3.21B), drainage 
leads to an increase in flow magnitude for very high flows (0.1 – 0.2% exceedance 
probability), a decrease in flow magnitude for 0.2 – 0.35% exceedance probabilities, an 
increase in flow magnitude for medium to high flows (between 0.35% and 65% 
exceedance probability, and a decrease in flow magnitude for very low flows (>65% 
exceedance probability) (Figure 3.21B).  

 

 

(A) (B) 
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Figure 3.21: DRAINMOD Results: Flow duration curves for (A) Clay and (B) Sand. 

 

 The effect of surface storage on annual peak flows was minimal, with statistically 
significant differences between peaks in drained and undrained scenarios observed only 
for very large surface storage depths (3 and 5 times the average value of 1.25 cm used in 
Figure 3.19).  For the scenarios with statistically significant differences, the results are as 
expected – greater surface storage results in greater reduction in peak flows.  This is 

 

 

(B) 

(A) 
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simply because water is allowed to remain on the surface longer and can infiltrate into the 
subsurface and leave by either tile drainage or lateral seepage, which is a slower flow 
path than surface runoff.  

 For clay, increase in surface storage has a small impact on the FI in the undrained 
state, but significantly decreases the peak flow for the drained state. The reduction in FI 
with drainage increases with increase in the surface storage values (Figure 3.22A). This is 
because with increase in surface storage, tile drains act to increase the amount of water 
that is routed through the slower subsurface pathways, and thus lead to greater reductions 
in the flashiness.  T-tests indicated that the FIs of drained and undrained fields are 
significantly different for all surface storage magnitudes (Sloan, 2013).   

 All soil types, with the exception of sand, showed a response similar to that of clay. 
For undrained sandy soils, the increase in surface storage causes a rapid decrease in 
flashiness because water infiltrates and leaves via lateral seepage.  However, in the 
drained scenario, the average FI is relatively invariant with surface storage depth.  This is 
because most of the water is already being routed through the subsurface under the high 
K conditions.  

 

 

Figure 3.22: DRAINMOD Results: Flashiness Index Ratio of Drained and Undrained 
fields for clay (A) and sand (B) with varying depths of surface storage 

 

3.5.3 Impact of subsurface drainage for different annual rainfall regimes  

 The impact of the annual rainfall regime on subsurface drainage was evaluated by 
grouping the 30-year rainfall data into low (294 to 683 mm/yr ), medium (684 to 853 
mm/yr), and high (855 to 1504 mm/yr) rainfall years, based on the 33rd and 66th 
percentiles.  

(A) (B) 
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 There appears to be no discernible difference in peak flows produced from the 
drained and undrained scenarios for clay (Figure 3.23A).  The FI for a given rainfall 
regime is higher in the undrained scenario compared to the drained scenario for clay, 
while the reverse is true for sand (Figure 3.24).  However, there was no discernible 
pattern with respect to the low, medium and high rainfall years. 

 

 

A) Clay 

 
 

B) Sand 

 
 
Figure 3.23: Annual hourly peak flow separated by annual rainfall types for A) clay and 
B) sand. 
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A) Clay 

 
 

B) Sand 

 
 
Figure 3.14: Drained and undrained Flashiness Index separated by annual rainfall types 
for A) clay and B) sand. 

 Spatial patterns of the effect of rainfall were evaluated using the 25th, 50th, and 75th 
percentiles of the daily non-zero precipitation totals of a day from 1981-2010 for the state 
of Iowa obtained from the NCDC (NOAA - National Climatic Data Center). The time 
period was chosen because it is when the largest rainfall-runoff events occur in the state. 
Thiessen polygons were created from the 152 rain gauge stations and averages were done 
between April and September for each quartile (Figure 3.25).   

  For each of the seven major soil textural cases in Iowa, the flow rates for the drained 
and undrained field condition were binned and a one-sided t-test was performed between 
the two datasets to determine whether the undrained scenario’s flows were significantly 
greater than the drained scenario’s flows at the 5% significance level. Not all days with 
precipitation were used in the analysis because some days had minimal flows which can 
greatly impact significance testing.  A flow rate threshold of “drained flow rate > 0.1 
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mm/day” was used to select days with significant tile flows in the DRAINMOD 
simulation.   

A) 25th Percentile 

 

 

B) 50th Percentile 

 

 

C) 75th Percentile 

 

Figure 3.25: April through September average daily normal precipitation based on NCDC 
data from 1981-2010. 
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  The results indicate that for the 25th percentile rainfalls, tile drains always increase 
peak flows, while for the 75th percentile rainfall event tiles either reduce flows, or there is 
no statistically significant difference between drained and undrained soils (Figure 3.26). 
For the 50th percentile rainfall event, tiles either increase flows, or there is no statistically 
significant difference between drained and undrained soils. The spatial differences in the 
responses within the state are a function of differences in soil type. 

 The results for the 25th percentile daily rainfall (1-4 mm) indicates that tile drainage 
can significantly increase daily flows. This is because under such low flow scenarios, 
most of the precipitation infiltrates and tile drainage is a faster flow path than lateral 
seepage. The results corresponding to the 50th percentile (4-9 mm) daily rainfall indicate 
that some flows still increase with tile drainage, while others have no difference. The 
results for the 75th percentile (11-19 mm) daily rainfall emphasizes that tile drainage 
reduces daily flows for large events in Iowa because the surface runoff is being rerouted 
through the slower subsurface.   

 

A) 25th Percentile 

 

B) 50th Percentile 

 

Figure 3.26: Impacts of tiling on runoff for the A) 25th, B) 50th, and C) 75th percentile of 
the average daily normal precipitation in Iowa. 
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C) 75th Percentile 

 
 

Figure 3.26 cont.: Impacts of tiling on runoff for the A) 25th, B) 50th, and C) 75th 
percentile of the average daily normal precipitation in Iowa. 

 

 

3.5.4 Impact of subsurface drainage for varying tile drain spacing  

 Finally, we explored the role of drain spacing on modifying the subsurface drainage 
and hydrologic response.  For all previous simulations, the assumption was made that tile 
drains are at a spacing of 20 m based on typical values found for Iowa soils in the Iowa 
Drainage Guide (https://store.extension.iastate.edu/Product/Iowa-Drainage-Guide). 
Simulations of various drain spacings in clay soils indicate that peak flows are the highest 
for the undrained scenario followed by the 50 m and 7.6 m spacing, while the minimum 
peakflow is observed at 15 m spacing (Figure 3.27).  In the case of undrained soils and 
soils with widely spaced tiles, the soil surface becomes saturated quickly and surface 
runoff dominates the discharge, leading to flashy response.  As drain spacing decreases, 
more flow is routed through the subsurface due to increased available subsurface storage, 
thus decreasing the peak flow.  However, once the drain spacing is decreased beyond the 
optimal value, the closely spaced drains allow for fast subsurface routing leading to an 
increase in the peak flow. 

 The effect of different soil types on this response was evaluated by plotting the 
flashiness index as a function of drain spacing for clay and sand (Figure 3.28A and B). 
The saddle shape behavior of the soils with lower hydraulic conductivities like clay 
suggests that for each soil type there is an ideal distance between tile drains to mitigate 
the flashiness of the hydrologic response. In contrast to the saddle shaped response 
apparent in soils with low K, soils with higher K (example sand) demonstrate a 
monotonically decreasing response -- decrease in flashiness with increase in drain 
spacing.  This is because in sand, the flow is primarily routed through the subsurface, and 
thus adding closer drains merely speeds up the flow through that path.  
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Figure 3.27: Hydrographs for clay soils at different drain spacings. 

 

 

 

Figure 3.28:  Flashiness Index for clay and sand as a function of drain spacing. 

Fast surface 
flow 
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flow 
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3.6 Conclusions of field scale study 

 The SWAP and DRAINMOD study indicates that medium and high flows are 
reduced under tiled conditions because tile drainage creates drier soils that lead to greater 
infiltration rates, reducing the surface runoff and increasing routing of flow through the 
subsurface.  Subsurface flow paths are slower leading to a more attenuated response.  At 
very high flows, the intensity and magnitudes of the storms are so large that the 
infiltration capacity quickly becomes overwhelmed by the precipitation intensity 
irrespective of the initial condition, and thus drainage has no significant impact on flows. 
Finally, at low flows the subsurface flow path always dominates, and under these 
scenarios subsurface drainage removes water more effectively than lateral seepage 
leading to higher low flows under drained scenarios.  

The primary conclusions from this section are as follows: 

1. Under most scenarios, subsurface drainage decreases peak flows in silt, loam and 
clay soils, while it increases peak flows in sandy soils;  

2. When there are two consecutive storms generating  two runoff peaks, drainage 
can decrease the first peak while increasing the second peak; 

3. Decreasing tile spacing decreases peak flows until a threshold spacing is reached, 
after which peak flows increase with decreased spacing; 

4. For the 25th percentile rainfall event, tile drains always increase peak flows, while 
for the 75th percentile rainfall event, tiles either reduce flows, or there is no 
statistically significant difference between drained and undrained soils. For the 
50th percentile rainfall event, tiles either increase flows, or there is no statistically 
significant difference between drained and undrained soils. The spatial differences 
in the responses within Iowa are a function of differences in soil type. 

5. The SWAP and DRAINMOD models produce similar results.  

 SWAP and DRAINMOD are both field-scale models, and thus subject to the 
associated limitations. For example, one of the main ways in which tiles can alter peak 
flows is when tile mains are backed up – an effect that cannot be simulated by field-
scale studies like this one. The next section will explore watershed-scale modeling of tile 
drainage.  
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Chapter 4 
Watershed Scale Modeling of Tile Drainage 

 

4.1 Introduction 
 

 In order to simulate the complete effects of tile drainage on streamflow, hydrologic 
models must be extended to the watershed scale such that all components of the 
hydrologic cycle are considered.  In this chapter, we describe three approaches to 
watershed scale modeling: an extended version of DRAINMOD, MIKE-SHE and 
HydroGeoSphere.  We extended the field scale model, DRAINMOD, to the watershed 
scale by applying it to multiple hillslopes in the Clear Creek watershed near Iowa City 
and routing runoff via a geomorphic unit hydrograph and convolution.  Two spatially-
distributed watershed models, MIKE SHE and HydroGeoSphere, were applied to the 
South Fork watershed in north-central Iowa.  Both MIKE SHE and Hydrogeosphere are 
watershed-scale models that have been applied at scales similar to those in this study.  
 
 

4.2 Application of DRAINMOD at the Watershed Scale  

 To address the lack of hydrologic models that describe the effect of tile drainage at 
the watershed scale, we developed a simple routing algorithm that convolutes the field-
scale DRAINMOD responses in order to describe watershed-scale behavior. The 
watershed-scale model was used to understand the effect of spatial placement of tile 
drains on the hydrograph response seen at the outlet.  

 

4.2.1 Methodology 

Modeling Framework 

 The runoff routing model is based on an analytic expression of a scale dependent 
geomorphologic instantaneous unit hydrograph (GIUH) (Mantilla et al., in review).  The 
analytic expression is a solution to the link-based water transport equation: 

                   𝑑𝑞𝑖(𝑡)
𝑑𝑡

= 𝐾�𝑞𝑖(𝑡)��𝑅𝑖(𝑡) + 𝑞𝑖0(𝑡) + 𝑞𝑖1(𝑡) − 𝑞𝑖(𝑡)�                                   (4.1) 

where i is any stream link, i0 and i1 are upstream tributaries, 𝑞𝑖(𝑡) is the flow at any time 
for link i, 𝐾�𝑞𝑖(𝑡)� is a non-linear function that represents the inverse of residence time 
of water in a channel link, 𝑅𝑖(𝑡) is the discharge from the hillslopes of the link (from 
DRAINMOD in this case), and 𝑞𝑖0(𝑡) and 𝑞𝑖1(𝑡) are incoming discharges from the uphill 
tributaries.  There are a couple of simplifying assumptions that allow for an analytic 
solution to this equation.  The assumption of a constant velocity, v, and an average link  
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length, l, are assumed, which makes 𝐾�𝑞𝑖(𝑡)� = 𝑣/𝑙.  This implies that discharge is a 
linear function of storage S(i): 

                                                     𝑞𝑖(𝑡) = �𝑣 𝑙� �𝑆𝑖(𝑡).                                                  (4.2) 

 
The solution to Equation 4.1 and the routing equation used in the simplified catchment 
scale model is as follows: 

                                           𝑞𝑖(𝑡) = 𝑒−
𝑣
𝑙𝑡 ∑ 𝑞𝑗(0)

�𝑑𝑖,𝑗−1�!
�𝑣
𝑙
𝑡�

𝑑𝑖,𝑗−1
𝑗                                       (4.3) 

where di,j is the topologic distance from the outlet to a hillslope, and 𝑞𝑗(0) is the 
instantaneous discharge contributed from a hillslope at a particular time.  This method 
assumes the watershed is a linear system and that flows at the outlet can be calculated by 
the summation of all the hillslope hydrographs upstream after they are attenuated and 
lagged to account for storage in the river network.   

