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Evaluation of Hydrologic Simulation Models for Fields 
with Subsurface Drainage to Mitigated Wetlands in 
Barnes, Dickey, and Sargent Counties, North Dakota

By Joel M. Galloway, Wyatt S. Tatge, and Spencer L. Wheeling

Abstract
Proper identification of wetlands, along with a better 

understanding of the hydrology of mitigated wetlands, is 
needed to assist with conservation efforts aimed at maintain-
ing the productivity and ecological function (wetland mitiga-
tion) of agricultural lands. The U.S. Geological Survey, in 
cooperation with the U.S. Department of Agriculture Natural 
Resources Conservation Service, completed a study to evalu-
ate two models for simulating hydrologic conditions in fields 
with subsurface drainage to mitigated wetlands at several sites 
in North Dakota. These two models were evaluated as possible 
tools for water resource managers to use for designing wetland 
mitigation projects in the area in the future.

The Soil-Plant-Atmosphere-Water (SPAW) model 
simulates the daily hydrologic water budgets of agricultural 
landscapes by two linked routines, one for farm fields (field 
hydrology) and one for impoundments such as wetlands and 
ponds (pond model). The DRAINMOD model was used 
in conjunction with the SPAW model because although the 
SPAW model can be used to simulate the hydrology of small 
drainage basins containing wetlands, the SPAW model does 
not contain routines to simulate drainage, either subsurface 
drainage or surface (drainage ditches), that can directly affect 
the wetland hydrology. The wetlands in the study areas in 
this report are all downstream from and adjacent to drained 
agricultural fields. SPAW and DRAINMOD models were 
developed and calibrated at three study areas (study areas B, 
D, and S) to evaluate how the models simulated field-scale 
hydrologic characteristics and the water balance in wetlands 
from January 1, 2003, through December 31, 2018.

The SPAW model developed for study area B included 
five modeled fields in the field hydrology portion of SPAW 
that contributed inflow to one wetland simulated in the pond 
model portion of SPAW. Simulated wetland water depths were 
most similar to water depths measured at site BWET1, with an 
absolute mean error of 0.10 foot and a root mean square error 
of 0.14 foot. Site BWET2 had slightly larger errors, with an 
absolute mean error of 0.22 foot and a root mean square error 
of 0.28 foot. Simulated water depths were similar to the pat-
tern of measured water depths at BWET1 and BWET2 from 

about mid-April 2018 through about mid-September 2018, 
but overpredicted water depths in the fall from about mid-
September 2018 through about mid-October 2018.

The SPAW model developed for study area D included 
six modeled fields in the field hydrology portion of SPAW 
that contributed inflow to five wetlands connected in series 
in the pond model portion of SPAW. Simulated water depths 
compared relatively well to water depths in the five wetlands, 
with the absolute mean error ranging from 0.17 foot (DWET1) 
to 0.39 foot (DWET2), and the root mean square error ranging 
from 0.28 foot (DWET1) to 0.56 foot (DWET5).

The SPAW model developed for study area S included 
one modeled field in the field hydrology portion of SPAW that 
contributed inflow to one wetland in the pond model portion 
of SPAW. Among the SPAW models developed for the three 
study areas, the model for study area S had the best compari-
son between simulated and measured water depths, with an 
absolute mean error of 0.06 foot and a root mean square error 
of 0.10 foot.

DRAINMOD models were developed and calibrated 
at the three study areas and provided inflow from subsur-
face drainage discharge to the SPAW models for simulating 
water levels in wetlands in the study areas. The calibrated 
DRAINMOD model for study area B showed the variability 
of hydrologic processes in the modeled field throughout the 
wide range of hydrologic conditions from January 1, 2003, 
through December 31, 2018. In general, the discharge through 
the modeled subsurface drainage system was in the spring and 
early summer (April through June) most years, with little to no 
discharge later in the year. Although the subsurface drainage 
system in study area D was the most complex among the three 
study areas and was simplified into a uniform system within 
DRAINMOD, simulated water table depths at study area D 
correlated better to measured water table depths compared 
to results from the model applications at the other two study 
areas. Simulated water table depths had an absolute mean 
error of 0.30 foot and root mean square error of 0.37 foot at 
site DGW1 and an absolute mean error of 0.29 foot and a root 
mean square error of 0.34 foot at site DGW2. Although the 
subsurface drainage system in study area S was the simplest 
and the modeled field was the smallest among the three 
study areas, simulated water table depths at study area S did 
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not correlate as well to measured water table depths com-
pared to results from the model applications at the other two 
study areas.

The SPAW and DRAINMOD model applications at the 
three study areas in southeast North Dakota adequately simu-
lated the hydrologic processes for fields with subsurface drain-
age that are connected to adjacent wetlands. However, more 
measured data would be needed to fully evaluate the models 
throughout the range of possible climatic conditions.

Introduction
North Dakota (fig. 1) has had long and short wet weather 

cycles that have altered the hydrology of many agricultural 
drainage basins (van der Valk, 2005). The result of such wet 
conditions has increased the extent and frequency of water-
logged soils and has established new wetland habitats where 
they may not have existed previously. Proper identification of 
wetlands, along with a better understanding of the hydrology 
of mitigated wetlands, are needed to assist with conserva-
tion efforts aimed at maintaining the productivity as well as 
ecological function (wetland mitigation) of agricultural lands. 
Mitigated wetlands generally refers to wetlands that have been 
created, restored, or enhanced to mitigate previous wetland 
losses. A variety of programs have been established to address 
mitigated wetland efforts, such as wetland conservation  
provisions of the National Food Security Act of 1985  
(U.S. Department of Agriculture, 1986); Wetland Protection 
Policy under Executive Order 11990 (National Archives, 
2016); and wetland determinations in accordance with the 
U.S. Army Corps of Engineers Wetlands Delineation Manual, 
Wetland Reserve Program (U.S. Army Corps of Engineers, 
1987). A variety of tools are needed to assist managers with 
implementing these programs.

The U.S. Geological Survey (USGS), in cooperation 
with the U.S. Department of Agriculture Natural Resources 
Conservation Service (NRCS), completed a study to evaluate 
two models for simulating hydrologic conditions in fields with 
subsurface drainage to mitigated wetlands at several sites in 
North Dakota. Two models that have been used in other appli-
cations were selected for evaluation at sites in Barnes, Dickey, 
and Sargent Counties in North Dakota (fig. 1) — the Soil-
Plant-Atmosphere-Water (SPAW) model (Saxton and Willey, 
2004) and the DRAINMOD model (Skaggs, 1978, 1980). The 
SPAW model can be used for investigating the hydrology of 
small drainage basins containing wetlands, but does not work 
well when drainage, either subsurface or surface (for example, 
drainage ditches), directly affects the wetland hydrology. For 
this reason, the DRAINMOD model was used in conjunction 
with the SPAW model because the wetlands of interest were 
downstream from and adjacent to subsurface drained agricul-
tural fields. DRAINMOD was developed at North Carolina 
State University in the mid-1970s (Skaggs, 1978, 1980) 
and is based on a water balance in the soil profile that uses 

climatological records to simulate the performance of drain-
age and water table control systems. Many of the applications 
for these models were done in the southern United States, and 
few applications have been documented in the colder climate 
Prairie Pothole Region (fig. 1) across the north-central United 
States, including North Dakota. These two models were 
evaluated as possible tools that water resource managers could 
use for designing wetland mitigation projects in the area in 
the future.

Purpose and Scope

The purpose of this report is to describe the develop-
ment and evaluation of the applicability of the SPAW and 
DRAINMOD models and their overall ability to simulate field 
and wetland hydrology from fields with subsurface drainage. 
Evaluation of the models included parameter development for 
the SPAW and DRAINMOD models in three study areas with 
varied site characteristics, model calibration by comparison to 
measured data, and assessment of the sensitivity and limita-
tions of each model. Models were developed for simulating 
the hydrology of fields with subsurface drainage and wetland 
combinations at study areas in Barnes, Dickey, and Sargent 
Counties in North Dakota (study areas B, D, and S, respec-
tively, fig. 1) from January 1, 2003 through December 31, 
2018. Wetland water-level data and shallow groundwater-level 
data were collected from April 2018 through October 2018 
to evaluate the performance of the models in simulating the 
hydrology in each study area.

Study Area Descriptions

Three study areas were selected for analysis that had 
fields with a wetland or several wetlands adjacent to a field 
with subsurface drainage in Barnes, Dickey, and Sargent 
Counties (study areas B, D, and S, respectively). The areas are 
in the Northern Glaciated Plains of the Prairie Pothole Region 
in central to southeast North Dakota (Omernik and Griffith, 
2014; Tangen and Finocchiaro, 2017). The Prairie Pothole 
Region is characterized by millions of isolated wetlands 
interspersed among a landscape mosaic of agricultural fields 
and grasslands (Dahl, 2014). Increased crop demands in the 
last 15 years have led to a rapid expansion of land-use conver-
sion from grassland to cropland and the expansion in use of 
subsurface drainage in the eastern portions of North and South 
Dakota (Tangen and Finocchiaro, 2017). This expansion has 
been associated with changes in cropping practices and greater 
use of wetland catchments and other low-production agricul-
tural areas. On average (1952–2020), precipitation near the 
three study areas is about 21 inches per year (measured at cli-
mate site precip7, fig. 1). During the model period (2003–18), 
annual precipitation ranged from 15 inches in 2006 to 
28 inches in 2010 (fig. 2). Generally, more precipitation falls 
in May, June, and July, and less precipitation falls in January 
and February (High Plains Regional Climate Center, 2020).
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Figure 1.  Location of study areas in Barnes, Dickey, and Sargent Counties, North Dakota.
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Study area B in Barnes County is just south of Interstate 
94 about 4 miles west of Valley City, N. Dak. (figs. 1 and 3). 
The study area has mixture of natural and mitigated wet-
lands on the north side of the study area, with a large natural 
wetland area (wetland 4) surrounded by one mitigated wetland 
area on the northwest side of wetland 4 (wetland 1) and two 
on the southwest side of wetland 4 (wetlands 2 and 3) (fig. 3). 
The contributing surface drainage area determined using the 
USGS program StreamStats (U.S. Geological Survey, 2020b) 
extends beyond the study area to the west and southwest and 
is about 850 acres in size. The study area has about 100 acres 
of subsurface-drained fields (Jonathan Petersen, Natural 
Resources Conservation Services, written commun., 2019; 
fig. 3). The drainage system discharges into wetland 4 through 
an outlet that includes a sump and pump system (fig. 3). The 
drainage system includes an array of 4-inch pipe about 3 feet 
(ft) deep in the soil zone, and the array of pipe is connected to 
a series of 5- to 12-inch collector pipes that lead to the subsur-
face drainage system outlet (table 1). Crops planted in the area 
drained by the drainage system were rotated mostly between 
corn and soybeans, with some portions periodically planted 
with spring wheat from 2003 through 2018 (U.S. Department 
of Agriculture, 2020a). One portion of the study area without 

subsurface drainage had pasture with warm-season grasses 
during the modeling period. Soils in the area were mostly 
loams including Hamerly-Tonka complex, Barnes-Buse 
loam, and Vallers loam soils (U.S. Department of Agriculture, 
2020b).

Study area D in Dickey County is about 2 miles north-
west of Oakes, N. Dak. (figs. 1 and 4). The study area includes 
a series of five wetlands connected by culverts on the east 
edge of the study area (fig. 4). The contributing surface drain-
age area determined using the USGS program StreamStats 
(U.S. Geological Survey, 2020b) extends beyond the study 
area to the west and south and is about 1,070 acres in size. 
The study area has about 665 acres of fields with a subsur-
face drainage system (Jonathan Petersen, Natural Resources 
Conservation Services, written commun., 2019; fig. 4). The 
system was placed in 2011 and 2014 and includes separate 
arrays of 4-, 8- and 10-inch pipe about 2 to 3 ft deep in the 
soil zone. The arrays of pipe are connected to three outlets 
that drain to the adjacent wetlands (table 1; fig. 4). Crops 
planted in the fields with subsurface drainage were rotated 
mostly between corn and soybeans during the modeling period 
(2003–18; U.S. Department of Agriculture, 2020a). Part of the 
study area had bare soil during 2004–06 and pasture during 
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Table 1.  Subsurface drainage system characteristics for study areas B, D, and S.

Characteristic
Study area

B D S

Drainpipe depth, in feet 3 2 to 3 2 to 3
Drainpipe spacing, in feet 60 55 to 65 65 to 70
Diameter of drainpipes, in inches 4 4 4
Diameter of main collector pipes, in inches 5, 6, 8, 10, 12 8, 10 6
Slope of drainpipes, in percent 0.01 0.3 2.6
Drained field area, in acres 101.3 664.7 54.4
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Figure 3.  Study area B in Barnes County, North Dakota.
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2009–10. Soils in the area were mostly loams including 
Barnes-Svea loam and Barnes-Buse soils (U.S. Department of 
Agriculture, 2020b).

Study area S in Sargent County is about 11 miles south-
east of Oakes, N. Dak. (figs. 1 and 5). The study area contains 
a single wetland in the southwest portion of the study area, 
and the contributing surface drainage area determined using 
the USGS program StreamStats (U.S. Geological Survey, 
2020b) is about 53 acres, all of which is subsurface drained 
fields (Jonathan Petersen, Natural Resources Conservation 
Services, written commun., 2019; fig. 5). The drainage system 
includes a simple array of 4-inch pipes that are about 2 to 3 ft 
deep and connected to a 6-inch pipe that drains into a single 
outlet to the wetland (table 1; fig. 5). Crops planted in study 
area S were rotated between corn and soybeans during the 
modeling period (2003–18; U.S. Department of Agriculture, 
2020a). Soils in the area were mostly loamy fine sands includ-
ing Hecla-Garborg and Maddock soils (U.S. Department of 
Agriculture, 2020b).

In the three study areas, monitoring sites were installed 
for the development and calibration of the SPAW and DRAIN-
MOD models for each study area. Water-level monitoring sites 
were installed at study area B in the four wetlands in 2018. 
Shallow groundwater wells also were installed in 2018 near 
wetlands 1 and 2 (fig. 3, table 2). At study area D, water-level 
monitoring sites were installed in the five wetlands and in 
two shallow groundwater wells that were installed in 2018 
near wetlands 1 and 5 (fig. 4). A water-level monitoring site 
was installed in the wetland at study area S and in a shallow 
groundwater well that was installed near the wetland in 2018 
(fig. 5).



8    Evaluation of Simulation Models for Fields with Subsurface Drainage to Wetlands in North Dakota

!(#*

0 1,000 FEET500

0 200 METERS100

Base modified from U.S. Geological Survey digital data, various scales
Map image is the intellectual property of Esri and is used herein under license
Copyright © 2014 Esri and its licensors. All rights reserved
Horizontal coordinate information referenced to the North American Datum of 1983

46°00'00"

46°00'20"

97°58'00" 97°57'30"

!(

#*

EXPLANATION

Groundwater well and identifier

Wetland boundary

Subsurface drainage pipe, 4-inch diameter

Subsurface drainage pipe, 6-inch diameter Wetland monitoring site and identifier

SGW1

SWET1

SGW1
SWET1

Subsurface
drainage

outlets

Figure 5.  Study area S in Sargent County, North Dakota.



Introduction  


9
Table 2.  Water-level and climate data collection sites used for SPAW and DRAINMOD model development and calibration for study areas B, D, and S.

[ND, North Dakota; WE, wetland; USGS, U.S. Geological Survey; GW, groundwater; CLI, climate; NDAWN, North Dakota Agricultural Weather Network; US, United States; NWS, National Weather Service]

Map 
identification 

number 
(figs. 1, 3–5)

Site number Site name
Site 
type

Study 
area

Latitude, in 
decimal degrees

Longitude, in 
decimal degrees

Collecting 
agency1

DWET1 460947098080601 Wetland 1 northwest of Oakes, ND WE D 46.16314 −98.1352 USGS
DWET2 460949098080601 Wetland 2 northwest of Oakes, ND WE D 46.16372 −98.1351 USGS
DWET3 460950098080601 Wetland 3 northwest of Oakes, ND WE D 46.16403 −98.1350 USGS
DWET4 460950098075901 Wetland 4 northwest of Oakes, ND WE D 46.16411 −98.1333 USGS
DWET5 460950098075702 Wetland 5 northwest of Oakes, ND WE D 46.16406 −98.1326 USGS
DGW1 460943098080601 131–60–13ADD1 GW D 46.16214 −98.1350 USGS
DGW2 460950098075701 131–60–13ADA1 GW D 46.16392 −98.1328 USGS
BWET1 465443098042201 Wetland 1 west of Valley City, ND WE B 46.91219 −98.0728 USGS
BWET2 465437098041601 Wetland 2 west of Valley City, ND WE B 46.91036 −98.0713 USGS
BWET3 465437098041401 Wetland 3 west of Valley City, ND WE B 46.91050 −98.0708 USGS
BWET4 465437098042301 Wetland 4 west of Valley City, ND WE B 46.91053 −98.0732 USGS
BGW1 465437098041701 140–59–25CAD1 GW B 46.91033 −98.0716 USGS
BGW2 465444098042101 140–59–25CAB1 GW B 46.91228 −98.0728 USGS
SWET1 460007097575701 Wetland 1 southeast of Oakes, ND WE S 46.00194 −97.9660 USGS
SGW1 460007097575501 129–58–09BCC1 GW S 46.00208 −97.9654 USGS
Precip1 Dazey 2E Dazey 2E CLI B 47.18300 −98.1380 NDAWN
Precip2 Jamestown 10W Jamestown 10W CLI B 46.90600 −98.9270 NDAWN
Precip3 US1NDBR0002 Valley City 2.0 NW, ND US CLI B 46.94384 −98.0358 NWS
Precip4 Fingal 4W Fingal 4W CLI B 46.74600 −97.9110 NDAWN
Precip5 USC00325220 Lisbon, ND US CLI B, D, S 46.44440 −97.6928 NWS
Precip6 Lisbon 2W Lisbon 2W CLI D 46.44477 −97.7211 NDAWN
Precip7 USC00325230 Litchville 2 NW, ND US CLI B 46.6612 −98.2268 NWS
Precip8 Oakes 4S Oakes 4S CLI D, S 49.073734 −98.0934 NDAWN
Precip9 USC00326620 Oakes, ND US CLI S 46.145800 −98.0919 NWS
Precip10 USC00323117 Forman 5 SSE, ND US CLI S 46.033330 −97.5950 NWS
Precip11 Brampton 2WSW Brampton 2WSW CLI S 45.984106 −97.8208 NDAWN
Precip12 USC00324937 LaMoure, ND US CLI D 46.362500 −98.2919 NWS
Precip13 USC00323287 Fullerton 1 ESE, ND US CLI D 46.158330 −98.3988 NWS
Precip14 USC00391052 Britton 13 NW, SD US CLI S 45.921700 −97.9330 NWS

1USGS data available at U.S. Geological Survey (2020a); NDAWN data available at North Dakota Agricultural Weather Network (2019); NWS data available National Weather Service (2021).
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Methods
SPAW and DRAINMOD models were developed for 

three study areas in Barnes, Dickey, and Sargent Counties 
(study areas B, D, and S, respectively). Several datasets were 
used to develop models for each study area that included cli-
mate, soil, crop management, and hydrology data. The sources 
of data and methods used for model input, development, and 
calibration are described in this section.

Model Input Data

Inputs to the SPAW and DRAINMOD models were cli-
mate data, soil properties, crop variables, and site characteris-
tics (for example, wetland properties and subsurface drainage 
configurations). For comparing simulated to measured water 
levels, continuous water-level data were collected at several 
sites in the wetlands and shallow groundwater wells in the 
three study areas from April 2018 through October 2018.

Climate Data
Climate data used in the SPAW and DRAINMOD mod-

els for the three study areas were obtained from the North 
Dakota Agricultural Weather Network (NDAWN; North 
Dakota Agricultural Weather Network, 2019) and the National 
Weather Service (NWS; National Weather Service, 2021). 
NDAWN data were the primary source of climate data. NWS 
data were used for precipitation in the winter (November 
through March) and to fill any data gaps that were in the 
NDAWN data periods of record. Precipitation data are not 
collected at NDAWN sites during the winter. NDAWN and 
NWS sites used for developing input datasets are shown on 
figure 1 and listed in table 2. The NWS site near Lisbon, N. 
Dak. (climate site precip5; fig. 1), was used to estimate winter 
data for all three study areas because climate site precip5 was 
the closest site with available winter precipitation data.

Climate data included air temperature, potential evapo-
transpiration (ET), and precipitation. Daily minimum and 
maximum air temperature, potential ET, and precipitation were 
used for input to the SPAW model. Hourly precipitation and 
daily minimum and maximum air temperature data were used 
as input for the DRAINMOD model. Because weather sites 
were not directly adjacent to the three study areas, data from 
multiple sites were combined for use in the SPAW models at 
each study area using an inverse distance weighted value (Xp) 
described in equation 1:

	​ Xp ​ =   ​  
​  1 _ d ​i​​ 2​​ _ 

​∑​ i=1​ n  ​ ​  1 _ d ​i​​ 2​​
​​� (1)

where
	 Xp	 is the inverse-distance weight applied to each 

climate site to estimate data at each study 
area, and

	 di 	 is distance of the climate site from study area, 
in miles.

The daily climate data at sites used for each study area 
were multiplied by the inverse-distance weight and then 
summed to estimate the data for each study area. Sites used for 
SPAW model input at each study area and weighting coef-
ficients used for the data at each site to determine the values 
used are provided in table 3. For the DRAINMOD models in 
each study area, hourly precipitation was required for the mod-
els, and a single site closest to the study areas was used. For 
study area B, the hourly precipitation and daily temperatures 
(maximum and minimum) from climate sites precip1, precip2, 
and precip4 were used; and, for study areas D and S, data from 
climate site precip8 were used for input into the model (fig. 1; 
table 2).

The SPAW and DRAINMOD models provide options for 
inputs of potential ET in the model simulations. For DRAIN-
MOD, if daily potential ET is available from a site, ET can 
be input directly or can be computed within the model using 
input of measured daily minimum and maximum air tem-
perature. The internal computation of potential ET was used 
in the DRAINMOD model applications for the three study 
areas because of incomplete potential ET data available at the 
climate sites in the area. Similarly, for the SPAW model, daily 
potential ET from a site either can be input directly as a daily 
value to the model, or an annual potential ET can be used, 
and the model internally estimates daily potential ET from the 
annual value. At each study area, total annual ET data from the 
nearest site with available data for multiple years were com-
puted for input to SPAW, and daily estimates were determined 
in the model. For study area B, potential ET data from climate 
site precip1 were used; and, for study areas D and S, data from 
climate site precip8 were used to compute annual potential ET.

Crop Data
SPAW uses data on the spatial distribution of crops 

to simulate the hydrology at the surface and in the subsur-
face. Crop data were obtained from the U.S. Department 
of Agriculture CropScape database (U.S. Department of 
Agriculture, 2020a). CropScape provides annual crop-specific 
land cover data for the continental United States produced by 
satellite imagery that has been checked with ground truthing. 
The geospatial data is georeferenced and provided in a raster 
format. Data were obtained for fields used in simulations in 
SPAW models developed for each study area.
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Soil Data
SPAW and DRAINMOD models use a variety of soil 

properties to simulate the hydrology in the surface and subsur-
face. Soil data were obtained from the NRCS Web Soil Survey 
website (U.S. Department of Agriculture, 2020b). The Web 
Soil Survey provides spatial soil data and information pro-
duced by the National Cooperative Soil Survey. The National 
Cooperative Soil Survey Soil Characterization Database 
contains reports of soil characterization data from the National 
Soil Survey Center, Kellogg Soil Survey Laboratory, and 
cooperating laboratories (National Cooperative Soil Survey, 
2019). The most dominant soil present for each study area was 
selected from the Web Soil Survey, and soil property data for 
the selected soils were obtained from National Cooperative 
Soil Survey (2019) to develop parameters for use in the SPAW 
and DRAINMOD simulations. For the pond model within the 
SPAW simulations, the dominant soil type in the wetland area 
was used to determine the wetland bottom properties.

For simulations in DRAINMOD, a single soil type was 
used for the models in each study area, and the dominant 
soil type was selected to determine model parameters. Soil 
parameters used in DRAINMOD were estimated using another 
program to process the soil data from the NRCS Web Soil 
Survey website (U.S. Department of Agriculture, 2020b). A 
computer program, ROSETTA (version 1.2; Schaap and oth-
ers, 2001), was used to estimate several unsaturated hydraulic 

properties needed for simulations in DRAINMOD from 
the soils data. The estimated properties were residual water 
content, saturated water content, curve parameter alpha, curve 
parameter n, saturated hydraulic conductivity, and matching 
point at saturation. ROSETTA is a computer program that uses 
five, hierarchal pedotransfer functions to estimate unsaturated 
hydraulic properties from surrogate soil data such as using 
limited (textural classes only) to more extended (texture, bulk 
density, and one or two water retention points) input data 
(Schaap and others, 2001). A pedotransfer function generally 
refers to translating raw soil data into more useful informa-
tion, such as converting soil data into hydraulic properties. 
The program can be used to estimate water retention, saturated 
hydraulic conductivity, and unsaturated hydraulic conductivity 
parameters according to van Genuchten (1980) and Mualem 
(1976). ROSETTA uses one of the following hierarchical 
sequences of input data to select which model to use: (1) soil 
textural class; (2) sand, silt, and clay percentages; (3) sand, 
silt, and clay percentages and bulk density; (4) sand, silt, and 
clay percentages, bulk density, and a water retention point at 
130 inches (4.8 pounds per square inch); or (5) sand, silt, and 
clay percentages, bulk density, and water retention points at 
130 and 5,906 inches (4.8 and 218 pounds per square inch, 
respectively). Water retention points come from a water reten-
tion curve that is developed from the relation between the 
water content (the quantity of water within a material) and the 
soil water potential (the potential energy or tendency of water 

Table 3.  Climate sites and inverse-distance weights used for estimating climate data for SPAW models at study areas B, D, and S, 
2003–18.

Map 
identification 

number 
(fig. 1)

Site number
Distance from 

study area, 
in miles

Weight

Study area B

Precip1 Dazey 2E 19.5 0.028
Precip3 US1NDBR0002 3.5 0.880
Precip4 Fingal 4W 13.6 0.058
Precip7 USC00325230 18 0.033

Study area D

Precip5 USC00325220 30 0.030
Precip6 Lisbon 2W 28 0.034
Precip8 Oakes 4S 6.5 0.638
Precip12 USC00324937 15.6 0.111
Precip13 USC00323287 12 0.187

Study area S

Precip8 Oakes 4S 7.8 0.213
Precip9 USC00326620 11.53 0.097
Precip10 USC00323117 18.2 0.039
Precip11 Brampton 2WSW 7.12 0.255
Precip14 USC00391052 5.72 0.396
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to move from one area to another because of a given stress 
such as osmosis, gravity, or capillary action). The first model 
is based on a lookup table that provides class mean hydraulic 
parameters for each soil textural class, whereas the other four 
models are based on neural network analyses and provide 
more accurate predictions when more input variables are used. 
Soils data were imported into ROSETTA and processed. The 
resulting outputs were loaded into DRAINMOD as inputs.