 

Study Site and Data 

 The study site is the Clear Creek Watershed (CCW) a 253 km2 watershed located in 
Johnson County, Iowa (Figure 4.1). The CCW is a well studied and monitored watershed. 
Land use in the watershed is primarily agricultural (Figure 4.1), and soils consist of 
mainly silt loam and silty clay loam (Figure 4.2).  The watershed is located in the Loess 
Ridges/Glacial Till region of Iowa containing Colo-Ely, Ladoga, and Otley soils (among 
others), which require some drainage for optimal agricultural performance, according to 
the Iowa Drainage Guide (https://store.extension.iastate.edu/Product/Iowa-Drainage-
Guide).  Land use, topographic, hillslope and stream network data (Figure 4.3) for the 
CCW were obtained from the NRGIS Library and from Dr. Ricardo Mantilla at The 
University of Iowa.  Hillslopes, defined as areas contributing water directly into a stream 
link, were delineated with the GIS program CUENCAS using the concavity of the land 
(Figure 4.4).  A total of 6,359 hillslopes were identified in CCW.  Soil and geologic data 
were obtained from the USDA-NRCS Soil Survey Geographic Database (SSURGO).  
The discharge of Clear Creek watershed is monitored by a USGS stream gauge (USGS 
#05454300).  The DRAINMOD simulations were generated using 30 years of hourly 
rainfall and daily temperature data from the Iowa City weather station (COOP #134101), 
which were obtained from the NCDC website (NOAA-National Climate Data Center). 
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Figure 4.1: Clear Creek Watershed land use map (Iowa DNR, 2002). 

 

 
Figure 4.2: The USDA soil textural classes in the Clear Creek Watershed. 
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Figure 4.3: Google Earth image of the Clear Creek Watershed stream network. 

Figure 4.4: The individual hillslopes of the Clear Creek Watershed Delineated by 
CUENCAS 

 

DRAINMOD Simulations and Hillslope Routing 

 The 6,359 hillslopes identified in CCW were binned into six soil types based on the 
SSURGO database.   DRAINMOD simulations were run for each soil type, both with and 
without tile drainage for the study period.  The six drained scenarios had a tile spacing of 
20 m (~66 ft), based on typical values for the watershed soils from the Iowa Drainage 
Guide.  The undrained scenarios were identical to the drained scenarios with the 
exception of the drainage coefficient set equal to zero.  Soil hydraulic parameters for 
DRAINMOD were obtained using the pedotransfer function ROSETTA (USDA - 
Agricultural Research Services, 2005) for each textural class.   

 DRAINMOD runs on an hourly timestep.  For each timestep, outputs from the 
hillslopes (Equation 4.3) are combined to create one hydrograph at the watershed outlet 
by summing all the hillslope hydrographs, which is a convolution.  To avoid having to 
perform a convolution of the discharge from all 6,359 hillslopes for each timestep of the 
30-year time series, the routing equation was algebraically manipulated to simplify the 
computation and improve efficiency. Recall the hillslopes were grouped according to 
drainage type and USDA soil texture.  The DRAINMOD output for a given hillslope type 
would need to be multiplied by the respective area of the hillslope (𝐴𝑗) and v/l to get the 
𝑞𝑗(0) value, because DRAINMOD outputs are area normalized.  However, by removing 

the qj(0)/Aj from the summation term in Equation 4.3 and multiplying the 𝑒−
𝑣
𝑙𝑡 term into 
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the summation, a constant unit response can be calculated for each hillslope group based 
on the topologic and area data of all hillslopes in the group:  

                                𝑞𝑖(𝑡) = 𝑞𝑗(0)
𝐴𝑗

∑ 𝐴𝑗𝑒
−𝑣𝑙𝑡

�𝑑𝑖,𝑗−1�!
�𝑣
𝑙
𝑡�

𝑑𝑖,𝑗−1
𝑗                                              (4.4) 

where qj(0)/Aj is the DRAINMOD hourly output for the hillslope group, and the 
summation term is the unit response constant for the hillslope group.  The constant 
velocity (v) is assumed to be 0.8 m/s based on the maximum distance to the outlet and 
time of concentration of 24 hours for the CCW (R. Mantilla, personal correspondence). 
The constant link length (l) is the average of the link lengths that were delineated for the 
CCW.  The unit response time was set to 40 hours, which assumes that all of the water 
from a runoff event reaches the outlet by 40 hours in the CCW.  A convolution is 
performed for each hillslope group between the area normalized DRAINMOD output and 
the unit response constant in order to obtain the outlet hydrograph of each hillslope 
group.  These outlet hydrographs are summed in order to obtain the total outlet 
hydrograph of the time series.  A process diagram of the routing method is shown in 
Figure 4.5.   

 

Figure 4.2: Schematic of how the simplified catchment scale hydrologic model runs in 
MATLAB. 

 

Design Scenarios 

 Five drainage scenarios with differing amounts and spatial distribution of drainage 
were created (Figure 4.6):   
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• Original: assumes that all of the hillslopes with row crop agriculture (according to 
the NRGIS Library 2002 land use map) are drained, while all other fields are 
undrained.   

• All Drained: assumes that all fields are tile-drained. 
• All Undrained: assumes that all fields are undrained.   
• Far Drainage: assumes that the only hillslopes drained are those with row crop 

agriculture with a topologic distance greater than 304 links from the outlet.   
• Near Drainage: assumes that the only hillslopes drained are those with row crop 

agriculture with a topologic distance less than 220 links from the outlet.  

 The original, all drained and all undrained scenarios were designed to explore how 
the catchment scale hydrographs differ from the field scale hydrographs and to determine 
the overall impact of the addition of tile drainage on a watershed.  The all drained and all 
undrained scenarios were selected to visualize the end-member situations.  The far 
drainage and near drainage scenarios test whether the position of tiled fields in the 
watershed has an impact on the outlet flows.  For both the far drainage and near drainage 
scenarios, the total area of drained fields was maintained to be equal to 20% of the total 
catchment area. The clustered far drainage and clustered near drainage scenarios were run 
assuming that the entire watershed consisted of silt loam (most dominant soil type in 
CCW) in order to remove the impacts of different soil types.  
 

                 
Figure 4.6: Key drainage scenarios for analysis of the Clear Creek watershed. 
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4.2.2 Results and Discussion 

 Hydrographs from the Original Drainage scenario are compared to the USGS Stream 
Gauge (#05454300) observations to ensure that the model outputs are reasonable in terms 
of event magnitudes and timing.  The uncalibrated model captures the duration and 
magnitude of the events appreciably well as shown for a July 1993 event (Figure 4.7). 

 

Figure 4.7: A comparison of modeled discharge with USGS discharge observations for 
Clear Creek for an early June 1993 event. 

 The “All Drained”, “All Undrained” and the “Original Drainage” Scenarios are 
compared for two events in August 1993 to understand the effect of tile drainage on 
hydrograph response at the watershed scale (Figure 4.8).  There is very little difference 
between all three scenarios for the first event on August 10th, while there are significant 
differences in the second (and smaller) event on August 17th.  For the second event, the 
first peak was largest for the All Undrained Scenario followed by the Original and the All 
Drained Scenarios.  The third peak in the second event was however equal for the 
Original and the All Drained Scenarios.  The difference in the flow response for the two 
events is a function of rain intensity and antecedent moisture conditions that define the 
flow pathways.  For the first event, the soil was wet and the rain intensity was high, such 
that the surface flow pathway dominated in all three scenarios leading to no significant 
difference between them.  In contrast, the lower rain intensity for the second event led to 
subsurface pathway dominating in the drained scenarios, and a lower peak compared to 
the undrained scenario.  

 Examining the effect of spatial patterns of drainage on the hydrograph response 
reveals that, as in the previous example, hydrographs for the Near Drainage and Far 
Drainage scenarios show invariance for the August 10th event and differences for the 
August 17th event (Figure 4.9).  The mechanisms in the first event are the same as 
described above, where tiling has no impact due to the large amount of surface runoff 
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generated.  The second event, however, highlights the role of the spatial location of tile 
drains on the catchment hydrograph.  

  

Figure 4.8: All Drained, All Undrained, and Original Scenario hydrographs in August 
1993 that show two distinct behaviors. 

 

 

Figure 4.9: August 1993 hydrographs for the All Undrained, Far, and Near Drainage 
Scenarios.  
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 The first two peaks of the second event are almost identical for the All Undrained and 
Far Drainage scenarios, and are higher than the peak for the Near Drainage scenario 
(Figure 4.9). The first two peaks are dominated by water from hillslopes that are near the 
CCW outlet due to smaller travel paths from these locations. If these proximate hillslopes 
are undrained (as in the “All Undrained” and “Far Drainage” scenarios) it leads to higher 
peak flows, because peak flows from undrained fields are generally lower than those 
from drained fields (See Chapter 3). In contrast, if these proximate hillslopes are drained 
(as in the “Near Drainage” scenario), it leads to lower peak flows.  For the third peak the 
responses are flipped, and the Near Drainage and the All Undrained scenarios have nearly 
identical but higher peaks than the Far Drainage scenario.  The third peak is dominated 
by water from hillslopes that are farther from the CCW outlet due to longer travel paths 
from these locations.  If these distant hillslopes are undrained (as in the “All Undrained” 
and “Near Drainage” scenarios) it leads to higher peak flows, while if these hillslopes are 
drained (as in the “Far Drainage” scenarios), it leads to lower peak flows. 

 The effect of the spatial placement of drainage on the outflow hydrographs is further 
revealed when we compare the component hydrographs for the Near Drainage and Far 
Drainage Scenarios in Figures 4.10A and B, respectively. The Near Drainage scenario 
(Figure 4.10 A) shows that the contribution of the drained fields occurs at the beginning 
of the event, which leads to lower peaks at the start of the event compared to the Far 
Drainage Scenario (Figure 4.10B).  This, once again, is because the drained fields are 
routing potentially fast surface runoff through the slower subsurface flow path leading to 
a decrease in peak.  The later peak is however dominated by contributions from the 
undrained fields in the Near Drainage scenario (Figure 4.10A), and contribution from the 
drained fields in the Far Drainage Scenarios (Figure 4.10B), leading to the Near Drainage 
Scenario having a higher peak. Thus, even though both the Near and Far Drainage 
Scenarios have the same percent of land that is tile drained, the hydrographs generated 
are very different. 

 Another important factor to note is that the largest peak (~ 200 m3/s) occurs in the Far 
Drainage Scenario, even though both Near and Far Drainage Scenarios have the same 
percent of land drained. This can be explained by considering the distribution of the 
topologic distances of the hillslopes to the CCW outlet, or in other words the width 
function of the stream network (Figure 4.11). There is a noticeable cluster of hillslopes 
(each link is surrounded by a hillslope) from approximately 275-360 link lengths from 
the outlet (Figure 4.11).  This is the area that is mainly contributing to the final peak and, 
more importantly, draining these hillslopes can give the most reduction in peak flows, as 
seen in the Far Drainage scenario. The peaks created at the outlet by this area of the width 
function are higher than others because the flows are allowed to synchronize due to the 
large number of hillslopes within a small range of topologic distances. 
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A) Far Drainage 

 

 

B) Near Drainage 

 

Figure 4.10: Component hydrographs of the Drained and Undrained Fields for the A) Far 
Drainage, and B) Near Drainage Scenarios. 
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Figure 4.11: Width function of the stream network in the Clear Creek watershed. 