Depth-Capacity Curves and Elevation Data

An input to the SPAW model for determining volume 
change in the pond model portion of SPAW is a depth-capacity 
curve for each wetland modeled. Depth-capacity curves 
were estimated from light detection and ranging (lidar) data 
obtained from the North Dakota State Water Commission 
(2019). In study area S, the downloaded lidar data and field 
survey data were used to generate the depth-capacity curve 
for the wetland. A computer program called Surfer (version 
17; Golden Software, 2019) was used to generate grid lay-
ers from data that consists of lidar data points and surveyed 
elevation points that would show the layer shape of a wetland. 
Each wetland layer was run through a volume calculation 
function within Surfer to calculate the area under a constant 
value. The constant in the calculation would be a hypotheti-
cal water-surface elevation, and the calculated area would be 
‘how much’ water would be within the wetland. To develop 
a depth-capacity curve for the models, many calculations 
would need to be run. A simple script was set up using Golden 
Software’s Scripter (version 5) to automate the calculation 
process (Golden Software, 2019). Elevation values would 
start a few feet below the wetland layer and would increase 
0.01 ft each calculation until the wetland layer was below the 
water surface.

Measured elevation data were collected using survey-
grade Global Navigation Satellite Systems (GNSS) methods 
(Rydlund and Densmore, 2012). Vertical control was obtained 
by checking against National Geodetic Survey markers in 
the local area. Real-time GNSS data were collected using a 
single-base real-time kinematic surveying approach described 
in Rydlund and Densmore (2012). A dual-frequency receiver 
base station was mounted on a fixed-height tripod directly 
over a known benchmark. The base station included a broad-
cast radio and long whip antenna that were used to broadcast 
data corrections from the base receiver to a rover receiver 
(Rydlund and Densmore, 2012). Several factors affect the 
vertical accuracy of the data corrections from the base in “real 
time” to derive position and elevation of an objective GNSS 
survey, including current satellite geometry and various other 
factors (for example, multipath errors and signal degrada-
tion from vegetation cover) interfering with the base-to-rover 
communication. Single-base real-time kinematic equipment 
vertical accuracies, assuming a minimum of five satellites and 
position dilution of precision less than 4, are generally 0.066 ft 
plus or minus 1 part per million at the 68-percent confidence 

level (Rydlund and Densmore, 2012). Elevation verifica-
tion shots were collected during each survey on at least two 
National Geodetic Survey markers.

In addition to land surface and wetland elevations, 
GNSS surveys were used to determine reference points for 
water-level measurement sites for water levels in the wetlands 
and shallow groundwater wells (figs. 3–5, table 2). At each 
measurement site, a reference point was established to verify 
the recorded data such as the measurement point at the top 
of the shallow groundwater wells and the pin on the instal-
lation of the water-level sites in the wetlands. The reference 
points were surveyed at the beginning of the monitoring 
period in April 2018 and at the end of the monitoring period in 
October 2018.

Measured Water-Level Data

Water-level data in wetlands and shallow groundwater 
wells at each site were continuously measured from about 
April 26, 2018 through October 28, 2018, for comparison to 
simulated water table depths (DRAINMOD) and water levels 
in the wetlands (SPAW) in each study area. Water-level data 
were recorded every hour using data logging pressure trans-
ducers. Data were downloaded from the data loggers periodi-
cally and uploaded into the USGS National Water Information 
System (NWIS) database for processing. Processing included 
correcting recorded data to reference point measurements and 
removal of any erroneous data. For example, during several 
periods, the groundwater well in study area S (SGW1; fig. 5) 
went dry; therefore, the sensor was not in the water and the 
data were removed. Water-level data were referenced to the 
North American Vertical Datum of 1988 by establishing a 
reference point that was surveyed using survey grade GNSS 
methods. Collected data were processed following USGS 
procedures (Valder and others, 2018; Cunningham and Schalk, 
2011). Water-level data were stored and can be accessed 
through the USGS NWIS database (U.S. Geological Survey, 
2020a) by using the site numbers in table 2.

At study area B, water-level sensors were installed 
and operated at four wetland locations (BWET1, BWET2, 
BWET3, and BWET4) and two shallow groundwater wells 
(BGW1 and BGW2; fig. 3; table 2). At study area D, water-
level sensors were installed and operated at five wetlands 
(DWET1, DWET2, DWET3, DWET4, and DWET5) and two 
shallow groundwater wells (DGW1 and DGW2; fig. 4). At 
study area S, water-level sensors were installed and operated 
at one wetland location (SWET1) and one shallow groundwa-
ter well (SGW1; fig. 5).

Model Implementation

The SPAW model simulates the daily hydrologic water 
budgets of agricultural landscapes by two linked routines, one 
for farm fields (field hydrology) and one for impoundments 
such as wetlands and ponds (pond model; Saxton and Willey, 
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2004). Field hydrology is represented by precipitation; tem-
perature; ET; interacting soil layers (each layer with unique 
water holding characteristics); and annual crop growth with 
management options for rotations, irrigation, and fertiliza-
tion. Simulations estimate daily vertical, one-dimensional 
water budget with soil-water profiles of all primary hydrologic 
processes such as runoff, infiltration, storage, and seepage to 
groundwater. Pond hydrology simulations provide water bud-
gets by multiple inflow and outflow processes for impound-
ments that have agricultural fields or operations as a water 
source (Saxton and Willey, 2004).

The DRAINMOD model was used in conjunction with 
the SPAW model because although the SPAW model can be 
used to simulate the hydrology of small drainage basins con-
taining wetlands, the SPAW model does not contain routines 
to simulate drainage, either subsurface drainage or surface 
(drainage ditches), that can directly affect the wetland hydrol-
ogy. The wetlands in the study areas in this report are all 
downstream from and adjacent to drained agricultural fields. 
The DRAINMOD model (Skaggs, 1978, 1980) is based on 
a water balance in the soil profile and uses climatological 
records to simulate the performance of drainage and water 
table control systems. The model was developed specifically 
for shallow water table soils. The model has typically been 
applied to field-sized units (about 250 acres or more) drained 
by parallel subsurface drains or ditches. The more uniform 
the drainage configuration, the larger the field size that can be 
simulated.

The SPAW and DRAINMOD models were developed for 
the conditions at three study areas in Barnes (study area B), 
Dickey (study area D), and Sargent (study area S) Counties 
in North Dakota. Conditions were simulated for the period of 
January 1, 2003, through December 31, 2018, at all three study 
areas. Although measured data were only collected in 2018 
for calibration, the long simulation period was chosen based 
on the availability of climate data to evaluate simulations 
throughout a wide range of hydrologic and climatic conditions 
and to allow a sufficient “warm-up” period for the models.

SPAW
The SPAW model was implemented to simulate hydro-

logic conditions at the three study areas in North Dakota 
(study areas B, D, and S) from January 1, 2003, through 
December 31, 2018. Implementation included the delineation 
of modeled fields, preliminary selection of model param-
eters, and specification of boundary and initial conditions. 
Model results were compared to measured data collected from 
April 2018 through October 2018. Assumptions associated 
with the implementation and development of the SPAW model 
for each of the three study areas are described in this section.

The SPAW field hydrology model (field model) uses dif-
ferent methods to quantify the daily hydrologic conditions in 
an agricultural field such as surface runoff, soil water content, 
actual ET, plant water stress, and deep infiltration through 
the soil profile (fig. 6). Redistribution of the infiltrated water 

throughout the soil profile is done using the Darcy equation 
for unsaturated soil water flow that provides for upward and 
downward flow components (Saxton, 2002). Model inputs 
include climate data, soil properties, and crop management 
properties in a one-dimensional vertical plane. Climate data 
inputs include precipitation, potential ET, and air temperature. 
Snowfall data are not explicitly input in the model but are 
simulated using precipitation and air temperature data. Soil 
property inputs include the depth and thickness, soil composi-
tion, hydrologic soil group, and if applicable, groundwater 
information. Crop management includes the crop rotation and 
the specific crop properties.

The SPAW model also has a module for simulating the 
water balance for waterbodies such as a pond, wetland, or 
other types of impoundments (pond model; fig. 7). The pond 
model uses input depth-capacity tables to simulate chang-
ing depth with changing volume from various inflows and 
outflows included in the model. Inflows to the pond model can 
include input from runoff and infiltration from the field hydrol-
ogy model, direct runoff, precipitation, inflow from other 
waterbodies, seepage from groundwater, and pumped inflows. 
Outflows from the pond model include evaporation, infiltra-
tion, seepage, outlet pipes and spillways, and various pumped 
outflows.

Other applications of the SPAW model have been used to 
assist with construction of a wetland for detention of agri-
cultural runoff from a 400-acre drainage basin in Louisiana 
(Millhollon and others, 2009), estimate the effectiveness of 
vegetation treatments for feedlot runoff in Iowa (Andersen and 
others, 2010), evaluate land-management treatments on the 
hydrology of a wetland in Tennessee (Hill and Neary, 2009), 
and estimate the water balance for an irrigation storage pond 
in Ghana (Debre and others, 2011).

Delineation of Modeled Fields

Multiple modeled fields were used for the SPAW field 
simulation model to account for the heterogeneity of soil 
type and crop rotation in the study areas. The drainage basin 
delineation tool in StreamStats (U.S. Geological Survey, 
2020b), a USGS streamflow statistics and spatial analysis 
tool, was used to identify the contributing area to the wetlands 
in the three study areas. Agricultural fields with similar crop 
rotations determined from CropScape (U.S. Department of 
Agriculture, 2020a) were then grouped together within the 
contributing area to delineate the model fields at each study 
area (fig. 8A–C; table 4). The dominant soil units deter-
mined from the NRCS Web Soil Survey (U.S. Department of 
Agriculture, 2020b) were used as the soil input for SPAW in 
each model field.

For study area B, the SPAW field simulation model 
included five field hydrology model fields that were input into 
the pond simulation model for the wetlands in the study area 
(fig. 8A). Study area D included six model fields in the field 
simulation model for input into the pond simulation for the 
wetlands in the study area (fig. 8B). Study area S was modeled 
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using only one model field for the field simulation because 
of the small size of the contributing area that drains into the 
wetland (fig. 8C).

Model Parameters
The SPAW field hydrology and pond models use many 

model parameters to describe the physical processes of the 
agricultural hydrology of each study area. Many of the model 
parameters could not be directly measured and were adjusted 
within a plausible range during the model calibration until the 
simulated values agreed with the measured values. Some of 
the coefficients were based on default values within the SPAW 
model, and other coefficients were based on the hydrologic and 
climatic conditions at each site (Saxton and Willey, 2004).

For field hydrology simulations in SPAW, modeled fields 
were delineated based on the crop rotation in the drainage area 
throughout the simulation period (fig. 8; table 5). For most 
crop-related parameters applied to each of the fields, the default 
values in SPAW for various crop types such as corn, soybeans, 
spring wheat, and pasture with warm season grasses were used 
for simulating processes such as moisture uptake, intercep-
tion, transpiration, and evaporation at the land surface (table 5). 
Several properties varied with time throughout the growing 
season such as plant date, harvest date, canopy cover, greenness, 
and root depths. Root depth can change on an annual basis and 
affect the ET from plants, but these data are generally not well 
known; therefore, default values were used in the model to sim-
ulate the annual variations in root zone depths. Monthly values 
for these parameters were input and were consistent throughout 
the simulation period (2003–18) for each of the crop types.
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Figure 6.  Conceptual diagram of processes simulated in the field hydrology model within the SPAW model. Modified from Saxton and 
Willey (2004).
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Soil properties such as percent weight of sand, clay, gravel, 
organic matter, and bulk density for each soil layer were input 
to every model field in the field hydrology model of each SPAW 
model (appendix tables 1.1 through 1.3). Parameters for deter-
mining processes such as runoff and infiltration are computed 
internally in SPAW based on the input soil properties. Other 
parameters were input to the field hydrology model in SPAW to 
control processes such as snow melt, soil freeze, evaporation, 
and boundary conditions (table 6).

The pond model simulations in SPAW require input 
of depth-capacity curves and parameters that define inflows 
and outflows to all simulated waterbodies. Although several 
wetlands were in study area B, the wetlands were treated as 
one waterbody in the model because the wetlands were often 
connected during the period when water levels were measured 
(April 2018 through October 2018). Therefore, a single depth-
capacity curve was used in the model (appendix table 1.4) for 
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Figure 8.  Model fields used in SPAW models developed for three study areas. A, study area B; B, study area D; and C, study area S.
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study area B. At study area D, five wetlands were simulated in 
SPAW, and at study area S only one wetland was simulated in 
SPAW (appendix tables 1.5 and 1.6, respectively).

Inflow computed within the pond model from input pre-
cipitation and air temperature data included bank runoff, direct 
precipitation, and evaporation. Inflow generated from the field 
hydrology models through runoff and interflow also were linked 

to the pond model. Inflow from subsurface drainage outflow 
generated from DRAINMOD simulations also was added as 
an external input to the wetlands at each study area. Although 
DRAINMOD produces daily values of drainage outflow, SPAW 
only allows a set value for defined periods to be input, so 
monthly mean inflows were computed from the DRAINMOD 
output and used in the SPAW simulations (appendix table 1.8).