 

 The annual hourly peak flows and the Flashiness Index (FI; Chapter 3, Section 3.4.2) 
were analyzed for a 30-year period, from 1981 – 2000, to understand multi-year response 
patterns (Figure 4.12 A and B).  For 20 of the 30 years analyzed, the peak flows were the 
lowest in the Far Drainage scenario followed by the Near Drainage and the Undrained 
Scenarios (Figure 4.12 A).  This can be attributed to the same reason of stream network 
width function, as mentioned above.  For the remaining 10 years there is not much 
difference in the peak flows between the three scenarios, and the difference can be 
attributed to the fact that these are typically drier years with limited number of rainfall-
runoff events.   

 The FI tells a similar story to the hydrograph and peak flow analysis for the entire 
flow regime (Figure 4.12B).  The FI for the All Undrained and Near Drainage scenarios 
are close and are typically larger than the Far Drainage scenario.  The years in which 
there appears to be invariance are typically drier years where the indicator is not very 
effective due to the limited rainfall-runoff events.  Unlike the hydrograph and the peak 
flow analysis, FI does not show higher values for the Far Drainage Scenario. This is 
because FI captures an average flashiness over the entire year, and smooths out the 
locally higher peaks that are apparent in the other analyses. 
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Figure 4.3A: Annual hourly peak flows for the All Drained, Far Drainage, and Near 
Drainage Scenario for the Clear Creek watershed from 1981-2010. 

 

 
Figure 4.12B: Flashiness Index for the All Drained, Far Drainage, and Near Drainage 
scenarios for the Clear Creek watershed from 1981-2010. 
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4.2.3 Summary of Results from the Application of DRAINMOD at the 
Watershed Scale  

 The field-scale DRAINMOD model was applied to individual hillslopes and 
convoluted with a routing approach to describe watershed-scale impact of subsurface 
drainage. The resulting watershed scale model was shown to adequately capture 
hydrograph responses at the Clear Creek outlet. The model was then used in virtual 
experimentation mode to understand the effect of rainfall patterns, and spatial patterns of 
tiling on streamflow responses. The hydrograph analysis revealed two distinct modes of 
behavior. For very intense rainfall events, the effect of subsurface drainage has an 
insignificant effect on watershed discharge. This is because for these events, surface 
runoff dominates irrespective of antecedent moisture conditions, and thus the addition of 
tiles has no effect on the hydrograph. For more moderate sized rainfall events, however, 
the addition of subsurface drainage can decrease peak flows.  This conclusion is a 
function of the tiled fields reducing the amount of faster surface flow by allowing 
infiltration and a slower water release from tiles.   

 Tiling reduced the peaks for most years (about 2/3), while there was little impact for 
the other years (about 1/3).  The behaviors described above are representative of what 
was observed in these two sets of years.   Whether or not peak flows is reduced under 
tiling situations is a function of a complex interplay of antecedent conditions, rainfall 
intensity and duration.  The FI demonstrated that, for most years, the hydrographs 
resulting from the All Undrained scenario are flashier than those scenarios with tile 
drainage.  This result means that for the majority of runoff events, tile drainage tends to 
decrease peaks in the CCW, which is consistent with the field scale results presented in 
Chapter 3.  It should be kept in mind that the topologic distances of the hillslopes to the 
outlet, or the width function, was shown to play a role in defining the peak hydrograph 
under different tiling situations.  Effects of tile drainage and drainage placement may be 
different in watersheds with different topology and channel configurations.   

 This modeling approach has many underlying and simplifying assumptions, including 
the following:  

• Each hillslope receives exactly the same rainfall input and assumes homogeneity 
spatial distribution of rainfall;    

• The Clear Creek watershed is assumed to be a linear system with a constant 
velocity and average link length; this is generally not true of natural systems; 

 Despite these assumptions, application of DRAINMOD was a useful diagnostic tool 
to explore the fundamental behavior of tiling at the watershed scale under different 
design scenarios.  Further, DRAINMOD has been proven effective over the previous 30 
years of research and the CCW has been found to be well represented with the 
assumption of linearity (R. Mantilla, personal communication).  
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4.3 Application of MIKE–SHE Model at Watershed Scale  

The MIKE SHE model (Refsgaard and Storm, 1995) was used to investigate the 
effect of tile drainage on the hydrology of the South Fork watershed (of the Iowa River). 
MIKE-SHE is a deterministic, physically based, continuous and event based model 
capable of simulating both water quality and water management simulations.  The 
program code is divided into several modules that can be simulated separately or 
simultaneously integrated.  Model components used include climate, land use, overland, 
unsaturated and saturated zone interactions to predict the hydrology in the watershed.  
This application to examine the impacts of tile drainage on hydrology at the watershed 
scale in the U.S. appears to be unique.  

 

4.3.1 Study site and data 

The South Fork watershed is located in north-central Iowa in Hardin, Hamilton, 
Franklin, and Wright counties (Figure 4.13).  In 2005, it was selected by the U.S. 
Geological Survey (USGS) Agricultural Chemical Transport (ACT) as one of seven 
watersheds for investigation of agricultural chemicals and water quality in important 
agricultural and natural settings (Kalkhoff and Capel, 2005).  The watershed as also one 
of twelve benchmark Conservation Effects Assessment Project (CEAP) watersheds, is a 
USDA ARS Long-Term Agroecosystem Research site, and has been part of the USGS 
National Water Quality Assessment (NAWQA) program (Becher, 2001).   

 

Figure 4.13: Location of the South Fork watershed in Iowa including groundwater, 
surface water, tile water, and precipitation sampling sites.  (Same as Figure 5.1) 
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The South Fork of the Iowa River discharges into the main branch of the Iowa River 
(mouth of watershed).  The watershed resides in the Central Iowa Climate District, which 
has a mean annual precipitation of 824mm (Sawyer, 2010); Eldora, IA, located at the 
mouth of the watershed, has averaged 916 mm of precipitation over the last 30 years 
(Iowa Environmental Mesonet, 2013).  The South Fork watershed is composed of three 
subwatersheds, all of which drain towards the southeast: the central South Fork of the 
Iowa River watershed (25,600 ha); the Tipton Creek tributary watershed to the south 
(19,850 ha); and the Beaver Creek tributary watershed to the north (18,200 ha).  

The 78,000 ha watershed is notable for its dense tile drainage network – more than 80 
percent of the surface area is tile drained (Green et al., 2006).  It is situated on the eastern 
edge of the former Des Moines Lobe, and has three late Wisconsinan end moraines 
(Bemis, Altamont I, Altamont II) running north to south through the watershed.  The 
surface topography is generally low relief and, prior to intensive tiling, was poorly 
drained.  The watershed is primarily used for agricultural activities.  Ninety-one percent 
of the total watershed area is used for production of corn and soybeans (85 percent 
cropland, six percent pasture) and it supports more than 175 swine CAFOS (Iowa DNR 
GIS Systems Library).  The dominant soil association is the highly productive Clarion-
Nicollet-Webster soil, which includes textural classifications of loam, clay loam, and 
silty-clay loam, respectively.  Soil taxonomic classifications are Typic Hapludoll, Aquic 
Hapludoll, and Typic Endoaquoll.  It is the management of these hydric soils for row 
crop production that has necessitated the dense tile network in the watershed.  

The watershed is underlain by Quaternary-age till, loess, and sand and gravel units 
that overlie Mississippian carbonate and shale (Gilmore City Fm., Pella Fm., and St. 
Louis Fm.), and Pennsylvanian shales and sandstones (Lower Cherokee Group) in some 
areas (Iowa DNR GIS Systems Library).  The surficial geology is primarily composed of 
late Wisconsinan till of the Dows Formation (Figure 4.14).  Outwash of the Quaternary 
Noah Creek Formation and Holocene alluvium of the DeForest Formation are found 
along the Beaver Creek, Tipton Creek, and South Fork valleys.  Thickness of the Dows 
Formation ranges from 15 to 20 m, increasing up to 30 m near end moraines (Bettis et al., 
1996).  Thickness of the uppermost unit (Morgan Member) varies, usually from 2 to 4 m, 
and is generally present in the crests of the moraines.  The Morgan Member was 
deposited in a supraglacial environment and exhibits significant textural variability, with 
textural classifications ranging from sandy loam to silty-clay loam (Eidem et al., 1999; 
Helmke et al., 2005).  The underlying Alden Member, in contrast, is a massive, 
compositionally uniform diamicton, classified as a loam and is interpreted as having been 
deposited in a subglacial environment.  Thickness of the Alden Member typically ranges 
from 10 to 20 m, but can also increases up to 30 m thickness near end moraines.  Loess of 
the Peoria Formation and Pre-Illinoian till underlie the Alden Member in some of the 
watershed (Sawyer, 2010). 

 The watershed is located in the Northeast Iowa Groundwater Province (Prior et al, 
2003).  The primary source of water is the Mississippian aquifer, with contributions from 
alluvial and surficial aquifers (Prior, 2003).  A shallow groundwater system lies within 
the Dows Formation till, Noah Creek Formation outwash, and DeForest Formation  
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alluvium.  The Dows Formation is an aquitard, although its Morgan Member can nearly 
be an aquifer in some locations because its hydraulic conductivity (K) is much higher 
than that of the underlying Morgan Member.  The water table fluctuates vertically at the 
Morgan-Alden Member contact due to the difference in K between the two Members 
(Sawyer, 2010). 

The South Fork watershed has a lengthy and ongoing data record (15+ years at some 
sites).  A single USGS gauging station at the outlet of the South Fork of the Iowa River 
has produced data since 1995.  Three hydrologic and water quality monitoring stations 
(SF400, TC325, and BC350and SF450) (Figure 4.13) are maintained by the USDA-ARS 
National Laboratory for Agriculture and the Environment (NLAE).  Discharge and water 
quality have been monitored for two tile outlets (TC240 and TC242, listed as TC240 on 
Figure 4.13) in Tipton Creek since 2005 (Tomer et al., 2010).  The outlet for TC242 was 
installed in about 1910 as a clay pipe with a diameter of 0.91 m and it drains 156 ha.  
TC241, a 1.2-m-diameter outlet, was installed in May 2011 and has been monitored 
continuously since then (Jeff Nichols, written communication, 2012).  There are two 
NLAE precipitation collectors (TC240P and SF400) in the watershed (Jeff Nichols, 
written communication, 2012).  SF400 (Figure 4.13) consists of a standard tipping bucket 
rain gauge and samples from this gauge were used in the isotope study (Chapter 5). 

Twelve groundwater-monitoring sites were installed across the entire watershed in 
2005 as part of a groundwater flow modeling study (Sawyer, 2010).  Twenty-four 
piezometers were installed in upland areas on moraines and near topographic divides.  
Piezometers (5.0 cm diameter, schedule 40 PVC with 0.61 m screen lengths and 0.05 cm 
slot size) were installed in nests of two piezometers, with one nest of three piezometers 
(Site C, Figure 4.13) and a single piezometer installed in an alluvial/outwash terrace (Site 
L, Figure 4.13).  The two piezometers at Site J were removed during the study.  In 
general, the shallow piezometer in the nest was screened in oxidized till at the contact of 
the Morgan and Alden Members, while the deeper piezometer was screened about a 
meter below the contact in unoxidized Alden Member (Sawyer, 2010).  Sawyer (2010) 
reported geometric mean K values of 2 ×10-7 m/s and 2×10-9 m/s for the Morgan and 
Alden Members, respectively.   
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Figure 4.14: Quaternary stratigraphy of Iowa (modified from Prior, 1991). Late 
Wisconsinan till of the Dows Formation, loess of the Peoria Formation, Pre-Illinoian till, 
Noah Creek Formation, and DeForest Formation alluvium comprise the units found in the 
watershed. 