Table 4.  Crop data used for fields in SPAW models developed for study areas B, D, and S, 2003–18.

[SB, soybeans; SW, spring wheat]

Year

Study area B Study area D Study area S

Field Field
Field 1

1 2 3 4 5 1 2 3 4 5 6

2003 SB SW SW Corn Pasture SB SB Corn Corn SB SB SB
2004 SW Corn SW SB Pasture Corn Corn SB SB Corn Bare soil Corn
2005 Corn SB SB SW Pasture SB SB Corn Corn SB Bare soil SB
2006 SB SW SW Corn Pasture Corn Corn SB SB Corn Bare soil Corn
2007 Corn SW Corn SB Pasture SB SB Corn Corn SB SB SB
2008 SB Corn SB SW Pasture Corn Corn SB SB Corn Corn Corn
2009 SW SB SW Corn Pasture SB SB Corn Corn SB Pasture SB
2010 Corn SW Corn SB Pasture Corn Corn SB SB Corn Pasture Corn
2011 SB Corn SB Corn Pasture SB SB Corn Corn SB SB SB
2012 Corn SB Corn SB Pasture Corn Corn SB SB Corn Corn Corn
2013 SB SW SB Corn Pasture SB SB Corn Corn SB SB SB
2014 SW Corn SW SB Pasture Corn Corn SB SB Corn SB Corn
2015 Corn SB SB SW Pasture SB SB Corn Corn SB Corn SB
2016 SB SW Corn SB Pasture Corn Corn SB SB Corn SB Corn
2017 Corn SB SB SW Pasture SB SB Corn Corn SB Corn SB
2018 SB SW SW SB Pasture Corn Corn SB SB Corn SB Corn

Table 5.  Parameters used for crop types in the field hydrology model portion of the SPAW model for study areas B, D, and S, 2003–18.

[--, no data]

Parameter Corn Soybeans Spring wheat
Pasture-warm 
season grass

Plant date May 10 May 25 April 15 --
Harvest date October 1 October 10 August 15 --
Canopy surface, in inches 0.1 0.05 0.1 0.1
Soil surface, in inches 0.05 0.05 0.05 0.05
Wilting point factor 1 1 1 1
Treatment/practice Contoured Contoured Contoured Natural
Hydrologic condition Good Good Good Good
Canopy cover curve, in percent 5 to 95 15 to 95 0 to 94 60 to 95
Greenness curve, in percent 0 to 100 0 to 95 0 to 100 0 to 100
Root depth curve, in inches 0 to 60 0 to 48 0 to 40 36
Yield susceptibility curve, unitless −0.08 to 0.5 0 to 0.5 0 to 0.5 --
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Table 6.  Parameters used for the field hydrology model portion of the SPAW model for study areas B, D, and S, 2003–18.

Parameter

Study area B Study area D Study area S

Field Field
Field 1

1 2 3 4 5 1 2 3 4 5 6

Snow accumulation temperature, degrees Celsius 0 0 0 0 0 0 0 0 0 0 0 0
Snow melt temperature, degrees Celsius 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Snow melt rate factor, dimensionless 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Soil freezing factor, dimensionless 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97
Soil water evaporation conductivity, in percent 5 5 5 10 5 10 5 5 5 5 10 5
Percent image layer field capacity before down-

ward drainage 90 100 100 100 100 100 100 100 100 100 100 100

Water table depth, in inches -- -- -- -- -- -- -- -- -- -- -- 27.8
Maximum image layer flow rate, in inches per 

day 5 5 5 5 5 5 1 1 1 1 5 5

Annual evapotranspiration, in inches 56.6 56.6 56.6 56.6 56.6 42.3 42.3 42.3 42.3 42.3 42.3 53.25
Total contributing area per field, in acres 119.9 64.8 216.5 236.3 211.4 232 193 204 313 128 194 53
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There are several options for outflow structures and pumps 
in the pond model in SPAW such as outflow pipes, weirs, and 
pumped flow (fig. 7). No outflow structures or pumps affected 
the wetlands at all three wetlands; therefore, a simple spillway 
or weir was used to simulate outflow from the wetlands when 
they reached a defined water level (except for the wetlands at 
study area D; table 7). For the pond model at study area B, the 
wetlands were treated as a single wetland and a weir func-
tion was implemented to simulate the natural outflow from the 
wetland. Other than inflow from the field model and precipita-
tion, the only external inflow included in the model was outflow 
from the subsurface drainage system, which was estimated from 
simulated results of the DRAINMOD model for the area. Study 
area S only included one wetland in the pond model, and a weir 
function was implemented to simulate the natural outflow. The 
pond model included inflow from subsurface drainage from 
simulated results of the DRAINMOD model.

Five wetlands were simulated at study area D that are con-
nected in series by culvert structures (fig. 4). Discharge through 
the culverts were estimated as peak discharges when the wet-
lands were at maximum water levels using methods described in 
Carter (1957). The survey data collected using GNSS methods 
were used to determine the lengths, diameters, and slopes of 
the culverts. The peak discharges ranged from 12 to 48 cubic 
feet per second (appendix table 1.7). Carter (1957) described 
that type five (inlet is submerged, and outlet is not submerged) 
or type six (inlet and outlet are submerged) flows will occur if 
equation 2 is satisfied.

 (_h1 − z)    < 2 (2)D	​​  ​​ �

where
	 h1	 is the water height above the datum (lowest 

culvert elevation) upstream of the 
culvert, in feet;

	 z	 is distance between the culvert bottoms of 
the upstream and downstream ends, in 
feet; and

	 D	 is the diameter of the culvert, in feet.

Manning’s equation (Chow, 1959) was used to determine 
the discharge from wetland 3 into wetland 4 (fig. 4) because 
the culvert was washed out before the monitoring period and 
is now a channel. A rectangular channel was assumed with a 
width of 3.5 ft and a Manning’s roughness coefficient of 0.08 
(Chow, 1959; table 1.7). The maximum height of water for the 
channel between wetlands 3 and 4 was assumed to be 3.26 ft.

Other processes in the water budget in the pond models 
in SPAW included infiltration (outflow) and seepage (inflow 
or outflow; table 7). The seepage rate on the pond bottom was 
a parameter that was determined using measured water-level 
data from the ponds during April 2018 through October 2018 
and soil properties from the NRCS Web Soil Survey  
(U.S. Department of Agriculture, 2020b). Seepage was esti-
mated from horizontal hydraulic conductivity data using the 
assumption that the vertical hydraulic conductivity is about 
10 percent of the horizontal hydraulic conductivity (Freeze 
and Cherry, 1979). Although the seepage rate out of the pond 
bottom can change throughout the year, the hydraulic conduc-
tivity of the pond bottom material does not change. Seepage 
rates were assumed to be zero inches per day during the 
winter because of the freezing of the soils and pond (table 7). 
Infiltration is simulated as inches below the pond bottom 

Table 7.  Parameters used for the pond model portion of the SPAW models for study areas B, D, and S, 2003–18.

[--, no data]

Parameter

Study area

B D S

Pond 1
Pond

Pond 1
1 2 3 4 5

Spillway crest, in feet above pond bot-
tom 4 5 6 4.36 4 5.2 2.2

Initial water depth, in feet above bottom 
of pond 1.50 2.50 3.00 1.00 1.50 1.00 1.65

Water table depth, in feet below land 
surface -- -- -- -- -- -- 1.65 to 2.00

Infiltration into dry pond bottom, in 
inches 2.5 0.25 0.25 0.25 0.25 1 2

Seepage rate, in inches per day 0 to 0.10 0 to 0.25 0 to 0.25 0 to 0.25 0 to 1 0 to 1 0 to 1
Total contributing area, in acres 848.9 968 1,042 1,245 1,255 1,264 53
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that need to be saturated before water will accumulate in the 
modeled wetland. This infiltration value varied by site and 
ranged between 0.25 and 2.5 inches depending on the soil type 
underlying the wetland (table 7).

Monthly potential ET was estimated from annual poten-
tial ET for use in the SPAW models. Within SPAW, a monthly 
percentage is applied to the annual potential ET to simulate 
monthly variability throughout the year. The monthly value for 
ET is converted to a daily value within the model by divid-
ing the monthly value by the number of days in the respec-
tive month.

Boundary and Initial Conditions

To account for the evaporative and drainage properties of 
soil layers, two boundary layers are used in the field hydrology 
model in SPAW that include a 0.5- to 1-inch evaporative layer 
above the uppermost soil layer and an “image” layer below the 
deepest soil layer in the soil profile (fig. 6; appendix tables 1.1 
through 1.3). The upper evaporative boundary layer has the 
same functions of the other soil layers in the profile except 
no roots are simulated in this layer (Saxton, 2002). The water 
is readily evaporated out of this upper boundary layer and is 
only limited by potential ET with the lower limit for water 
content in this layer set just below the wilting point. Water 
can move upward through the soil profile into the evaporative 
layer and is estimated using a modified Darcy equation with 
a reduced unsaturated conductivity rate for the current water 
content (Saxton, 2002). A reduction in the conductivity is used 
because evaporation is mostly vapor flow and not liquid flow, 
resulting in a lower effective conductivity.

The “image” layer in the field hydrology model is a 
separate layer below the deepest soil layer that is assigned 
the same characteristic as the deepest soil layer (appendix 
tables 1.1 through 1.3). The drainage out of the “image” layer 
can be defined three ways as follows: (1) freely draining so 
the water will drain from the “image” layer when the moisture 
content reaches a specified percentage of the field capac-
ity because of percolation through the profile; (2) restricted 
drainage from the “image” layer so that water will drain at 
a specified maximum flow rate in inches per day when the 
water content reaches 90 percent saturation; and (3) a rising 
water table where water will flow upward in the soil profile at 
the specified maximum flow rate, if a water table is specified 
(table 6; Saxton and Willey, 2004).

In the SPAW model, routines for simulating shallow 
groundwater can be included in the field and pond models, but 
were only used for the field and pond model for study area S. 
The water table routine was included because measured water 
level data collected April 2018 through October 2018 in the 
wetland and shallow groundwater indicated that the water 
levels in the pond were connected to the shallow groundwater 
table in the area. A constant water table depth of 27.8 inches 
below land surface throughout the modeling period was used 
as a base value for the soil profile in the field hydrology 
model (table 6). Two water table depths were used in the pond 

model at study area S; a water table depth of 2.00 ft below 
land surface was used for May 1 through June 7, and a water 
table depth of 1.65 ft below land surface was used for June 8 
through October 18 (table 7). The water table depth used for 
May 1 through June 7 was determined based on the measured 
water levels in May 2018. The 1.65 ft value used for June 
through October was selected because after each precipitation 
event in 2018, the measured water levels continued to return 
to about 1.65 ft below land surface. Therefore, the base water 
level for the wetland was estimated to be 1.65 ft.

Several initial conditions were set for the field hydrology 
model and a pond model in SPAW for the three study areas. 
For the pond model in SPAW to simulate the wetlands in the 
three study areas, an initial water depth in the wetlands was 
needed to start the simulation. Because no water-level data 
were available for the beginning of the simulation (January 1, 
2003), the value used as the initial water depth for each 
study area was based on the initial water-level measurement 
during the data collection period from April 2018 through 
October 2018. The initial water depths used for the model 
were 1.50 and 1.65 ft for the models of study areas B and S, 
respectively (table 7). Multiple wetlands were simulated in 
study area D, and the initial water depths ranged from 1.00 to 
3.00 ft (table 7). For the SPAW model at study area S, where 
the groundwater table function was used, an initial water table 
depth was set at 27.8 inches for the field hydrology model 
portion (table 6) and at 1.65 ft below land surface for the pond 
model portion (table 7).

DRAINMOD
Approximate methods are used in DRAINMOD to 

quantify the hydrologic components of subsurface drainage, 
subirrigation (not used in models for this report), infiltra-
tion, ET, and surface runoff (fig. 9). For example, equations 
developed by Hooghoudt (1940), Luthin (1957), Ernst (1975), 
and Taylor and Luthin (1978) are used to calculate drainage 
and subirrigation rates, and infiltration rates are predicted by 
the Green-Ampt equation (Green and Ampt, 1911). Complex 
numerical methods were avoided by assuming a drained to 
equilibrium state for the soil water distribution above the 
water table. The term water table is usually used to describe 
the water level in an unconfined aquifer; however, in this 
report, water table describes the level of saturation in the 
soil profile within DRAINMOD. Inputs to the model were 
soil properties, weather data, crop variables, and subsurface 
drainage configurations. Other applications of DRAINMOD 
mostly have been calibrated and validated on field plot scales 
of 0.5 to 5 acres (for example, Skaggs and others, 1982; 
Salazar and others, 2009; Thorp and others, 2009). Models 
developed for study areas B, D, and S, had fields ranging from 
54.4 acres (study area S) to 664.7 acres (study area D; table 1). 
Similar to SPAW, DRAINMOD water table estimates are 
one-dimensional (vertical). The reliability of DRAINMOD has 
been tested for a wide range of soil, crop, and climatological 
conditions in other applications. Models developed in North 
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Carolina (Skaggs and others, 1982), Ohio (Skaggs and others, 
1981), Louisiana (Gayle and others, 1985; Fouss and oth-
ers, 1987), Florida (Rogers, 1985), Virginia (McMahon and 
others, 1988) and Belgium (Hendrosusanto and others, 1987) 
indicated that the model can be used to reliably predict water 
table elevations and drain flow rates.

Model Parameters
Hydrologic simulations of fields affected by subsurface 

drainage were done using DRAINMOD version 6.1 (North 
Carolina State University, 2020) for each of the three study 
areas. Input data required for calibration and implementation 
of the DRAINMOD applications included time-series data 
such as precipitation and air temperature and several fixed 
parameters to describe the subsurface drainage system and the 
runoff and infiltration processes on the surface and subsurface 
(fig. 9; Skaggs and others, 2012).

Soil property inputs included the saturated lateral 
hydraulic conductivity (by layer), the relation between drain-
age volume and water table depth, and the upward flux from 
the water table (table 8; appendix tables 2.1 through 2.7). 
Most of these parameters were estimated using the ROSETTA 
program (Schaap and others, 2001) based on soil properties 

obtained from the National Cooperative Soil Survey database 
(National Cooperative Soil Survey, 2019) for each study area. 
The Green-Ampt equation (Green and Ampt, 1911) is used in 
the model to compute infiltration, and the coefficients used in 
the equation also were estimated by the ROSETTA program 
for input to DRAINMOD (appendix table 2.5). DRAINMOD 
uses approximate relations developed from soil-water char-
acteristics and unsaturated hydraulic conductivity relations to 
simulate storage and redistribution of water in the soil profile. 
Soil-water characteristics for each soil layer also were esti-
mated using the ROSETTA program for input to DRAINMOD 
(appendix tables 2.1 through 2.3).

Subsurface drainage was defined in the models using 
input parameters for the drain depth, spacing between 
the drains, drain-pipe size, and outlet functions (table 8). 
Information on subsurface drainage design for use in DRAIN-
MOD was obtained from NRCS (table 1; Jonathan Peterson, 
Natural Resources Conservation Service, written commun., 
2019). DRAINMOD simulates the effects of various water 
management simulations on the water table by performing a 
one-dimensional water balance at the midpoint between adja-
cent drains, by means of equation 3 as follows: 
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Figure 9.  Conceptual diagram of processes simulated in the DRAINMOD model. Modified from Skaggs and others (2012).
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			   ∂Va=D+ET+DS−F� (3)
where
	 ∂Va 	 is the drained volume, in inches;
	 D	 is the lateral drainage, in inches, from 

the section;
	 ET 	 is evapotranspiration, in inches;
	 DS 	 is the deep (vertical) seepage, in inches; and
	 F	 is infiltration, in inches, entering the section in 

time increment ∂t.

Fields with complex drainage systems (for example, dif-
ferent drainage diameters, spacing, or depths) can be subdi-
vided into homogenous units for analysis (Skaggs and others, 
2012). Although various drainage pipe diameters and spacing 
were in the subsurface drainage systems in the three study 
areas, a uniform system was chosen for the simulations using 
a single drainage diameter, spacing, and depth value at each 
study area (table 8).

Other parameters were included in the model to describe 
seepage and crop-related processes controlling runoff and infil-
tration. The seepage routine in the model was only used in the 
application of DRAINMOD for study area S (table 8). Crop-
related parameters were the same for models at all three study 
areas and were constant for the simulation period and included 
the lower limit of water content, limiting water table depth, 
definition of wet and dry periods in the year, and monthly 
root depths (table 8). Values for the crop-related parameters 
were based on values used in other DRAINMOD applications 
in eastern North Dakota and Minnesota by NRCS (appendix 
table 2.8; Jonathan Peterson, Natural Resources Conservation 
Service, written commun., 2019) and were adjusted for model 
calibration.

DRAINMOD numerically solves the heat flow equation 
and predicts soil temperature to simulate processes controlling 
field hydrology under conditions such as freezing, thawing, 
and snowmelt (Luo and others, 2000). The model has been 
tested under cold climates in the United States (Jin and Sands, 
2003), Canada (Wang and others, 2005), and Turkey (Luo 
and others, 2001), and predicted values generally agreed well 
with field data. Default values in DRAINMOD from previous 
applications were used for the models developed for the three 
study areas (table 8).

Changes in ET as a result of drainage are a primary deter-
minant of the hydrologic alterations from subsurface drainage 
(Skaggs and others, 2012). ET is generally the second largest 
component of the hydrologic cycle and, along with precipita-
tion, determines how much water is available to leave the 
field by surface runoff, drain outflow, or deep seepage. The 
modified Thornthwaite method was used in the DRAINMOD 
model to estimate potential ET based on daily minimum and 
maximum air temperature. Monthly correction factors were 
used to correct estimates because the Thornthwaite method 

can, at times, underestimate or overestimate potential ET at 
different times of the year compared to the Penman-Montieth 
method (Skaggs and others, 2012). Initial monthly correc-
tion factors were based on values used in other DRAINMOD 
applications in eastern North Dakota and Minnesota by NRCS 
(appendix table 2.8; Jonathan Peterson, Natural Resources 
Conservation Service, written commun., 2019) and were 
adjusted for model calibration.

Boundary and Initial Conditions
Several boundary conditions were set to define the mod-

eling domain used in each of the DRAINMOD models for the 
three study areas. One of the main boundary conditions is the 
definition of an impermeable layer; including the depth and 
characteristics that determine deep seepage to groundwater 
such as thickness of layer, vertical conductivity of the layer, 
and the hydraulic head of the underlying aquifer (table 8). 
The seepage component of the impermeable layer is optional 
in the model, and only the depth of the impermeable layer is 
required. The seepage function was only used in the DRAIN-
MOD application for study area S. The depths of the imperme-
able layers for study areas B, D, and S were set to 78.7, 39.4, 
and 39.4 inches, respectively (table 8). Crop-related boundary 
conditions included defining a lower limit of water content in 
the root zone, the limiting water table depth, and definitions of 
wet periods and dry periods, which are all defined the same for 
models in all three study areas (table 8).

Several conditions were set for initiating the simulations 
using DRAINMOD for the three study areas that included ini-
tial water table depth, initial soil temperature, and initial snow 
depth. The soil temperatures and snow depth were set to the 
same values for DRAINMOD models at all three study areas 
(table 8). No information was available for initial water table 
depths for the beginning of the simulation period (January 1, 
2003); therefore, the values were initially set to an arbitrary 
number of 20 inches and were adjusted during the calibra-
tion process.

Model Evaluation Methods

To evaluate the performance of the models, simulated and 
measured water depths in the wetlands for the SPAW models 
and simulated and measured water table depths of the shal-
low groundwater in the DRAINMOD models were compared 
for the three study areas. Output from both models is in the 
form of water depth, so water levels from the wetlands were 
converted to water depth using surveyed elevation data and 
the depth-capacity curves for each wetland. Groundwater 
levels were converted to water table depth using surveyed 
land-surface elevation data. Land-surface elevation data used 
to convert water levels to water table depths at specific sites 
(table 2) are available from the USGS NWIS database  
(U.S. Geological Survey, 2020a). Simulated and measured 
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Table 8.  Parameters used for DRAINMOD models for study areas B, D, and S, 2003–18.

[--, no data]

Input Expected range

Values used in models

Study area

B D S

Soil property inputs

Lateral hydraulic conductivity by layer, in inches per hour 0.02 to 39 Table 2.7 Table 2.7 Table 2.7
Soil-water characteristic by layer Function Table 2.1 Table 2.2 Table 2.3
Drainage volume relative to water table depth Function Table 2.4 Table 2.4 Table 2.4
Maximum upward flux relative to water table depth Function Table 2.4 Table 2.4 Table 2.4
Infiltration parameters used in Green-Ampt equation Function Table 2.5 Table 2.5 Table 2.5
Soil water content at saturation, in cubic inches per cubic inches 0.3 to 0.9 Table 2.6 Table 2.6 Table 2.6

Site and drainage system inputs

Depth from soil surface to drain, in inches (B) -- 36 31.5 31
Spacing between drains, in inches (L) -- 720 720 810
Effective radius of drains, in inches (Re) -- 2 2 2
Actual distance from surface to impermeable layer, in inches (H) -- 78.7 39.4 39.4
Equivalent depth from drain to permeable layer, in inches (De) -- 34 7.9 8.4
Drainage coefficient, in inches per day 0.2 to 3.9 1.2 1.2 2.4
Kirkham's coefficient -- 7.48 8.43 8.31
Weir depth, in inches 0 to drain depth 36 31.5 31
Maximum subirrigation pump capacity, in inches per day -- 0 0 0
Initial depth to water table, in inches (W) -- 7.9 3.9 19.7
Surface depressional storage (S1), in inches 0.1 to 3.9 0.39 0.79 0.39
Minor surface depressional storage (S2), in inches 0.1 to 3.9 0.2 0.4 0.2

Seepage inputs

Thickness of restrictive layer, in inches 0.79 to 197 Not used Not used 78.7
Hydraulic conductivity of restrictive layer, in inches per hour 0 to 0.39 Not used Not used 0.0002
Hydraulic head at bottom of restrictive layer, in inches 0 to 394 Not used Not used 78.7
Distance to lateral sink, in inches 394 to 7,874 Not used Not used Not used
Water elevation at lateral sink, in inches 0 to 118 Not used Not used Not used
Effective lateral hydraulic conductivity, in inches per hour 0.04 to 39.4 Not used Not used Not used

Crop-related inputs

Lower limit of water content in root zone, in cubic inch per cubic inch -- 0.17 0.17 0.17
Limiting water table depth, in inches -- 11.8 11.8 11.8
Wet period, day and month range -- 4/10–8/18 4/10–8/18 4/10–8/18
Dry period, day and month range -- 8/18–4/10 8/18–4/10 8/18–4/10
Root depth, in inches, monthly values 0 to 39.4 Table 2.8 Table 2.8 Table 2.8

Climate-related inputs

Monthly evapotranspiration correction factors -- Table 2.8 Table 2.8 Table 2.8
Initial snow depth, in inches -- 0 0 0
Initial soil temperature at surface, in degrees Celsius 0 0 0
Initial soil temperature at a depth of 118 inches, in degrees Celsius 9.1 9.1 9.1
Mean air temperature below which precipitation is snow, in degrees 

Celsius -- 0 0 1
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daily water depths were compared for April 26, 2018, through 
October 28, 2018, using the absolute mean error (AME) and 
the root mean square error (RMSE) to evaluate model perfor-
mance. The AME calculates the mean difference between sim-
ulated and measured values and is calculated using equation 4.

	

​AME ​ = ​
∑ ​| simulated value − measured value|​

   _______________________________   number of observations  ​​� (4)

An AME of 0.1 ft indicates that the mean difference 
between the simulated and measured values for the model run 
was 0.1 ft.

The RMSE indicates the spread of how far simulated val-
ues deviate from the measured values and is calculated using 
equation 5.

	
​RMSE ​ =   ​ √ 

________________________________

   ​
∑ ​​(simulated value − measured value)​​​ 2​

   ________________________________   number of observations  ​ ​​� (5)

An RMSE of 0.1 ft indicates that the simulated water val-
ues are within 0.1 ft of the observed values about 67 percent of 
the time.

A sensitivity analysis was done for the SPAW and 
DRAINMOD models to evaluate which parameters affected 
model simulations the most. Not all parameters were included 
in the analysis, but a subset of parameters was identified in 
the calibration process for use in the sensitivity analyses. 
Sensitivity analysis was done on SPAW using the models 
developed for study areas B and S and on the DRAINMOD 
model developed for study area D. The mean difference 
between the calibrated and sensitivity test values of daily 
water depths in the wetlands for the SPAW models and the 
water table depths in shallow groundwater in the DRAINMOD 
models were computed for the simulation period (January 1, 
2003, through December 31, 2018) for comparison.

Evaluation of Model Simulations Using 
SPAW

SPAW models were developed and calibrated at the three 
study areas (study areas B, D, and S) to evaluate how the 
models simulated field-scale hydrologic characteristics and 
the water balance in wetlands from January 1, 2003, through 
December 31, 2018. Measured water-depth data were used for 
comparison to simulated water depths in the wetlands from 
April 2018 through October 2018. A sensitivity analysis also 
was done to evaluate how simulated processes were affected 
by various parameters. The sensitivity analysis provides 
information on what inputs may be the most important for col-
lecting data because of the relative effect each input has on the 
simulated hydrology.

Model Calibration

SPAW models simulated field-scale hydrology processes 
and water balance in adjacent wetlands from January 1, 2003, 
through December 31, 2018, in the three study areas in south-
east North Dakota (study areas B, D, and S). Many of the pro-
cesses simulated in the models are difficult to measure, such as 
runoff from the fields and infiltration in the unsaturated zone; 
however, water depths in the wetlands were measured from 
April 2018 through October 2018. The measured water depths 
were compared to simulated water depths to evaluate how well 
the SPAW models performed in each of the study areas. This 
section describes the simulated hydrologic characteristics and 
calibration of the SPAW models for the three study areas.