 

TC242 subbasin 

MIKE SHE was applied to model the TC242 subbasin of the Tipton Creek basin 
(Figure 4.15).  TC242 is a 156 hectare watershed (1.6 km2) characterized by intense 
agricultural production and is heavily drained by a mix of modern tile lines and a 0.91 m 
clay tile main that dates back to 1910. As part of an ongoing effort to monitor discharge 
and nutrient concentrations on Tipton Creek, the USDA has placed multiple stream 
discharge gauges in Tipton Creek watershed (Figure 1), including TC325 at the outlet, 
TC101 to measure field runoff through a flume, and TC240 and TC242 to measure the 
outfall of tile drains.   

The soil types and land use in TC242 are typical for the region.  Clarion-Nicollet-
Webster series soils dominate the watershed (64%) with poorly drained Canisteo soils 
(12%) in the bottomland (Figure 4.16; left panel).  Other minor soils include Harps, 
Okoboji, Coland-Terril complex near the mouth of the watershed, along with minor  

, Noah Creek 
 

,  



June 2014 
Page 82 

Hydrologic Impacts of Drainage Systems 

 

complexes formed with Clarion.  Absent from this watershed are the very poorly drained 
prairie potholes that are prevalent in the greater Tipton Creek watershed and the Des 
Moines lobe ecoregion.  The area comprising Clarion soils was not considered drained 
because these soils are typically well drained and occur in landscape positions where tile 
drainage may not be necessary (Figure 4.16, right panel).  Land use is almost entirely row 
crop agriculture consisting of continuous corn and corn-soybean rotations.  Small areas of 
homestead sites and road ditch right-of-ways were mapped as perennial grassland 
mixtures for the study. 

 

Figure 4.15.  Tipton Creek watershed and observation points. 

 

 

Figure 4.16: Soil types of TC242 (left figure) and undrained Clarion soil locations and 
tile main locations (right figure). 
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Precipitation, temperature and continuous flow from the drainage system at the exit of 
TC242 utilized in this study, were gathered by previous investigators at the USDA-ARS 
National Laboratory for Agriculture and the Environment.  Other climatic data (wind 
speed, solar radiation, and humidity values) for the Kanawha weather station were 
collected from the Iowa Environmental Mesonet administrated by the Iowa State 
University Department of Agronomy (https://mesonet.agron.iastate.edu/). These data 
were used to calculate evapotranspiration (ET) within MIKE SHE.   

The study period was 2005-2012.  This period of record had years of much higher 
than average precipitation (2007 and 2008) and several years of lower than average 
precipitation (2005, 2011, and 2012) (Table 4.1).   

 

Table 4.1: TC242 annual precipitation totals and mean from 2005 through 2012. 

Year (2007 – 2011) Precipitation (mm) Precipitation (in) 
2005 620.7 24.4 
2006 780.1 30.7 
2007 1067.4 42.0 
2008 1159.4 45.6 
2009 889.9 35.0 
2010 903.3 35.6 
2011 699.0 27.5 
2012 507.8 22.5 
mean 955.8 37.6 

 

 

4.3.2 Model Parameterization 

Values for key parameters were chosen based on published findings (Tomer et al., 
2010). (Table 4.2). The surface grid cell size in the model was set to 5m by 5m to 
minimize errors and reduce computational time.  Manning’s coefficient n was based on 
cropland with a disk tillage system (Engman, 1983).  The detention storage was set to 
25.4 mm based on previous MIKE SHE modeling in the region (Frana, 2012) and 
literature values (Dai et al., 2010). Detention storage limits  the amount of accumulated 
precipitation that will cause overland flow in the model.  A value too high will cause 
excessive ponding and evaporation and will decrease total flow at the outlet.  Unsaturated 
soil profiles were calculated using Web Soil Survey data (soil texture and bulk density) 
and the Rosetta soil model (empirical constants, hydraulic conductivity parameters) 
available through the USDA.  Soil hydraulic conductivity (K) values were based on 
values reported in the Web Soil Survey.  Drainage depth was set to -1.2 m (relative to 
ground surface) and is typical for drainage practices in the region.  
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The drainage time constant (DTC) - the time that it takes for water to flow from the 
upper-most part of the watershed to the outlet in the subsurface drains - is a critical 
parameter in modeling tiles.  Topography, heavy vegetation, and drainage infrastructure 
can all play critical roles in determining the drainage time constant of a watershed.  
Values for DTC were estimated through manual calibration.  The modeled flow data was 
statistically analyzed against observed flow data to determine the degree of fit of the 
model (Moraisi et al., 2007).  To simplify the model application and to avoid freezing 
periods, we focused the model analysis on the period of April 1 through November in 
each year from 2005-2012.   

 

Table 4.2: Important input parameters in the MIKE SHE simulation. 

MIKE SHE Module Parameter Value Units 
Topography Cell Size 5 x 5 m2 
Overland Manning’s coefficient - n 1/6 s m-1/3 
Overland Detention Storage 25.4 mm 
Unsaturated Profile Depth Varies m 
Unsaturated Soil Properties Varies varies 
Saturated Zone Hydraulic Conductivity 10-5 to 10-6 m s-1 
Saturated Zone Drainage Depth -1.2 m 
Saturated Zone Drainage Type Grid Codes --- 
Saturated Zone Drainage Time Constant 5x10-7 to 5x10-8 s-1 

 

Nash-Sutcliffe Efficiency (NSE) and PBIAS were computed to quantify the model 
accuracy:    

𝑃𝐵𝐼𝐴𝑆 = �∑ �𝑥𝑚𝑜𝑑𝑒𝑙,𝑖−𝑥𝑜𝑏𝑠,𝑖�𝑛
𝑖=1

∑ (𝑥𝑜𝑏𝑠)𝑛
1=1

� × 100    (4.5) 

𝑁𝑆𝐸 = 1 − ∑ �𝑥𝑜𝑏𝑠,𝑖−𝑥𝑚𝑜𝑑𝑒𝑙,𝑖�
2𝑛

1=1

∑ �𝑥𝑜𝑏𝑠,𝑖−𝑥𝑜𝑏𝑠�������2𝑛
1=1

    (4.6) 

where n is the number of timesteps analyzed; 𝑥𝑜𝑏𝑠,𝑖 and 𝑥𝑚𝑜𝑑𝑒𝑙,𝑖 are the observed and 
modeled data at day i, respectively; and 𝑥𝑜𝑏𝑠�����  is the mean of the observed data.  A PBIAS 
value of zero is a perfect score while a negative PBIAS indicates the model over-predicts 
flow on average, and a positive PBIAS indicates the model under-predicts flow on 
average.  NSE is useful in determining whether a model is better at predicting flow than 
the observed mean flow.  Values of NSE range from -∞ to 1.  A value of 1 indicates a 
perfect match of simulated to observed, values above 0 indicates the model simulation is 
a  better predictor than the mean of the observed data, and negative values indicate the 
observed mean is a better predictor than the model. 
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4.2.3 Evaluation of the Drainage Time Constant Parameter 

The highlighted values in Table 4.3 show which simulation had the best statistical 
value for each year and each test for the various DTC scenarios. The drainage time 
constant of 1x10-7 s-1 shows the best results year to year for a daily NSE, but not for 
PBIAS. This could be from other scenarios over-predicting some years and then under- 
predicting others causing the average to be closer to zero. It also could have large over- 
prediction and large under-prediction in the same year at different times, similar to the 
5x10-6 s-1 drainage time constant. For example, fast drainage during a rainfall event could 
cause over- prediction and then be followed by a period of little to no drainage as the 
hydrograph sharply returns to baseflow leading to under-prediction in the same rainfall 
event.  

Overall the DTC of 1x10-7 s-1 model performed “satisfactory” for both NSE and 
PBIAS using the Moriasi et al. (2007) recommendation of NSE >0.50 and the PBIAS 
±25%.  Considering the simulation proceeded with little calibration and that the model 
was parameterized with available data, the fit of observed to modeled data was 
considered quite reasonable.   

Table 4.3: Drainage time constant values for daily tile flows at TC242 using NSE and 
PBIAS statistical tests.  The highlighted values show which simulation had the best 
statistical value for each year and each test for the various DTC scenarios. 

Year 

Daily NSE  

Drainage Time Constant (s-1) 

Daily PBIAS 

Drainage Time Constant (s-1) 

5 x 10-6 1 x 10-7 5 x 10-8 5 x 10-6 1 x 10-7 5 x 10-8 

2005 -0.51 0.73 0.70 -13.41 1.57 14.00 

2006 -0.12 -0.14 -0.15 76.51 78.02 77.95 

2007 -0.22 0.68 0.47 21.43 23.62 32.75 

2008 -7.09 0.22 0.70 -38.13 -10.88 0.01 

2009 -0.37 0.54 0.44 31.58 34.50 39.18 

2010 -0.59 0.81 0.62 17.13 22.39 28.46 

2011 0.53 0.83 0.75 23.85 28.46 32.09 

2012 -1.16 -0.41 0.19 -52.96 -45.60 -42.12 

Mean -1.12 0.67 0.62 12.4 20.7 30.66 
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As the drainage time constant increases, the predicted surface runoff increases, 
subsurface flow decreases, and total watershed outflow decreases (Table 4.4). The 
sensitivity of the simulation to changes in DTC is such that as the DTC increased from 
5x10-6 s-1 to 1x10-7 s-1 the amount of subsurface flow over the simulation period increase 
by 11% while the surface flow decreased by 78%. 

The impacts of the DTC on the subsurface hydrographs are illustrated in Figures 4.17 
to 4.19.  As expected, when the DTC is larger (greater drainage capacity), the peak flow 
from the drainage system is increased (Figure 4.17-4.19). The largest DTC had greater 
peak daily drain flow than the measured flow. Although the drainage flow and peak drain 
flow increase with greater DTC, the amount of surface runoff is decreased (Table 4.4).  
The peak drain flow with a DTC of 1x10-7 s-1 is about 6-7 mm (0.25 in/day) per day, 
which is similar to the measured peak drain flow. With a DTC of 5x10-6 s-1 the peak drain 
flow is about 15 mm (0.60 in/day). For comparison, a modern drainage design coefficient 
might be in the range of 9.5 mm/day to 12.7 mm/day (0.375-0.5 in/day) for a system with 
minimal surface intakes. 

 

Table 4.4: Total flow breakdown of surface and subsurface flow for various drainage 
time constants (DTC)  

Drainage Time 
Constant (s-1) 

Surface Flow 
(mm and %) 

Subsurface Flow 
(mm and %) Total Flow    (mm) 

    5 x 10-6 3.6   (0.2) 1567.5   (99.8) 1571.1 

    1 x 10-7 16.2  (1.1) 1410.8   (98.9) 1427.0 

    5 x 10-8 32.7 (2.6) 1246.4   (97.4) 1279.1 
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Figure 4.17: Daily subsurface flow and daily precipitation for various DTCs for 2005. 
“Actual flow” is the observed flow from the tile outlet of TC242.   

 

 

Figure 4.18: Daily subsurface flow and daily precipitation for various DTCs for 2007. 
“Actual flow” is the observed flow from the tile outlet of TC242. 
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Figure 4.19: Daily subsurface flow and daily precipitation for various DTCs for 2011. 
“Actual flow” is the observed flow from the tile outlet of TC242. 

 

4.2.4 Drainage Scenarios  

The effect of drainage extent on the outflow hydrograph was explored using a DTC of 
1x10-7 s-1 for drained conditions in TC242. Three drainage scenarios were considered: 
partial drainage where upland soils were left undrained to simulate common practices; an 
all-drained scenario where the watershed was drained regardless of soil type; and no 
drainage.  The same land use was used for all scenarios.  