Study Area B
The SPAW model developed for study area B included 

five modeled fields in the field hydrology portion of SPAW 
that contributed inflow to one wetland simulated in the pond 
model portion of SPAW. Generally, simulated runoff and 
infiltration were greatest in years with the most precipitation in 

Table 8.  Parameters used for DRAINMOD models for study areas B, D, and S, 2003–18.—Continued

[--, no data]

Input Expected range

Values used in models

Study area

B D S

Climate-related inputs—Continued

Mean air temperature above which snow starts to melt, in degrees 
Celsius -- 1 1 2

Snow melt coefficient, in inches per day per degrees Celsius -- 0.2 0.2 0.2
Critical ice content above which infiltration stops, in cubic inch per 

cubic inch -- 0.2 0.2 0.2
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2010, 2013, and 2016 during the simulation period (January 1, 
2003, through December 31, 2018; figs. 10A, B and 11A). 
Runoff generally occurred in response to multiple precipita-
tion events in close succession or during prolonged events of 
several days when the simulated soil profile became satu-
rated. The water depth in the simulated wetland responded 
accordingly, with the greatest depths in 2007, 2013, and 2016 
(fig. 10C). Water depths stayed relatively high for prolonged 
periods in 2010 through 2011, 2013 through 2014, and 2016 
through 2017 (fig. 10C) because of multiple years of increased 
precipitation (fig. 11A). The wetlands went nearly dry with 
simulated water depths near zero ft during the fall (September 
through November) and winter (December, January, and 
February) in 2006 through 2007, 2012 through 2013, and 2015 
through 2016 (fig. 10C).

Simulated water depths from the pond model were 
compared to measured water levels recorded at two locations 
(sites BWET1 and BWET2) and converted to water depths 
(figs. 3 and 12) using the depth-capacity curve described in 
the “Depth-Capacity Curves and Elevation Data” section of 
this report. Simulated water depths were most similar to water 
depths measured at site BWET1, with an AME of 0.10 ft and 
an RMSE of 0.14 ft. Site BWET2 had slightly larger errors, 
with an AME of 0.22 ft and an RMSE of 0.28 ft (fig. 12). 
Simulated water depths were similar to the pattern of mea-
sured water depths at BWET1 and BWET2 from about mid-
April 2018 through about mid-September 2018, but overpre-
dicted water depths in the fall from about mid-September 2018 
through about mid-October 2018 (fig. 12). Because water 
depths were generalized into a single depth-capacity table for 
the multiple wetlands in study area B, the model was cali-
brated to follow the general pattern of water-level fluctuations 
at the measurement sites. The larger wetland in study area B 
(wetland 1; fig. 3) is at times connected to the smaller wet-
lands, but during dry years or dry periods during any given 
year, this site has four distinct wetland areas. During wet 
conditions, measured water levels tend to be similar among 
the wetlands, whereas during dry conditions, water levels tend 
to be different among the wetlands.

Study Area D
The SPAW model developed for study area D included 

six modeled fields in the field hydrology portion of SPAW 
that contributed inflow to five wetlands connected in series 
in the pond model portion of SPAW (figs. 4 and 8). Patterns 
in simulated runoff and infiltration were similar to the simu-
lated results from study area B; however, precipitation was 
distributed slightly different, resulting in the greatest simu-
lated runoff in 2007, 2011, and 2013 and the greatest infiltra-
tion in 2005, 2013, and 2016 during the simulation period 
(January 1, 2003, through December 31, 2018; figs. 11B and 
13B). The least runoff and infiltration were in 2006, 2012 and 
2017 (fig. 11B). The water depth in the simulated wetland 
responded accordingly, with the greatest depths in 2007, 2011, 
and 2016 (fig. 13C). In general, water depths in the wetlands 

maintained fairly stable levels for most of the year during the 
simulation period because of relatively steep bank slopes and 
control by the culverts that connect the wetlands. However, 
the water depths reacted to precipitation events for short 
periods throughout the simulation period (fig. 13C). Wetland 5 
(figs. 4 and 13C) was nearly dry in the fall (September through 
November) of 2003, 2011, 2012, 2015, and 2016.

Simulated water depths were compared to water depths 
measured in the five wetlands included in the model (fig. 14). 
Simulated water depths compared relatively well to water 
depths in the five wetlands, with the AME ranging from 0.17 ft 
(DWET1) to 0.39 ft (DWET2), and the RMSE ranging from 
0.28 ft (DWET1) to 0.56 ft (DWET5; fig. 14). Differences 
between the simulated and measured water depths among the 
five wetlands may be partially due to the estimations of flow 
between the wetlands through the connecting culverts. Pond 
models for the five wetlands were simulated in series, with 
the upstream wetland being used as an input into the next 
downstream wetland. Each pond has an outlet that either is 
described as a culvert or as a channel. No discharge measure-
ments were collected during the data collection period and 
discharges out of each pond were estimated using Manning’s 
equation or the culvert equations described in Carter (1957).

Another reason for differences between simulated and 
measured water depths may be from the distribution of inflow 
from subsurface drainage from the DRAINMOD simulation. 
DRAINMOD only provides a single value of daily outflow; 
however, the actual subsurface drainage system has multiple 
outlets (fig. 4), and the single daily values were proportioned 
among the three outlets into the appropriate wetland in the 
SPAW model. Measured data were not available to determine 
the appropriate distribution; therefore, the apportionment was 
somewhat arbitrary and may not completely reflect field condi-
tions. Also, although daily drainage discharges are provided 
in the output from DRAINMOD, daily drainage discharges 
could only be input to SPAW as a constant value for a speci-
fied range of dates that was applied to every simulation year. 
Therefore, the model cannot fully simulate the variability in 
outflow from subsurface drainage throughout the range of 
hydrologic conditions.

Study Area S
The SPAW model developed for study area S included 

one modeled field in the field hydrology portion of SPAW that 
contributed inflow to one wetland in the pond model portion 
of SPAW (fig. 5). Patterns in simulated runoff and infiltration 
were similar to the simulated results from the other two study 
areas; however, precipitation was distributed slightly different, 
with the greatest annual totals in 2005, 2007, 2011, and 2016 
(fig. 11C). The greatest simulated runoff was in 2004, 2007, 
and 2016, but the greatest infiltration was in 2005, 2010, and 
2011 during the simulation period (January 1, 2003, through 
December 31, 2018; figs. 11C and 15B). The least runoff was 
in 2006, 2009, and 2014 and the least infiltration was in 2006, 
2012, and 2015. Because of the small size of the wetland 
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Figure 10.  SPAW model results for study area B from January 1, 2003, through December 31, 2018. A, Simulated 
precipitation and potential evapotranspiration; B, simulated infiltration and runoff; and C, simulated wetland water depth.
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Figure 11.  Total annual simulated precipitation, infiltration, and runoff from the SPAW models, 2003 through 2018. A, Study area 
B; B, study area D; and C, study area S.
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simulated in study area S, the variability in water depth in the 
wetland during the simulation period was limited by the size 
of the wetland and outflow from the wetland (fig. 15C). Water 
depths in the wetland did not exceed 2.2 ft because 2.2 ft was 
the height of the weir used in the model to simulate overflow 
from the wetland (table 7). For most of the time each year, 
water depths were near 1.65 ft because the initial water table 
depth was set at 1.65 ft in the model. Water depths would 
decrease below 1.65 ft generally when little water was added 
to the system; consequently, the simulated water table would 
decrease below the initial water table depth.

Simulated water depths were compared to measured 
water depths measured in the single wetland included in the 
model (fig. 16). Among the SPAW models developed for the 
three study areas, the model for study area S showed the best 
comparison between simulated and measured water depths. 
The study area S model had an AME of 0.06 ft and an RMSE 
of 0.10 ft (fig. 16). Study area S was the smallest modeling 
area among the three study areas and included only one mod-
eled field. The simple model design may have contributed to 
the better fit between simulated and measured depths in the 
wetland compared to the other study areas.

Sensitivity Analysis

Sensitivity analysis was done to evaluate parameters in 
the SPAW model to determine which parameters have the most 
effect on simulated results. The sensitivity analysis also was 
used to evaluate model performance in describing hydrologic 
processes and to provide information on what parameters may 
be important for careful consideration during model develop-
ment. When modeling natural systems, simulations are always 
approximations of the actual conditions that exist in the system. 
Although many parameters within SPAW are used to describe 
hydrologic processes in one or more fields and in an impound-
ment or water body such as a wetland, a subset of parameters 
was selected for a sensitivity analysis based on those param-
eters adjusted most frequently during calibration. The models 
developed and calibrated for study areas B and S were selected 
for the sensitivity analysis to compare the sensitivity of selected 
parameters in a relatively simple modeled area (study area S) 
and a more complex modeled area (study area B). Parameters 
used in the field hydrology model and pond model within 
SPAW were tested.
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Figure 12.  Simulated and measured water depths for wetlands 1 and 2 in study area B, April 2018 through October 2018.
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Figure 13.  SPAW model results for study area D from January 1, 2003, through December 31, 2018. A, Simulated 
precipitation and potential evapotranspiration; B, simulated infiltration and runoff; and C, simulated wetland water depth in 
wetland 5.
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Figure 15.  SPAW model results for study area S from January 1, 2003, through December 31, 2018. A, Simulated 
precipitation and potential evapotranspiration; B, simulated infiltration and runoff; and C, simulated wetland water depth.
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Figure 16.  Simulated and measured water depths for the wetland in study area S, April 2018 through October 2018.

Table 9.  Results of sensitivity analysis for the SPAW model for study areas B and S, 2003–18.

[--, no data]

Parameter

Input, in 
percent 
change 

from 
calibrated 

value

Study area

B S

Mean difference in 
wetland water depth 
(sensitivity test minus 

calibrated value), 
in feet

Mean difference in 
wetland water depth 
(sensitivity test minus 

calibrated value), 
in feet

Potential evapotranspiration (field and pond model)
+20 −0.21 −0.05
−20 0.28 0.04

Seepage rate (pond model)
+20 −0.04 0.0009
−20 0.04 0.0018

Pond bottom infiltration (pond model)
+20 −0.1 −0.001
−20 0.08 0.0001

Soil water evaporation conductivity (field model)
+50 0.006 −0.002
−50 −0.02 0

Water table depth (field model)
+50 -- 0.35
−50 -- −0.29

Study area B—Hydrologic soil group D (clay) (calibrated 
field model used hydrologic soil groups B and C) -- 0.45 --

Study area B—Hydrologic soil group A (loamy sand) (cali-
brated field model used hydrologic soil groups B and C) -- −0.1 --

Study area S—Hydrologic soil group D (clay) (calibrated field 
model used hydrologic soil group A, loamy sand) -- -- −0.15

Study area S—Hydrologic soil group B (silty loam) (calibrat-
ed field model used hydrologic soil group A, loamy sand) -- -- 0.26
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Simulated water depth in the wetland at study area B was 
most sensitive to changes in potential ET and soil type (table 9). 
In general, the main drivers for a hydrologic budget are precipi-
tation into the system and potential ET out of the system.  
Increasing the potential ET in the field and pond model by 
20 percent resulted in a mean difference of −0.21 ft in water 
depth from the calibrated model. Decreasing potential ET by 
20 percent resulted in a mean difference of 0.28 ft from the 
calibrated water depth. The changes in simulated wetland 
water depths were less in study area S with changes in ET. 
The mean difference in wetland water depths were −0.05 and 
0.04 ft (table 9).

Many of the changes in parameters tested for sensitivity 
had less of an effect on simulated water depth in the model for 
study area S compared to study area B. This result likely is 
because of the implementation of the water table routine in the 
study area S model that was not used for the model in study 
area B. The water table routine likely reduced the sensitivity of 
other parameters to changes and how the parameters affect the 
simulated water depths in the wetland. The water table depth 
was tested for sensitivity for study area S by increasing and 
decreasing values by 50 percent and had a greater effect on 
simulated water depths in the wetland than any other param-
eters tested. Changes in water depth were 0.35 and −0.29 ft 
(table 9).

Soil parameters are not explicitly input in the field model 
portion of SPAW, rather soil characteristics are entered into 
SPAW and parameters are generated internally. Therefore, 
instead of changing a single parameter, the hydrologic soil 
group was changed to evaluate sensitivity, which affects 
several internally generated parameters. Soils are sorted into 
hydrologic soil groups A–D, and each soil group is dependent 
upon the least permeable soil layer in its simplest form  
(U.S. Department of Agriculture, 1972). Hydrologic soil group 
A has the least runoff potential and generally consists of sands 
and gravels, whereas hydrologic soil group D has the greatest 
runoff potential and generally consists of silts and clays  
(U.S. Department of Agriculture, 1972). Changing from 
hydrologic soil groups B and C to hydrologic soil group D in 
the study area B model increased the simulated water depth 
by a mean of 0.45 ft for the simulation period. Changing to 
hydrologic soil group A had less of an effect on simulated 
water depth in the study area B model, with a mean decrease 
of −0.1 ft (table 9). Changing from hydrologic soil group A to 
hydrologic soil group D in the study area S model decreased 
the simulated water depth by a mean of −0.15 ft for the 
simulation period, and changing to hydrologic soil group B in 
the study area S model increased the water depth by a mean 
of 0.26 ft for the simulation period (table 9). Because of the 
importance of water movement in the soil profile, the soil 
characteristics consequently have a substantial effect on the 
hydrologic processes in the model.

Other parameters used in the field and pond model 
portions of the SPAW model were tested but had less effect 
on simulated water depths than did changes to potential ET 
and soil type for study areas B and S models. For the pond 

model, seepage rate and the pond bottom infiltration rate were 
adjusted with an increase and decrease of 20 percent, resulting 
in a 0.1 ft or less difference in water depth from the calibrated 
model for the simulation period (table 9). Changing the 
soil-water evaporation conductivity in the field model by 50 
percent only changed the water depth in the wetland −0.02 ft 
from the calibrated study area B model and had no change to 
the water depth in the wetland for study area S.