Cumulative annual surface, subsurface, and total flows for the TC242 watershed 
shows that the fully drained scenario has the lowest surface runoff and the non-drained 
scenario has the largest surface runoff (Table 4.5).  As one would expect, the fully 
drained scenario had the most subsurface flow.  The non-drained scenario produced less 
total flow, most likely due to more subsurface storage available from the surface level to 
the level where the tiles would be installed.  

The partial drainage scenario showed the best fit statistically to the observed tile flow 
for the study period (Table 4.6).  The model output from the undrained scenario was not 
compared with the measured data because the observed flow is subsurface flow from the 
drainage system.  
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Table 4.5: Total flow breakdown of surface and subsurface flow from the model for 
drainage type scenarios 

Drainage Type Surface Flow (mm 
and %) 

Subsurface Flow 
(mm and %) Total Flow    (mm) 

Partially Drained 16.2   (1.1) 1427.0   (98.9) 1427.0 
Fully Drained 10.8   (0.7) 1505.5   (99.3) 1516.3 
Non-Drained 1166.8   (100) --- 1166.8 
 
 
Table 4.6. Drainage type statistical values considering daily flow of TC242 using NSE 
and PBIAS statistical tests.  

Year 
Daily NSE  

Drainage Type 
Daily PBIAS 

Drainage Type 
Partial Full Partial Full 

2005  0.73  0.49 1.57  -9.7 
2006  -0.14  -0.18  78.02  79.0 
2007  0.68   0.60  23.62  20.4 
2008  0.22  -0.77  -10.88  -26.6 
2009  0.54  0.46  34.50  32.2 
2010  0.81  0.80  22.39  17.4 
2011 0.83  0.84  28.46  22.7 
2012  -0.41  -0.97  -45.60  -51.8 
Mean  0.67  0.48  20.7  14.7 

 

Hydrographs of total flow (combined surface and subsurface flow) from the model 
for the partially drained, fully drained, and no drainage scenarios are shown in Figures 
4.20-4.23 for 2005, 2007, 2008, and 2011, respectively. The hydrographs should be 
evaluated with the caveat that the observation is measured within the drainage main, and 
surface water runoff is not represented in the measured data.  This in part explains the 
under-prediction of flows during very intense precipitation (e.g. early June 2008; Figure 
4.22) which likely have large components of runoff.  Therefore, the observation at TC242 
is most useful for assessing the model during periods of low to moderate flow when 
subsurface drainage is the primary component.    

In the moderate to low flow years of 2005, 2007, 2011 (Figure 4.20, 4.21 and 4.23, 
respectively), there is little difference in the hydrographs from the partially drained and 
all drained scenarios.  The all drained scenario tends to have slightly higher peaks and 
wider hydrographs corresponding with the overall greater total outflow (Table 4.5).  In 
these same years, the undrained discharge is lower than both drained scenarios (and it 
should be noted, the observation). 

In the wet year of 2008, the undrained scenario had the highest peak daily flows 
(Figure 4.22).  Peak daily flows are about 2X higher in 2008 than other years.  The all 
drained scenario has overall more flow (wider hydrograph and higher peak) than the 
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partially drained scenario.  The partially drained scenario has the lowest peak of the three 
scenarios modeled. 

Figure 4.20: Modeled daily watershed discharge from TC242 and daily precipitation for 
various drainage scenarios in 2005.  “Actual flow” is the tile outflow only, observed for  
TC242. 
 
 

Figure 4.21: Modeled daily watershed discharge from TC242 for various drainage 
scenarios in 2007. “Actual flow” is the tile outflow only, observed for  TC242. 
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Figure 4.22: Modeled daily watershed discharge from TC242 for various drainage 
scenarios in 2008. “Actual flow” is the tile outflow only, observed for  TC242. 

 

 

Figure 4.23: Modeled daily watershed discharge and daily precipitation for various 
drainage scenarios in 2011. “Actual flow” is the tile outflow only, observed for  TC242. 
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4.3.5 Summary of Results:  Application of MIKE SHE at the Watershed Scale  

 The MIKE SHE modeling highlights the potential for using the model to simulate 
watershed scale hydrology.  Overall the model performed “satisfactory” with essentially 
no calibration.  As expected, as the DTC increases more water is routed through the 
subsurface drainage network and surface water runoff is reduced.  As the area assumed to 
be drained increases, subsurface drainage increases and the surface runoff decreases. 
Also, for conditions without subsurface drainage, surface runoff increases dramatically 
but the overall flow is less. Specific conclusions are: 

• Although drainage may increase overall surface flow on an annual basis, 
drained conditions may produce a lower peak flow than the undrained 
conditions for very high intensity events; 

• In normal to dry years, a drained watershed likely produces more discharge 
than it would under undrained watersheds.   

This work suggests that the impact of drains at the watershed scale can vary with 
precipitation events that vary in amount and intensity.  In that way, they are similar to 
those from the field- scale modeling discussed in Chapter 3.  

 The availability of tile flow observations made TC242 an attractive study site; 
however, the absence of surface runoff observations prevented the evaluation of the 
accuracy of modeled discharge during very large rainfall events.  Future work with the 
MIKE SHE will ideally include a watershed with multiple observations of watershed 
fluxes from all hydrologic components (surface, subsurface, and runoff).  
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4.4 Application of HydroGeoSphere model at the Watershed Scale  

For the final modeling analysis, we applied a physically based, fully coupled 
surfacewater/groundwater, 3D finite element model called the HydroGeoSphere (HGS; 
Therrien et al., 2012).  The model represents all flow partitioning mechanisms and 
quantifies spatial and temporal heterogeneous water fluxes by simultaneously solving the 
flow and transport equations in surface, tile drain, and groundwater flow pathways and 
the exchanged fluxes between these systems.  HGS is one of the few models which fully 
integrate surface flow, subsurface flow, and solute transport and can solve partially 
saturated, fully integrated flow and transport equations (Li et al., 2008; Sudicky et al., 
2008; Therrien et al., 2012; Brunner and Simmons, 2012).  This integration allows the 
model to achieve a better representation of the whole hydrologic system in such a way 
that the water exchanges and feedbacks between subdomains are calculated internally as 
functions of the hydraulic conditions in all subdomains.  

 

4.4.1 HydroGeoSphere 

HydroGeoSphere concurrently solves the diffusion wave approximation of the Saint 
Venant equations for 2-D (areal) surface water flow and Richard’s equation for 3-D 
unsaturated/ saturated subsurface flow and 1-D tile drain flow.  Fully integrated sets of 
non-linear equations are linearized using Newton-Raphson schemes and are solved 
iteratively at each time step.  A simultaneous solution is crucial for precise representation 
of mutual interactions between surface, subsurface and tile domains. 

 Flow in tile drains is based on the analogy of channel flow and a laminar flow regime 
is assumed.  The general equation of continuity for flow in an open channel i.e. a drain is 
defined as (Dingman, 1994): 
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where Q is the discharge [L3T-1], Q’ specified fluid flow in or out of the drain location at 
location l’[L3T-1], δ(l-l’) is the Dirac delta function, qn is the rate of lateral inflow or 
outflow per channel length [L2T-1], l is the distance along the drain, and A is the cross-
sectional area (MacQuarrie and Sudicky, 1996).  

 Keeping the width of the channel constant and varying the depth of the fluid, the 
equation can be rewritten as: 
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 Q is a function of fluid depth, pressure gradient, channel slope and roughness and 
fluid properties. The assumption of laminar flow regime results in: 
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  Additionally assuming a rectangular section, the drain conductivity is approximated 
as: 
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where the fluid density can be a function of the concentration Ct of any given solute in 
the tile drain [M L-3], such that ρ = ρ(Ct) (Dingman, 1994). 

 With all the above assumptions, 1-D transient flow equation for a tile drain is 
(Therrien et al., 2012): 
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 The right hand side of equation 4.10 shows the change in fluid storage in the drain 
with respect to changes in the fluid level.  When fluid compressibility is ignored, this 
term vanishes and the drain is submerged (that is top of the drain is below the water 
table).  When the drain is above the water table, and there is an inflow Q’ specified at one 
end of the drain, if the specified flow rate is not sufficient to maintain a positive ψ’ along 
the entire length of the drain, the drain conductivity will be zero.  For special cases where 
flow from the drain to the surrounding unsaturated matrix is restricted due to clogged 
openings in the drain wall, in order to consider the non-zero depth of fluid along the 
drain, the ψ’ value in the simulation is kept above a certain minimum limit such as 0.01w.  
Based on Equation 4.10, the tile drain module uses common node coupling approach to 
integrate the tile elements with the subsurface media and compute the lateral flow 
between tile drains and surrounding soil (Yue, 2010).  

 More detailed information on the numerical implementation of tile drain flow in the 
HydroGeoSphere code can be found in MacQuarrie and Sudicky (1996) and Therrien et 
al. (2012). 

 

4.4.2 Site Description 

 The computational expense of modeling the complex interactions between surface 
water, groundwater and tile drains, especially dense artificial drainage networks, is 
currently prohibitive at large watershed scales.  For this reason, we chose the small (1.6  
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km2) TC242 subwatershed (Figure 4.15, 4.16) as the representative modeling area in our 
simulations (See Section 4.3.1 for further description of the study site).  The outlet of the 
county tile is 30 cm (12”) in diameter; old tile mains are clay or concrete with joints at 
every 30-90 cm (12”-36”); and the location of field tiles (usually 10-15 cm (4”-6”) in 
diameter), which are joined to the mains, are not known (D. James and K. Cole, USDA-
ARS, verbal communication).  

 

4.4.3 Model Setup 

 The conceptual model for TC242 includes intermittent streams, surface runoff, 
variably saturated groundwater flow and the tile drainage network that functions as the 
main discharge route of the watershed other than surface runoff (Tomer et al., 2010).  The 
first step in setting up the HGS model is forming the 2-D surface grid.  The mesh 
generator Triangle (Shewchuk, 1996, 2011; Therrien and Graf, 2012; Heinzer et al., 
2012) was used to perform this step.  Watershed boundaries, streams, and tile drainage 
network, defined in ArcGIS as feature classes, are input into the mesh generator Triangle 
which creates meshes, Delaunay triangulations and Voronoi diagrams from 2-D point 
distributions.  Surface elevations for the surface grid were extracted from a 3 x 3 m 
digital elevation model (DEM) downloaded from 
USGS http://nationalmap.gov/viewer.html website (Figure 4.24).         

 The 3-D model domain is created by draping the 2-D surface flow grid (with assigned 
land surface elevations) over the subsurface 3-D mesh through coincident nodes in the 
surface grid and the top of the subsurface mesh (Therrien et al., 2012).  The groundwater 
flow domain for our model extends down to 330 m elevation (AMSL) and includes the 
Dows Formation, a till of Late Wisconsinan age which comprises an aquitard supporting 
a shallow water-table flow system that discharges to tile drains and surface water.  The 
surficial aquifer modeled includes Wisconsinan till Morgan and Alden formations.  The 
related K values are 4.5 x 10-6m/s for the oxidized till and 1.2 x 10-7 m/s for the deeper 
unoxidized till (Simpkins, 2006a). 

 Considering the uncertainty about the true location and quantity of field tiles and the 
difficulty of explicitly modeling field tiles at large catchment scale, we carried out two 
major groups of simulations that differ in representation of tiles in the HGS.  The first 
simulations explicitly model only the tile mains with the assumption that they follow the 
natural topographic drainage pattern and are located at 1 m depth (Figure 4.25).  The field 
tiles, whose locations are unknown, are included in the model as a high conductivity layer 
that is placed beneath the explicitly modeled tile network and extends over the entire 
watershed.  The second simulation includes explicit modeling of both tile mains and field 
tiles, with the assumptions made about the location of the field tiles (Figure 4.26).  

  In all simulations, the boundary condition for the drainage subbasin has been set as 
the critical depth boundary condition at the outlet.  The tile outlet is also set to critical 
channel depth boundary condition to allow the drained water to discharge.  All the other 
boundaries are left at the default option which is a no flow boundary.  

http://nationalmap.gov/viewer.html
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 Figure 4.24: TC242 tile drainage basin model area. 