Model Limitations

The SPAW model, similar to most models, provides a 
simplified estimation of the complex natural processes that 
control the hydrology of fields and wetlands, and because of 
assumptions made in the development and implementation 
of the models, the SPAW model has inherent limitations. The 
SPAW field hydrology model simulates a vertical daily water 
budget for an agricultural field (Saxton and Willey, 2004). This 
model has no infiltration time distribution less than daily and 
has no flow routing; therefore, this model is most suitable for 
small drainage basins (Saxton and Willey, 2004). The lack of 
flow routing capabilities makes modeling subsurface drainage 
outflow or streams in the drainage basin impossible. This issue 
can cause discrepancies between actual runoff and drainage 
into a wetland area compared to simulated results. The SPAW 
field hydrology model also is limited in its ability to model 
the heterogeneity of soil and crop properties across a drain-
age basin because the properties are applied uniformly in each 
modeled field. Soil properties can substantially change the 
output of the model because different soil properties will lead 
to increased or decreased runoff into the wetland areas. For 
each modeled field, a water table can also be defined with the 
soil properties. However, when using a water table as a bound-
ary condition, there is no variation from year to year. Crop 
properties also can change the output of the model, although 
the heterogeneity of crops throughout a drainage basin is bet-
ter handled by delineating each field by crop type.

The SPAW pond model has limitations with model inputs 
and the soil properties of the pond bottom. One of the poten-
tial model inputs is to include a groundwater table surround-
ing the wetland area. Similar to the field model, when using a 
groundwater table in the pond model, the groundwater table 
input has no variation from year to year. Another limitation is 
the application of the pond bottom properties that can only be 
described using two parameters—the inflow into the dry pond 
bottom and the outflow using a pond seepage rate. The lack 
of definition in the soil-water properties of the pond bottom 
can limit the ability to accurately model the seepage into the 
pond bottom. Also, the input of direct inflows to the model has 
limitations. For example, although daily inputs of subsurface 
drainage flow generated by DRAINMOD simulations for the 
simulation period were available, the subsurface drainage flow 
only could be input as a constant value for a specified range 
of dates that was the same every simulation year. Therefore, 
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the model cannot fully simulate the variability in outflow 
from subsurface drainage throughout the range of hydrologic 
conditions.

The application and evaluation of the simulated pro-
cesses in the SPAW models specific to the three study areas 
investigated in this report also had some limitations. Because 
measured data only were available for one growing season in 
2018, the performance of the models only could be evaluated 
for the range of hydrologic and field management conditions 
that occurred during that period. Although the precipitation 
during the 2018 calibration period was above the mean, the 
model performance could not be evaluated for wetter years 
such as observed in 1986, 2010, and 2019 or for drier years 
such as observed in 1976, 1992, or 2006 (fig. 2). Also, site 
conditions changed during the simulation period (January 1, 
2003, through December 31, 2018), but had to be simulated 
uniformly throughout the simulation period. For example, 
at study area B, the smaller mitigated wetlands in the wet-
land complex (wetlands 1, 2, and 3; fig. 3) were not present 
in the earlier portion of the simulation period but had to be 
treated as if the wetlands were present for the entire period. 
Similarly, the subsurface drainage systems were installed later 
in the simulation period in all three study areas but had to be 
treated in the models as if the drainage systems were present 
for the entire simulation period. The evaluation of how well 
the models simulated various hydrologic processes such as 
infiltration and field runoff also were limited because those 
processes are difficult to measure for comparison to simulated 
results. Measured data also could not be collected during the 
winter because of frozen soils and wetlands; therefore, model 
performance could not be evaluated during cold conditions. 
However, collection of additional soil temperature and soil 
moisture data could provide useful information for evaluating 
models in future applications.

Evaluation of Model Simulations Using 
DRAINMOD

DRAINMOD models were developed and calibrated at 
the three study areas (study areas B, D, and S) to evaluate how 
the models simulated field-scale hydrologic characteristics 
for fields affected by subsurface drainage from January 1, 
2003, through December 31, 2018. DRAINMOD models 
also provided inflow from subsurface drainage discharge to 
the SPAW models for simulating water depths in wetlands in 
the study areas. Measured water table data were collected in 
shallow groundwater wells in each study area for compari-
son to simulated water table depths from April 2018 through 
October 2018. The term water table is usually used to describe 
the water level in an unconfined aquifer; however, in this 
report the term water table describes the level of saturation in 
the soil profile within DRAINMOD.

A sensitivity analysis also was done with a selected num-
ber of model parameters to evaluate how simulated processes 
were affected by changes to the various parameters. The sensi-
tivity analysis can provide information on what inputs may be 
the most important for collecting data because of the relative 
effect each input has on the simulated hydrology.

Model Calibration

DRAINMOD models simulated infiltration, subsurface 
drainage, and surface runoff from January 1, 2003, through 
December 31, 2018, in the three study areas in southeast North 
Dakota (study areas B, D, and S). Many of the processes simu-
lated in the models are difficult to measure such as runoff from 
the fields and infiltration in the unsaturated zone. However, 
from April 2018 through October 2018, water-level data were 
collected from shallow groundwater wells installed near the 
wetlands in the study areas to evaluate how well the models 
performed in each of the study areas. This section describes 
the simulated hydrologic characteristics and calibration of the 
DRAINMOD models for the three study areas.

Study Area B
The calibrated DRAINMOD model for study area B 

showed the variability of hydrologic processes in the modeled 
field throughout the wide range of hydrologic conditions from 
January 1, 2003, through December 31, 2018 (figs. 17A–C). 
Runoff was typically generated during precipitation events 
with greater than 1 inch of precipitation or during multiple 
events in close succession; for example, as observed in 2007 
(figs.17A–B). Most of the larger runoff events during the 
simulation period occurred in March and April. In general, 
the discharge through the simulated subsurface drainage 
system occurred in the spring and early summer (April–June) 
most years, with little to no discharge later in the year. Some 
exceptions occurred in years that had late summer precipita-
tion events, resulting in discharge from the drainage system 
during the fall (September through November) such as in 2013 
and 2016. Discharge from the subsurface drainage ranged 
from 0 to 6.3 gallons per minute (gal/min) during the simula-
tion period (fig. 17C). During the calibration period in 2018, 
discharge only occurred in April and May with a maximum 
discharge of 1.7 gal/min (fig. 17C).

Simulated daily water table depths were compared to 
water table depths measured at two locations (sites BGW1 
and BGW2; fig. 3). The two measurement sites were near the 
wetlands in the study area and not in the field being simu-
lated by DRAINMOD. Consequently, the result was a model 
calibrated to approximate the patterns of fluctuations measured 
in the groundwater wells rather than trying to exactly match 
daily water table depths because the wells may not com-
pletely reflect the processes occurring in the simulated field. 
Simulated water table depths did match the general pattern of 
the measured water table depths at sites BGW1 and BGW2 
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Figure 17.  DRAINMOD model results for study area B from January 1, 2003, through December 31, 2018. A, Simulated 
precipitation and potential evapotranspiration; B, simulated infiltration and runoff; and C, simulated subsurface drainage 
discharge.
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but did not completely reflect the variability observed in the 
measured data (fig. 18B). Simulated water table depths did 
compare slightly better to water table depths measured at site 
BGW2, with an AME of 0.41 ft and an RMSE of 0.52 ft, com-
pared to site BGW1, with an AME of 0.44 ft and an RMSE 
of 0.52 ft (fig. 18B). Simulated water table depths were more 
similar to the pattern of measured water table depths in April 
through June and August through September, but underpre-
dicted water table depths in July and October (fig. 18B). The 
locations of the wells within the study area may have caused 
the measured water table depths to be affected by interaction 
with the wetlands and, therefore, limiting the representation 
of the water depths and hydrologic processes in the fields. The 
lower variability of the simulated data relative to the measured 
data also may be due to the generalized soil-water proper-
ties in the model that do not fully capture the complexities of 
water movement in the subsurface in study area B. Variability 
in the water table depths also may be affected by the computa-
tion of ET in the model. The Thornwaithe method (Skaggs 
and others, 2012) was used in the model to estimate ET, and 
monthly correction factors were applied and adjusted during 
calibration. Estimated daily potential ET from a climate site 
using the Penman-Monteith method (Skaggs and others, 2012) 
may help improve model performance if such data were avail-
able near the modeled area.

Study Area D

The calibrated DRAINMOD model for study area D 
showed the variability of hydrologic processes in the modeled 
field throughout the wide range of hydrologic conditions from 
January 1, 2003, through December 31, 2018 (figs. 19A–C). 
Similar to the simulated results at study area B, runoff was 
typically generated during precipitation events with greater 
than 1 inch of precipitation or during multiple events in close 
succession (figs. 19A–B). Similar patterns also were seen in 
the pattern of runoff occurring in March and April for multiple 
years during the simulation period. In general, the discharge 
through the simulated subsurface drainage system occurred 
in the spring and early summer (April–June) most years, with 
little to no discharge later in the year (fig. 19C). Some excep-
tions were in years that had late summer precipitation events, 
resulting in fall (September-November) discharge from the 
drainage system, such as in 2013 and 2016. Discharge from 
the subsurface drainage ranged from 0 to 137 gal/min during 
the simulation period (fig. 19C). Although the DRAINMOD 
model used a uniform pipe size and a single outlet, the actual 
subsurface drainage system at study area D has three out-
lets with 10-inch mains, so the drainage discharge from the 
model might be underpredicted. However, no measured outlet 
discharge data are available to verify the results. During the 
calibration period in 2018, some discharge occurred in April 
and May, but the greatest discharge (maximum of 6.3 gal/min) 
was in September and October (fig. 19C) because of several 
precipitation events that occurred in August and September.

Simulated daily water table depths were compared to 
measured water table depths at two locations (sites DGW1 
and DGW2; fig. 4). The two measurement sites were near the 
wetlands in the study area and not in the field being simu-
lated by DRAINMOD; therefore, the model was calibrated to 
approximate the patterns of fluctuations measured in ground-
water wells that may be affected by the wetlands. Although 
the subsurface drainage system in study area D was the most 
complex among the three study areas and was simplified into 
a uniform system within DRAINMOD, simulated water table 
depths at study area D correlated better to measured water 
table depths compared to results from the model applications 
at the other two study areas. Simulated water table depths at 
both well sites (sites DGW1 and DGW2) compared similarly 
with measured water table depths, with an AME of 0.30 ft 
and an RMSE of 0.37 ft at site DGW1 and an AME of 0.29 ft 
and an RMSE of 0.34 ft at site DGW2 (fig. 20B). Simulated 
water table depths were similar to the pattern of measured 
water table depths in April through August, but overpredicted 
water table depths in September and October (fig. 20B). The 
locations of the wells within the study area may have caused 
the measured water table depths to be affected by interaction 
with the wetlands and, therefore, limiting the representation 
of the water depths and hydrologic processes in the fields. The 
estimation method used to generate potential ET also may 
have affected the deviations between simulated and measure 
water table depths.

Study Area S
The calibrated DRAINMOD model for study area S 

showed the variability of hydrologic processes in the modeled 
field throughout the wide range of hydrologic conditions from 
January 1, 2003, through December 31, 2018 (figs. 21A–C). 
Patterns in the runoff from this study area were similar to pat-
terns in the other two study area models, with much of the run-
off occurring in March and April for multiple years during the 
simulation period. In general, the discharge through the simu-
lated subsurface drainage system also occurred in the spring 
and early summer (April–June) most years, with little to no 
discharge later in the year. Some exceptions occurred in years 
that had late summer precipitation events, resulting in dis-
charge from the drainage system during the fall (September-
November) such as in 2009 and 2013. Discharge from the 
subsurface drainage ranged from 0 to 9.3 gal/min during the 
simulation period. During the 2018 calibration period, only a 
small amount of discharge occurred during 10 days in April, 
with a maximum discharge of 0.14 gal/min (fig. 21C).