 
Figure 4.25: 2-D mesh for TC242 drainage basin with refinement along tile mains. 
 

 
Figure 4.26:. 2-D mesh for TC242 drainage basin with refinement along the tile drainage 
system. 
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4.4.3 Model Simulations 

 A rainfall event occurring on 10 September 2006, lasting 26 hours with 73 mm of 
rainfall received near the tile gauges, was modeled.  The cumulative discharge at TC242, 
expressed on a unit area basis, was recorded as 1.92 mm with 0.46 mm from surface 
runoff and 1.46 mm from tile discharge (Tomer et al., 2010).     

 

Explicit Representation of Tile Mains and High K Layer 

 The 2-D mesh created by Triangle mesh generator had 4,769 nodes, 9,170 triangular 
elements with 4 m segment lengths along the explicitly modeled 0.1 m diameter tile 
mains located at 1 m depth. The 3-D simulation domain (90,611 nodes; 165,060 
triangular elements) was generated from the 2-D mesh by addition of 18 subsurface 
geological layers.  A high conductivity layer of 2 x 10-4 m/s (that resulted from manual 
calibration) was placed at 1 m depth to represent the field tiles.  In order to reach 
adequate initial conditions in the model, a simulation was run in which the watershed was 
drained for 1 year after applying a single storm event.  Then, starting with the hydraulic 
heads derived from this initial simulation, the model was executed for the target 
September 10th, 2006 rainfall event. 

 The range of simulated hydraulic heads and depths to water-table (between 0.2-2.6 m) 
are plausible (Figure 4.27, upper left and lower left panels). In the same way, the 
simulated saturation levels in the range of 0.5 to 0.95 are reasonable and in agreement 
with the wet season field observations (Figure 4.27, upper right panel).  The saturation 
levels are lowest where tile drains are placed beneath the intermittent stream network, 
indicating that the modeled tiles are draining the system.  

 Although the water balance errors were quite high, the peak surface discharge, 
approximately 0.054 m3/sec (Figure 4.27, lower right panel) compares well to the 
observed peak value of 0.02 m3/sec.  The timing of the peak of the hydrograph illustrates 
the lag due to response of the drainage system that would be expected under normal 
circumstances.  

 It is important to note that the tile module of the HGS model was still undergoing 
development and revision during this study.  Further, manual calibration conducted here 
included only the K values of the additional high permeability layer, and further work 
needs to consider calibration of other hydrogeological units. Nonetheless, the results 
obtained here demonstrate that the model, even in its current form, is capable of 
promising results.  
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Figure 4.27: Results of simulations with explicitly modeled tile mains and high K layer: 
hydraulic head (upper left), water table depth (lower left), soil saturation (upper right) 
and surface discharge hydrograph (lower right). 

  

Simulations with Explicit Representation of Whole Drainage Network 

 The 2-D mesh created by the Triangle mesh generator has 9,236 nodes, 18,117 
triangular elements with 5 m segment lengths along the explicitly modeled tile drainage 
system. The 3-D simulation domain (175,484 nodes; 326,106 triangular elements) was 
generated from the 2-D mesh by addition of 18 subsurface geological layers. For these 
simulations, the modeled tile drainage network consists of 0.1 m diameter field tiles 
placed at variable elevations giving adequate slope to discharge them to 0.3 m diameter 
drainage district mains located at 1.3 m depth following the natural topographic drainage 
pattern of streams.  

 Similar to results above, the simulated hydraulic heads (Figure 4.28, upper left panel) 
and depths to water-table (Figure 4.28, lower left panel) with explicit representation of  
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the tile drainage network are reasonable and consistent with the field observations during 
wet season. Furthermore, the simulated saturation levels (Figure 4.28, upper right panel) 
are much lower, proving that field drainage is being simulated when explicitly modeling 
the field tiles.  

 The addition of field tiles increased the water balance errors in the model, making it 
difficult to assess utility and realism of the explicit field tile representation.  Our 
experience suggests that in this particular case, the addition of field tiles brought 
additional numerical instability to the solution.  Further work is needed to improve tile 
representation and model calibration in order to reduce the water balance errors.         

  

  

Figure 4.28: Results of simulations with explicitly modeled tile drainage system: 
hydraulic head (upper left), water table depth (lower left), soil saturation (upper right) 
and discharge hydrograph (lower right). 
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4.4.4 Summary of Results: Application of HydroGeoSphere at the Watershed Scale 

 Although the HGS models for TC242 have very short computation times with nearly 
zero water balance errors without the tile module, the results with the addition of tile 
drainage system into the model suffered from large water balance errors. We have been 
working with Dr. Rene Therrien and his Ph.D. student Guillaume De Schepper on 
improvement of the results by adding modifications to the tile layer elevations and related 
vertical layers.  However, we have been unable to correct erroneous tile elevations that 
result when the tile layer is imported into the model, which results in changes in slope 
and tile angle along the drainage path.  We also believe that additional work is needed to 
properly define the tile boundary condition to eliminate unrealistic tile flow results.  

 We conclude, therefore, that the ability of models to to explicitly simulate the 
hydrology of tiles at the watershed scale is still lacking and likely in its infancy.  
Although great strides have been made within the HGS, we found that there are 
limitations in this model for large, complex watersheds, particularly with respect to 
topographic relief.  We do believe the HGS model deserves further attention because 
distributed physically-based and physically-explicit models offer the best path forward in 
modeling complex hydrologic interactions (including the effect of tile drainage).   

 Future work using the HGS model should explore the two different representations of 
the tile drainage network tested here: one with explicitly modeled tile mains and a high K 
layer for field tiles, and another that explicity models the entire drainage system.  Both 
pathways would allow us to evaluate an efficient approach to extend the scale (“scale-up) 
to a larger watershed.     

 
 
4.5 Major findings of watershed scale modeling studies 

DRAINMOD and the watershed-scale models showed results for tile drainage effects 
in the watershed as a whole and for specific methods of modeling tile drainage in 
watersheds.  For the impact of tile drainage at the watershed scale, we conclude that: 

• The DRAINMOD catchment model suggests that for very intense rainfall events, 
the effect of subsurface drainage on peak flows is insignificant because surface 
runoff dominates.  The MIKE SHE simulations show a slight different result and 
indicate that peaks for very large storms are reduced under drained conditions. 

• The DRAINMOD model suggests that the addition of subsurface drainage can 
also decrease peak flows for low to moderate sized rainfall events.  The greater 
the amount of tiling, the more visible the reduction is at the outlet.  The MIKE 
SHE simulations suggest the opposite and show that peaks from low to moderate 
sized precipitation events are larger under drained conditions.  

• MIKE SHE simulations also suggest that the annual watershed outflow and 
discharge during low flow periods are higher under drained conditions.  
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• Hydrograph results from the DRAINMOD simulations for the All Undrained 
scenario are flashier than those scenarios with tile drainage.   

One reason for the contrasting results from DRAINMOD versus MIKE SHE could be 
due to depressional storage that MIKE SHE takes into account, but DRAINMOD might 
not be able to completely capture.  Further analysis of these two models at the watershed 
scale is needed to better understand and compare how each performs for modeling tile 
drained systems in Iowa.   

 

For our evaluation of modeling tiles at the watershed scale, we conclude that: 

• The DRAINMOD field-scale model has been proven effective over the previous 
30 years of research.  Despite the simplifications, the combined DRAINMOD and 
routing models applied at the watershed scale adequately capture hydrograph 
responses at the CCW outlet.  
 

• The uncalibrated MIKE SHE model performed satisfactorily in reproducing 
watershed discharge for TC242 and for exploring the impact of tiling on 
watershed response.  Site specific calibration, particularly to a watershed with a 
more complete set of flux observations, may enhance the model results.   
 

• HGS holds great promise for elucidating the impacts of tile drainage system on 
the hydrology and should be considered for future studies of this type.  
Improvements in the HGS model in the near future will allow it to realize its full 
potential as a watershed-scale hydrologic model.   
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Chapter 5 
 Quantifying the Tile Drainage Contribution to Peak Flow Using Stable Isotopes 

 

 

5.1 Introduction 

The hypothesis that groundwater, surface water, tile drainage water, and precipitation show 
unique isotopic signatures that can be used to distinguish and quantify the relative contribution of 
each to stream water during peak flows was tested (Morrison, 2014).  Water from all four 
components was sampled from multiple points in the South Fork Watershed from August 2011 
to July 2013 and analyzed for stable isotopes (H and O).  Hydraulic head, precipitation, tile and 
limited stream discharge measurements were also collected to characterize the hydrology.   

 

5.2 Study Area and Data 

The study area is the South Fork watershed (Figure 5.1) discussed previously in Section 
4.3.1.    

 

Figure 5.1: Location of the South Fork watershed in Iowa including groundwater, surface water, 
tile water, and precipitation sampling sites.   

  

5.3 Methods  

Water-levels were measured and groundwater samples obtained on a monthly basis from the 
piezometers from October 2011 to late July 2013.  Water levels were measured with an electric  
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water-level tape to a precision of 0.01 ft and converted to hydraulic head using top-of-casing 
elevations surveyed to absolute mean sea level (Sawyer, 2010).  The shallowest hydraulic head 
in each nest was assumed to represent the position of the water table.  After the water-level 
measurement, groundwater was sampled from a dedicated polyethylene sample tube using a 
peristaltic pump.  The groundwater in the piezometer was pumped for five minutes 
(approximately three times the well volume at maximum pumping rates) to ensure that fresh 
formation water would be sampled.  Groundwater for stable isotope analysis was sampled and 
preserved in 20 mL polyethylene scintillation vials at 4 °C until analysis.   

Surface water, tile water, and precipitation samples were collected weekly by the NLAE in 
conjunction with their ongoing research in the watershed and catalogued according to their 
laboratory protocols.  Grab samples were taken from stream water (sites SF400, SF450, TC323, 
BC350;) and tile water (TC241, TC242).  Precipitation samples were collected from a 
precipitation collector (TC240) or from a standard rain gauge (SF400)(Figure 5.1).  Samples 
were collected after a precipitation event.  

Stable isotopes (reported as δ2H and δ18O) for all 734 samples were analyzed using a Picarro 
L1102-i Isotopic Liquid Water Analyzer with autosampler and ChemCorrect software in the 
SIPERG Stable Isotope Laboratory in the Department of Geological and Atmospheric Sciences 
at Iowa State University.  Each sample was measured a total of six times.  Only the last three 
injections were used to calculate mean isotopic values in order to account for possible memory 
effects.  Reference standards (OH-1, OH-2, OH-3) were used for isotopic corrections, and to 
assign the data to the appropriate isotopic scale.  At least one reference standard was used for 
every five samples.  All isotope results are presented in standard δ notation, a representation of 
the deviation from Vienna Standard Mean Ocean Water (VSMOW). 

 𝛿 = �𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

� ∗ 1000‰     (5.1) 

where: 

 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 = � 𝐻2 𝐻1� �
𝑠𝑎𝑚𝑝𝑙𝑒

  or  𝑅𝑠𝑎𝑚𝑝𝑙𝑒 = � 𝑂18 𝑂16� �
𝑠𝑎𝑚𝑝𝑙𝑒

 (5.2) 

and 

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is the ratio in the VSMOW standard (Gat et al., 2001).  The combined uncertainty for 
all samples (analytical uncertainty and average correction factor) was ±0.36‰ and ±0.06‰ for 
δ18O and δ2H, respectively. 

 Stable isotopes of water are typically plotted against a local meteoric water line (LMWL) to 
enable identification of areas where hydrologic or atmospheric processes change the isotopic 
composition of meteoric water.  Many precipitation samples representing all seasons are 
typically needed to develop a LMWL.  Although both criteria are met for this data set, samples 
were not preserved to prevent evaporation and sampling immediately after precipitation events 
was not possible.  This may have allowed evaporation to alter the isotopic composition of the 
sample.  Due to this complicating factor, the LMWL developed for Ames, IA:  
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𝛿2𝐻 = 7.89 ∗ 𝛿18𝑂 + 9.67     (5.3) 

which is 48 km from the watershed, was used (Simpkins et al., in review). Values of δ2H and 
δ18O from precipitation samples from South Fork largely plot on the LMWL for Ames (Figure 
5.2), suggesting that the Ames LMWL is a suitable surrogate for a local South Fork watershed 
LWML.  Samples beneath the line suggest evaporation effects.   Sample uncertainties are 
reported in Appendix A of Morrison (2014).     

 

 

 

Figure 5.2: Precipitation samples collected in the watershed plotted against a local meteoric 
water line developed for Ames, IA by Simpkins et al. (in review). 

 

5.4 Results and Discussion  

5.4.1 Drought 

Although the goal of this project was to explore the effect of tile drainage on peak flow 
events, drought conditions predominated the study period.   The official drought dates were early 
August 2011 through May 6, 2013, with the drought reaching ‘extreme’ stage in August 2012 
(Figure 5.3).  The first water samples were collected in late August 2011.  Normal conditions 
were present from May 7, 2013 through the end of sampling on July 31, 2013.  The definition of 
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these two periods enables easy comparison of the hydrologic systems during two distinct 
hydrologic periods.  Only 7.54 cm of rainfall was recorded at Site TC240 (Figure 5.1) in July and 
August 2012, and the City of Eldora, IA, located near the mouth of the watershed, received 16 
inches less precipitation in 2012 than in the previous 30-year period (Figure 5.4).   

 The water-table elevation responded to the lack of rainfall and groundwater recharge during 
the drought.  (Figures 5.5, 5.6).  At most sites, the water table dropped below the tile drains 
during this entire period, suggesting that groundwater was not contributing to the tiles at those 
locations.  However, because field observations indicate tile flow during this period, we presume 
that the water table and tiles intersected in lower elevations on the landscape.  The water table 
rose in the spring of 2012, coinciding with two weeks of non-drought conditions and increased 
precipitation in the watershed.  However, the water table quickly declined as the summer 
progressed and the drought reached ‘extreme’ stage.  The water table rebounded in the spring of 
2013 as hydrologic conditions returned to normal (Figure 5.6). 

 

 

 

Figure 5.3: Progress of the Drought of 2012 and drought severity in the South Fork watershed 
from May 2011 to August 2013.  Data compiled from the U.S. National Drought Monitor 
(http://droughtmonitor.unl.edu). 
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Figure 5.4: Monthly precipitation for 2012 and the 30-year mean from Eldora, IA, located near 
the mouth of the watershed (Figure 5.1).  

  

  

Figure 5.5: Water-table elevation at Site D through 2012.  Location on Figure 5.1.  
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Figure 5.6: Water-table elevation at Site E during the study period.  Location on Figure 5.1.  

 

 

5.4.2 Evidence of Evaporation 

Samples from tile water and groundwater mostly adhered to the LWML; however, 
nonequilibrium isotope effects attributed to evaporative processes were observed in surface 
water samples (Figure 5.7).  The nonequilibrium effect is visible on a δ18O-δ2H graph where 
samples plot on a line of lower slope than the LMWL.  In a low-humidity environment, which 
characterized the peak of the drought in July and August 2012, fractionation between the liquid 
water and water vapor phases is maximized (Gonfiantini, 1986).  This trend is the result of 
evaporative processes enriching the closed-source surface water system in 18O, by moving 16O 
preferentially to the vapor phase (Rózanski et al., 2001).  Surface-water samples from July and 
August 2012 plot on a line with a slope of 4.4 (Figure 5.7): 

𝛿2𝐻 = 4.4 ∗ 𝛿18𝑂 − 15.8      (5.4) 

This closely matches work by Gat (1971), who found that for a relative humidity of 25%, a slope 
of about 4 would be expected.  Slopes of 4 to 6 generally define what is called an “evaporation 
line” in the literature (Clark and Fritz, 1987).  
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Using the trend of the evaporative water, it is possible to trace surface water backwards to its 
source composition on the LWML, which could be groundwater, tile water, or earlier surface 
water that was ponded.  Most importantly the evaporative trend in the surface water suggests that 
no significant input of water from tiles or groundwater occurred to streams during the drought 
period.  This is corroborated by field observations of standing pools of water with very little 
downstream movement in the streams and creeks (J. Nichols, written communication, 2013).  
Tile drains continued to flow all summer, but evaporative signatures are absent from tile 
drainage water and groundwater samples.  It should be noted here that tile drainage water could 
also contain evaporative signatures if they are fed exclusively by surface water ponded in fields 
prior to drainage by surface intakes.  However, this was not the case during the drought period. 

 

Figure 5.7: Isotopic data plotted against a LMWL developed for Ames, IA (Simpkins et al., in 
review).  Surface water samples in the summer of 2012 follow an evaporative trend line 
described by equation δ2H = 4.4 * δ18O – 15.8. 

 

5.4.3 Source of Tile Drainage Water 

The drought afforded an opportunity to observe the changes in the source of tile water under 
increasing soil moisture deficits. Samples of δ18O in groundwater, surface water, and tile 
drainage water in the Tipton Creek wastershed were collected in close physical proximity to the 
two tile outlets (at the location of TC240, Figure 5.1) and plotted as a time series (Figure 5.8).   

-25 -20 -15 -10 -5 0 5 10
δ18O (‰) VSMOW

-200

-150

-100

-50

0

50

100

δ2
H

 (‰
) V

S
M

O
W

Key
Precipitation
Surface Water
Tile
Groundwater
LMWL
Evaporative Trend



Hydrologic Impacts of Drainage Systems June 2014 
Page 109 

 
 

 

The analysis period (November 2011 through August 2013) encompasses most of the drought, 
including its peak in August 2012.  Precipitation  δ18O values varied significantly above and 
below mean values of surface water, tile water, and groundwater, indicating the seasonal nature 
of the precipitation signal in this region (Simpkins et al., in review).  Although isotopic 
compositions of surface water, tile water, and groundwater samples overlap significantly early in 
the sampling period, a divergence in their isotopic composition occurred began in early July 
2012 (Figure 5.8).  Isotopes in surface water followed an enrichment trend in δ18O (shown 
previously in Figure 5.7), resulting in a separation of the isotopic signatures of surface water and 
tile water.  Tile water, the only significant input to surface water systems during this time, is 
interpreted to be the starting isotopic composition.   

 

Figure 5.8: Time series showing δ18O values from November 2011 to August 2013.  The 
evaporative trend seen in Figure 5.7 is indicated by the excursion of surface water samples 
towards less negative δ18O values in July and August 2012. 

 

In contrast, tile water during this period does not follow an evaporative trend, but becomes 
increasingly depleted (more negative) in δ18O values.  The isotopic signature of the nearest 
piezometer nest (Site I, Figure 5.1) suggests that the isotopic composition of tile water is 
approaching that of shallow groundwater.  This relationship suggests that groundwater is feeding 
the tile drains during the drought.  Because the tile drains are likely above the water elevation in 
most of this subwatershed (Tipton Creek), we suspect that the interaction of groundwater and tile 
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drains is only occurring at the lowest elevations of the watershed where the two are still in 
contact.    

These relations provide insight into the function of tile drainage under these extreme 
hydrologic conditions.  As mentioned previously and discussed in Chapters 2 and 3, sources of 
water to tile drains include groundwater, surface intakes, and saturated macropore flow (Figure 
2.1).  Under normal hydrologic conditions there is considerable separation of δ18O values among 
sources (Figure 5.9).  In contrast, isotopic compositions of groundwater, surface water, and tile 
water all overlap during the drought period (Figure 5.10).  Fortunately, with very little 
precipitation input to the watershed, two of those water sources were not active, leaving 
groundwater as the remaining input.  When other sources ceased contributing to the tile drains, 
shallow groundwater began to dominate the isotopic signature of tile water.   

Data from Figures 5.9 and 5.10 suggest a conceptual model of isotopic composition in tile 
drainage water in which the drought represents one hydrologic extreme and flooding (peak flow) 
represents the other extreme.  Allowing for mixing between groundwater input to tile drains, 
surface water intakes, and contributions from preferential flow paths, the isotopic composition of 
tile water should fall between the isotopic end members dominated by either groundwater or 
precipitation.  Our results seem to agree with this conceptual model, with tile drainage water 
shown to be as a mixture of groundwater and precipitation (Figure 5.11).  Lack of specific tile 
discharge data prevented quantitative analysis of this conceptual model, but the model for normal 
conditions is consistent with the work of Schilling and Helmers (2007), who suggested that 
groundwater contributed to contributed about 75% of tile drainage discharge during a three-day 
storm event.   

 
 

Figure 5.9: Box-and-whisker plot for the normal hydrologic period. Medians are shown by the 
girdled value and end of the box shows quartile values.  In contrast to the drought period, each 
hydrologic component has statistically different median δ18O value. 
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Figure 5.10: Box-and-whisker plot for the drought period.  There is no statistically significant 
difference in median δ18O values among groundwater, tile water, and surface water.   
 
 

 

 
 
Figure 5.11: Diagram of the conceptual model showing relative contributions of groundwater 
and precipitation to tile drainage under differing hydrologic conditions.  Drought and normal 
hydrologic conditions were observed during the study period; contributions to tile drainage 
during a flood (peak flow) event are predicted for those conditions and have not been observed 
directly. 
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The drought end member of this continuum consists of tiles fed predominantly by 
groundwater (Figure 5.11).  We hypothesize that as precipitation inundates the hydrologic 
system during a flood, tile drainage should become dominated by the precipitation/surface runoff 
signal.  Although no large-scale flood event occurred during the study period, a major 
precipitation event did occur in late May 2013.  A hydrograph from the South Fork River (Site 
SF450, Figure 5.1) showed discharge of nearly 4000 cfs (113 m3/s; Figure 5.12) in late May 
2013, the highest flow observed during the study period.  This event caused some departure from 
the groundwater isotopic signature toward less negative δ18O values in both tile water and 
surface water (Figure 5.8), presumably a result of water ponded around and over surface intakes 
(Figure 5.13) and entering the tiles quickly. Continuous sampling during such events may be 
necessary to confirm the conceptual model for the flooding case.   

 
 

 
 
 
 

 
 

Figure 5.12: Discharge at site SF450 (Figure 5) from the South Fork of the Iowa River, 
downstream from the confluence with Tipton Creek.  The storm event in late May 2013 caused a 
dramatic increase in stream discharge, and the isotopic composition of tile and surface water 
separated from the groundwater composition. 
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Figure 5.13: Ponding around a surface tile intake (orange plastic pipe in center of photo) in the 
South Fork watershed after a large storm event (May 27, 2013).  This event caused the largest 
stream discharge during the study period.   
 
 
 
5.4.4 Isotope Hydrograph Separation 

The final project objective was to test the feasibility of using isotope hydrograph separation 
(IHS) methods to calculate tile drainage contributions to streamflow, under both normal and peak 
flow events.  Our ultimate goal was to use IHS as an alternative method of model calibration (see 
Krabbenhoft et al, 1990).  A fundamental requirement for IHS is a statistically significant 
difference in isotopic compositions between the different water sources, with larger differences 
leading to less uncertainty in the results (Kendall et al., 1999).  As observed in Figure 5.10, the 
δ18O values of different hydrologic components during the drought did not appear different from 
each other and strongly overlapped.  A nonparametric test of median difference (the Mann-
Whitney test; Mann and Whitney, 1947) does not support the null hypothesis that the isotopic 
composition of groundwater and tile water are significantly different (α=0.05, Table 5.1).  
Overlapping isotopic signatures likely prevent the application of isotopic hydrograph separation 
techniques under drought conditions. 

However, during normal hydrologic periods, δ18O values from the four components appear to 
be significantly different (Figure 5.9).  A Mann-Whitney test suggest significantly differences in 
the medians (α=0.05; Table 5.1).  Unfortunately, streamflow discharge measurements needed for 
the IHS were not available for the watershed in time for this report.  However, our results 
suggest that future efforts in IHS may work during normal hydrologic conditions.   
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Table 5.1. Statistical significance (α=0.05) of δ18O values from hydrologic components using a 
Mann-Whitney test of median differences under normal and drought conditions. S = Medians 
significantly different ; NS = Mediums not significantly different  

Normal Conditions       

 

Groundwater Surface Water Tile Water Precipitation 

Groundwater --- S S S 

Surface 
Water --- --- S S 

Tile Water --- --- --- S 

Precipitation --- --- --- --- 

     Drought Conditions       

 

Groundwater Surface Water Tile Water Precipitation 

Groundwater --- S NS S 

Surface 
Water --- --- S S 

Tile Water --- --- --- S 

Precipitation --- --- --- --- 

 

 

5.5 Summary of Conclusions for Isotope Studies 

We hypothesized that there were distinct isotopic signatures in water sourced from tile 
drains, surface water, and groundwater such that hydrograph separation could be used to quantify 
the relative contribution of each source to peak flows.  During the study period, hydrologic 
conditions changed from normal to ‘extreme drought’ stage and back again to normal conditions.  
By analyzing the hydrologic response of tile drains to these fluctuations, it was possible to tease 
out hydrologic relationships and interactions between these sources of water that may be less 
well defined under normal conditions.  

Results suggest that tile drainage water—which is often a mixture of surface intake water, 
saturated macropore flow, and groundwater under normal hydrologic conditions – consisted 
predominantly of groundwater during the drought.  During the peak drought period of the 
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summer of 2012, surface water, present as small pools in otherwise dry stream beds, was 
effectively a closed-system, leading to strong evaporative processes, resulting in preferential 
enrichment (evaporative signal) in δ18O of surface water.   Tile water, however, become more 
depleted in δ1O during this time and acquired a composition closer to that of groundwater.  
Because the water table in parts of the watershed was several feet below the mean tile drain 
depth during the drought, we hypothesize that groundwater in lower elevations in the watershed 
was the only water source feeding tiles at that time.  

During a precipitation and flood event in late May 2013 water pooled around surface intakes, 
stream discharge reached two-year peaks, and the tile water isotopic composition moved 
significantly away from groundwater towards the composition of precipitation.  These results 
suggest that precipitation feeding surface runoff to the surface intakes would be the dominant 
component of tile flow at these times, and that isotopic hydrograph separation may prove useful 
when peak flow occurs.   

  In summary, we conclude that isotope hydrograph simulation may prove useful to determine 
the tile drainage component of peak flow events and to calibrate hydrologic models.  More 
frequent, long-term sampling of all hydrologic components (i.e., groundwater, surface water, tile 
water, and precipitation) in a heavily monitored watershed during normal and peak flow 
conditions will be needed to further solidify the application of IHS to streams influenced by tile 
drainage systems. 
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Chapter 6 
Summary 

 
6.1 Summary  
 

A team of researchers from the two of Iowa’s Public Universities, The University of Iowa 
(UI) and Iowa State University (ISU), with complementary expertise in hydrology, hydraulics, 
drainage systems and watershed modeling, explored the impact of tile drainage on peak flows 
and watershed hydrology through a series of studies.  This investigation consisted of a literature 
review, synthetic modeling studies exploring the relationship between tile drainage and soil 
types, precipitation and drainage design, and hydrologic modeling of the Clear Creek watershed 
in eastern Iowa and the South Fork watershed in north-central Iowa.  Hydrologic models from 
field scale to watershed scale and of varying levels of complexity were used, including 
DRAINMOD, SWAP, MIKE-SHE, and HydroGeoSphere (HGS).  Stable isotopes of water (δ2H 
and δ18O) were used to better understand the contributions of tile drainage and groundwater to 
streamflow under varying flow conditions. 

 
 

6.1.1 Major Findings 
 
The hydrologic modeling studies produced consistent results overall.  The most common 

observation from the models at both the field and watershed scale is that streamflow peaks 
resulting from very intense rainfall events are reduced under tile drainage scenarios compared to 
undrained scenarios.  This reduction, however, is modified by the timing of precipitation and 
placement of drains.  The watershed-scale DRAINMOD simulations produced peaks flows for 
Clear Creek Watershed that were only marginally higher than the undrained conditions when the 
tiles were all placed near the watershed outlet.   Also, the reduction of peak flows under drained 
conditions was more dramatic for the MIKE SHE simulations in TC242 than the DRAINMOD 
simulations in Clear Creek for very large storms.  This could be due to differences in scale of the 
model application (TC242 watershed is much smaller than the Clear Creek Watershed) or the 
model structures (e.g., MIKE SHE directly accounts for depressional storage).  The work does 
highlight that any study that includes modeling of tile drains should carefully consider the 
modeling approach and scale chosen, as it may impact results.   

 

In the SWAP simulations, macropores were found to increase the rate at which water enters 
the subsurface, reducing surface flow and increasing tile flow.  Macropores are common in Iowa 
soils and are known to be a primary pathway for agricultural contaminants to tile drains and 
groundwater.   The isotope analysis supports this finding; for a moderate rainfall event that 
produced surface flooding in May 2013, the source for tile water was found to primarily be 
precipitation.   Knowing the relative contribution of water to tiles via macropores versus 
infiltration into the soil matrix is important to understanding the mechanisms by which peak 
flows are reduced under tiled conditions.  Soil drying accelerated by the presence of tiles may 
increase soil desiccation, thus supporting macropore formation and infiltration via these 
pathways. Accounting for the seasonality, morphology, and prevalence of macropores in the 
Iowa landscape will be important for any modeling study. 
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Results from the MIKE-SHE show that overall watershed output via streams is increased 

under tiled conditions.  One caveat on this is that the modeling work may not accurately reflect 
changes in plant transpiration due to poor drainage.  Under similar land uses the crop growth 
would be reduced with poor drainage which, in field situations, could reduce transpiration with 
the excess water potentially showing up in the streamflow.  Isotope studies show that during 
extreme drought periods, tile flow is dominated by groundwater.  Indeed, the tiles continued to 
run in the South Fork throughout the drought of 2012 while the streams themselves were dry.  
Under undrained conditions, it is likely that the streams would have been absent of all flowing 
water because the shallow groundwater flow system would not be contributing baseflow to the 
streams.  Both the MIKE SHE and isotope results suggest tile drains are likely tapping into water 
sources that would otherwise not be contributing water to the stream. 

 
 

6.1.2 Challenges 
 
We encountered two major challenges during the course of this study.  First, we entered a 

drought period shortly after this project started.  This prevented us from exploring the full range 
of hydrologic conditions in the isotope study.  While there is some indication that using isotopes 
in tiled watersheds may help determine source water for the tiles under varying conditions, it is 
less clear at this time whether isotopes will be useful in separating tile flow from surface and 
subsurface contributions to streamflow.   

 
The second challenge was the inability to get the Hydrogeosphere model (HGS) to properly 

converge when using the explicit tile drain component.  This component was and still is in the 
early stages of development and testing along with HGS at Laval University in Quebec, Canada.  
We see great potential of this model for improving the representation of tiles in watershed 
models, but at this time there are too many implementation challenges to make it feasible for its 
use in studies of large, topographically complex, and geological heterogeneous watersheds.   
 
 
6.2 Future work 

 
Future work should continue to explore HGS for hydrologic modeling of tiled watersheds, 

because it effectively eliminates the uncertainty regarding conceptualization, scale applicability, 
and parameterization of tile behavior in models such as SWAP, DRAINMOD and MIKE SHE.  
As fully-coupled, distributed-parameter models continue to advance, future examination of the 
hydrologic interactions between tile drains and other hydrologic components will continue in 
importance and should continue.  HydroGeoSphere, in particular, is very much under active 
development, with the recent formation of a private company to support its future growth and 
assist future users.  If the problems with model convergence can be solved, HGS holds great 
promise for improved understanding of watershed-scale effects based on small-scale interactions. 
Although it was not possible in this study, a comparison of these models in single, well observed, 
tiled watershed would be useful to better understand their accuracy and scale applicability.   

 



Hydrologic Impacts of Drainage Systems June 2014 
Page 118  

 

We did not specifically explore the effect of channel modifications on downstream flooding 
and we see this topic as needing additional focused study.  Tile drains are pipes that possess a 
limited capacity to transport water.  When full, they cannot contribute additional water to the 
storm flow.  However, straightened and cleared channels are able to transport water much faster 
than natural channels, which are sinuous and rough.   The effect of inundated tile outlets should 
also be considered in such as study.  

  
The effect of surface inlets on watershed response was not explored in this study.  Surface 

inlets may inject more water into the system faster than macropores because the latter are 
irregularly distributed in a field and with depth, whereas, the effective porosity of a vertical tile 
intake will always be larger and continuous.  This effect may be revealed through further isotope 
analysis if the surface intakes show a dominant precipitation signature that would indicate that a 
majority of water in the tiles is from surface runoff rather than water from the saturated zone or 
macropores.  But, as noted earlier, evaporative signatures could be present in surface intake 
water if ponding occurs for several days after a storm event. 

 
Major flood events in Iowa are unlikely to cease, and tile drainage continues to be updated 

and expanded across the state.  The relationship between flooding and tiling activity should 
continue to be explored and quantified.  Continued monitoring and sampling of multiple 
hydrologic variables on a state-wide basis, particularly with the intent of capturing and modeling 
a major flood event in a large watershed, is recommended for a future study on this topic. 

 
 
6.3 Outcomes/Products  
 
Student Theses 
 
Morrison, Alex K., 2013.  Investigation of the effect of tile drainage on peak flows using a distributed 
parameter hydrologic model and stable isotopes.  Iowa State University, Department of Geological and 
Atmospheric Sciences, 119 p. 
 
Sheler, Rebecca, 2013. The impact of agricultural drainage systems on hydrologic 
responses.  M.S. Thesis, University of Iowa. 

Sloan, Brandon, 2013. Hydrologic impacts of tile drainage in Iowa.  M.S. Thesis, University of 
Iowa. 

 
 
Conference presentations 
 
Simpkins, W.W., et al., 2012.   Tile Drainage: What ARE We at ISU Doing on This Project?  
Presented to the Iowa Water Conference, Session on Tile Drainage, March 6, 2012. 
 
Morrison, A. W.W. Simpkins, K.J. Franz, A.D. Wanamaker, Ö. Acar, M. Helmers, R.M. Cruse, 
2012. Using a physically based, coupled surface water/groundwater model to assess the 
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hydrologic impact of tile drainage in Iowa. Midwest Groundwater and Minnesota Groundwater 
Association Joint Conference, Minneapolis, MN, October 1-2, 2012. 
 
Morrison, A., W.W. Simpkins, K.J. Franz, A.D. Wanamaker, Ö. Acar, M. Helmers, R.M. Cruse, 
Assessing the hydrologic impact of tile drainage in Iowa using a physically-based, coupled 
surface water groundwater model.  Geological Society of American Annual meeting, Charlotte, 
NC, November 4-7, 2012. 
 
Acar, O., K.J. Franz, W. Simpkins, A. Morrison, M. Helmers, R. Cruse, Assessing the 
hydrologic impacts of drainage systems in Iowa using a physically based, coupled surface 
water/groundwater model American Geophysical Union Fall Meeting, San Francisco, CA, 
December 2012. 
 
Morrison, A.K., W.W. Simpkins, K.J. Franz, A.D. Wanamaker, Ő. Acar. 2013. Investigating 
peak flow events of tile drainage in the Beaver Creek watershed using a physically based, 
coupled, surface water/groundwater model.  Minnesota Groundwater Association Spring 
Conference, April 24, 2013, University of Minnesota, St. Paul MN. 
 
Sloan, B., Basu, N.B. and Mantilla, R. Hydrologic Impacts of Tile Drainage in Iowa: From Field 
to Watershed Scale, San Francisco, American Geophysical Union, Fall Meeting, San Francisco, 
CA, December 2013. 
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