Simulated daily water table depths were compared to 
measured water table depths measured at one site (SGW1; 
fig. 5). Although the subsurface drainage system in study area 
S was the simplest and the modeled field was the smallest 
among the three study areas, simulated water table depths at 
study area S did not correlate as well to measured water table 
depths compared to results from the model applications at the 
other two study areas. Simulated water table depths compared 
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to measured water table depths determined from site SGW1 
had an AME of 0.62 ft and an RMSE of 0.74 ft (fig. 22). Also, 
less measured data were available for comparison to simulated 
results because the groundwater well was dry for a substantial 
period during the April 2018 through October 2018 calibra-
tion period (fig. 22). Peaks in simulated water table depths 
generally coincided with peaks in the measured water table 
depths that occurred in July and October, but the simulated 
water table peak in April and May occurred earlier than the 

measured peak (fig. 22). Several factors such as the location of 
the groundwater well and estimation of potential ET men-
tioned previously for the models in the other study areas also 
could be relevant to the model developed at study area S. The 
smaller field size in study area S also may have more dynamic 
hydrologic processes compared to the larger model areas in 
study areas B and D that were not adequately captured in the 
DRAINMOD model.
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Figure 18.  Water table depths in study area B. A, simulated water table depths for the simulation period of January 1, 
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Figure 19.  DRAINMOD model results for study area D from January 1, 2003, through December 31, 2018. A, Simulated 
precipitation and potential evapotranspiration; B, simulated infiltration and runoff; and C, simulated subsurface drainage 
discharge.
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Figure 20.  Water table depths in study area D. A, simulated water table depths for the simulation period of January 1, 
2003, through December 31, 2018; and B, simulated and measured water table depths, April 1, 2018, through October 31, 
2018.
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Figure 21.  DRAINMOD model results for study area S from January 1, 2003, through December 31, 2018. A, Simulated 
precipitation and potential evapotranspiration; B, simulated infiltration and runoff; and C, simulated subsurface drainage 
discharge.
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Sensitivity Analysis

Sensitivity analysis was done to evaluate parameters in 
the DRAINMOD model to determine which parameters have 
the most effect on simulated results. The sensitivity analysis 
also was used to evaluate model performance in describing 
hydrologic processes and to provide information on which 
parameters may be important for careful consideration during 
model development. Although many parameters are used in 

DRAINMOD to describe hydrologic processes in a field with 
subsurface drainage, a subset of parameters was selected 
for a sensitivity analysis based on those parameters adjusted 
most frequently during calibration. The model developed and 
calibrated for study area D was selected for sensitivity analysis 
because the model for study area D had more simplifying 
assumptions in regard to the simulated subsurface drainage 
system compared to the models developed for study areas B 
and S (fig. 1).
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Figure 22.  Water table depths in study area S. A, simulated water table depths for the simulation period of January 1, 
2003, through December 31, 2018; and B, simulated and measured water table depths, April 1, 2018, through October 31, 
2018.
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Sensitivity analysis completed on DRAINMOD for study 
area D determined that simulated water table depths were 
most sensitive to changes in ET, surface depressional storage, 
saturated lateral hydraulic conductivity, and the soil water 
content at saturation (table 10). Increasing and decreasing the 
ET correction factors by 50 percent changed the simulated 
water table depths by −2.38 and 1.34 inches from the cali-
brated values for the simulation period, respectively (table 10). 
The surface storage depth parameters control how much water 
can be stored in depressions on the surface before runoff can 
begin. Increasing and decreasing the surface storage (total and 
minimum) by 50 percent changed the simulated water table 
depths by −1.27 and 1.60 inches from the calibrated values 
for the simulation period, respectively. The lateral hydraulic 
conductivity controls how moisture in the soil profile moves 
laterally to the subsurface drainage in the model. Changes in 
the lateral hydraulic conductivity values for all the soil layers 
by 50 percent resulted in a 0.79-inch and −1.52-inch change in 
water table depth compared to the simulated model (table 10).

The model was least sensitive to changes in the diam-
eter of the subsurface drainage pipe, drainage coefficient, and 
initial water table depth. The parameters were all increased 
and decreased by 50 percent but only changed the resulting 
simulated water table depths by 0.10 inch or less compared 
to the calibrated model in all cases (table 10). This result 
indicates that simplification of the subsurface system for the 
three study areas may not have had a substantial effect on the 
resulting simulated water table depth. Also, although the initial 
water table depth used in the model was arbitrary because no 
measured data were available, and the initial water table depth 
likely had a substantial effect at the beginning of the simula-
tion, the initial water table depth, on average, did not have a 
substantial effect on the model results throughout the simula-
tion period.

Model Limitations

The DRAINMOD model, similar to most models, provides 
a simplified estimation of the complex natural processes that con-
trol the hydrology of fields and wetlands, and because of assump-
tions made in the development and implementation of the models, 
the DRAINMOD model has inherent limitations. Similar to the 
SPAW field hydrology model, DRAINMOD is limited in its abil-
ity to simulate the heterogeneity of soil and crop properties across 
a field. Modeled fields were assumed to have homogeneous soil 
and crop properties. Soil properties can substantially change the 
output of the model because different soil properties will lead to 
increased or decreased runoff and infiltration. DRAINMOD also 
simulates water table fluctuations, but the model does not account 
for groundwater recharge. In the Prairie Pothole Region, ground-
water discharge and recharge occur as parts of a complex and 
dynamic system (Winter, 2003). The attributes of wetlands that 
allow the wetlands to recharge groundwater are not completely 
understood, but the complexities of groundwater interactions 
with depressional wetlands makes the modeling of groundwater 

functions difficult. The recharge/discharge function of pothole 
wetlands has been determined to change seasonally, annually, and 
cyclically during wet and dry cycles (Winter, 2003). The only 
groundwater information entered for a DRAINMOD simulation 
is the starting depth of the water table. From the starting depth, 
the application simulates changes in the water table. The applica-
tion can receive inputs for potential seepage, but groundwater 
recharge cannot be input into the system.

Another limitation is that DRAINMOD only simulates 
water table depth in one dimension (vertically) and does not 
simulate horizontal changes. So, to determine the volumetric dis-
charge from a drainage system, the output (in inches) needs to be 
multiplied by a contributing area. Because the area of a modeled 
field is not explicitly simulated, larger errors could be introduced 
in the simulation of larger areas.

The model application also does not allow for changing of 
crops during a simulation. A single crop type must be chosen for 
the duration of the simulation. The only way to simulate crop 
rotation would be to break apart the simulation into pieces and 
adjust the crop information accordingly. This option, however, is 
not ideal because producers typically rotate crops on an annual 
basis, and in some years the field may be kept fallow or may be 
managed as part of a conservation-related program.

Another of the main limitations of the model application 
occurs with simulating frozen soil and snow cover during the 
winter. Early model applications were limited to warm seasons 
because of the lack of a freezing and thawing algorithm (Luo 
and others, 2000). Modifications, however, have been made to 
the model to include prediction of the soil temperature, snow 
accumulation, and melting processes (Zhao and others, 2000). 
However, the computations are somewhat simplistic and probably 
do not capture the complexities of freezing and thawing in the fall 
and spring in the northern climates such as in North Dakota. The 
algorithms may work adequately in more southern applications 
where the depth of frozen soil is minimal, but in areas like North 
Dakota, frozen soils can be more than 3 ft deep. Therefore, the 
freezing and thawing computations probably do not adequately 
capture the freezing in the fall and thawing in the spring.

Implications
The SPAW and DRAINMOD model applications at the 

three study areas in southeast North Dakota adequately simulated 
the hydrologic processes for fields with subsurface drainage that 
are connected to adjacent wetlands. However, more measured 
data would be needed to fully evaluate the models through-
out the range of climatic conditions. Although the simulation 
period (January 1, 2003, through December 31, 2018) covered 
a wide range of hydrologic conditions, the measured data only 
were available for April 2018 through October 2018. For future 
applications, having measured data for at least a 2-year period 
and ideally throughout a larger range of conditions would provide 
a better evaluation of the performance of the models. Some 
additional data that also would be useful for the development of 
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the SPAW and DRAINMOD models include soil moisture, soil 
temperature, soil core, and additional groundwater-level data in 
the field portion of the model area. Although the groundwater 
interaction with the field hydrology model portion of SPAW is a 
simplistic computation, the sensitivity analysis described in this 
report indicated that the model can be sensitive to changes in the 
groundwater parameters. Although measuring discharge can be 
difficult depending on the configuration of the drain outlet, mea-
sured discharge from the subsurface drainage system also would 
be useful for the development and calibration of the DRAIN-
MOD model in future applications. For future applications of 
SPAW, having complete and accurate data for the configuration of 
the wetlands also is important to fully develop the depth-capacity 
curve input to the pond hydrology portion of the model. For the 
applications described in this report, lidar data and some survey 
data were used and provided adequate estimations of the wet-
land depth capacity; however, for larger wetlands with greater 
depth, this method may not capture the full range of depth for 
the wetland.

Because of SPAW’s lack of computations to estimate sub-
surface drainage, DRAINMOD was evaluated in this report to be 
used in conjunction with SPAW to account for subsurface drain-
age discharge from a field. However, given the simplistic input to 
SPAW, the daily output generated by DRAINMOD did not add 
much value to the simulation of the wetlands in the three study 
areas. If perhaps another model was used to simulate the field 
wetland hydrology that could use a daily input, then the DRAIN-
MOD simulation may be more useful for capturing the variability 
of the discharge from the subsurface drainage system.

Given the limitations of SPAW and DRAINMOD, the com-
plexity of the system to be simulated warrants careful consider-
ation for future applications. For example, the SPAW model has 
no flow-routing capability, so if the modeled area is affected by 
surface drainage features, SPAW may not fully capture the hydro-
logic processes in the area. Also, if fields in the modeled area 
have a strong interaction with shallow groundwater, the routines 
in DRAINMOD and the field hydrology and pond model portions 
of SPAW will likely be limited in simulating the variability. For 
DRAINMOD, the complexity of the subsurface drainage system 
and the area affected by the subsurface drainage would affect how 
effectively the model would simulate the hydrology of the model 
area. DRAINMOD does not specify a drainage area in the model 
and assumes uniform soil and crop properties. Therefore, if mod-
eled fields have a surface drainage system, heterogeneous soil 
properties, or subsurface drainage with a complex configuration 
throughout multiple fields, these factors may limit how well the 
model simulates the hydrologic conditions in the modeled area.

Summary
Proper identification of wetlands, along with a better 

understanding of the hydrology of mitigated wetlands, are 
needed to assist with conservation efforts aimed at maintain-
ing the productivity as well as ecological function (wetland 
mitigation) of agricultural lands. The U.S. Geological Survey, 
in cooperation with the U.S. Department of Agriculture 
Natural Resources Conservation Service, completed a study 
to evaluate two models for simulating hydrologic conditions 

Table 10.  Results of sensitivity analysis for the DRAINMOD model for study area D, 2003–18.

Parameter
Input, in percent 

change from 
calibrated value

Mean difference in 
water table depth 

(sensitivity test minus 
calibrated value), 

in inches

Potential evapotranspiration correction factor
+20 −2.38
−20 1.34

Drainage coefficient
+50 0.00
−50 −0.03

Surface and minimum depressional storage
+50 −1.27
−50 1.60

Saturated lateral hydraulic conductivity values
+50 0.79
−50 −1.52

Soil-water characteristic
+20 0.93
−20 −1.12

Initial water table depth
+50 0.10
−50 0.07

6-inch diameter drain (calibrated value, 4-inch drain) -- 0.09
8-inch diameter drain (calibrated value, 4-inch drain) -- 0.08
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in fields with subsurface drainage to mitigated wetlands at 
several sites in North Dakota. The two models were selected 
for evaluation at sites in Barnes, Dickey, and Sargent Counties 
in North Dakota—the Soil-Plant-Atmosphere-Water (SPAW) 
and DRAINMOD models, were evaluated as possible tools for 
water resource managers to use for designing wetland mitiga-
tion projects in the area in the future.

The SPAW model simulates the daily hydrologic water 
budgets of agricultural landscapes by two linked routines, one 
for farm fields (field hydrology) and one for impoundments 
such as wetlands and ponds (pond model). Field hydrology 
is represented by precipitation; temperature; evapotranspira-
tion; interacting soil layers; and annual crop growth with 
management options for rotations, irrigation, and fertilization. 
Simulations estimate daily vertical, one-dimensional water 
budget with soil-water profiles of all primary hydrologic 
processes such as runoff, infiltration, storage, and seep-
age to groundwater. Pond hydrology simulations provide 
water budgets by multiple inflow and outflow processes for 
impoundments that have agricultural fields or operations as a 
water source.

The DRAINMOD model was used in conjunction with 
the SPAW model because although the SPAW model can be 
used to simulate the hydrology of small drainage basins con-
taining wetlands, the SPAW model does not contain routines 
to simulate drainage, either subsurface drainage or surface 
(drainage ditches), that can directly affect the wetland hydrol-
ogy. The wetlands in the study areas in this report are all 
downstream from and adjacent to drained agricultural fields.

The SPAW model developed for study area B included 
five modeled fields in the field hydrology portion of SPAW 
that contributed inflow to one wetland simulated in the pond 
model portion of SPAW. Generally, simulated runoff and 
infiltration were greatest in years with the most precipitation in 
2010, 2013, and 2016 during the simulation period (January 1, 
2003, through December 31, 2018). Runoff generally occurred 
in response to multiple precipitation events in close succession 
or during prolonged events of several days when the simulated 
soil profile became saturated.

Simulated wetland water depths were most similar to 
water depths measured at site BWET1, with an absolute mean 
error of 0.10 foot and a root mean square error of 0.14 foot. 
Site BWET2 had slightly larger errors, with an absolute mean 
error of 0.22 foot and root mean square error of 0.28 foot. 
Simulated water depths were similar to the pattern of mea-
sured water depths at BWET1 and BWET2 from about mid-
April 2018 through about mid-September 2018, but overpre-
dicted water depths in the fall from about mid-September 2018 
through about mid-October 2018.

The SPAW model developed for study area D included 
six model fields in the field hydrology portion of SPAW that 
contributed inflow to five wetlands connected in series in the 
pond model portion of SPAW. Patterns in simulated runoff and 
infiltration were similar to the simulated results from study 
area B; however, precipitation was distributed slightly differ-
ent, resulting in the greatest simulated runoff in 2007, 2011, 

and 2013 and the greatest infiltration in 2005, 2013, and 2016 
during the simulation period. The least runoff and infiltration 
were in 2006, 2012 and 2017. Simulated water depths com-
pared relatively well to water depths in the five wetlands, with 
the absolute mean error ranging from 0.17 foot (DWET1) to 
0.39 foot (DWET2), and the root mean square error ranging 
from 0.28 foot (DWET1) to 0.56 foot (DWET5).

The SPAW model developed for study area S included 
one modeled field in the field hydrology portion of SPAW that 
contributed inflow to one wetland in the pond model portion 
of SPAW. Patterns in simulated runoff and infiltration were 
similar to the simulated results from the other two study areas; 
however, precipitation was distributed slightly different. The 
greatest simulated runoff was in 2004, 2007, and 2016, but 
the greatest infiltration was in 2005, 2010, and 2011 during 
the simulation period.. The least runoff was in 2006, 2009, 
and 2014 and the least infiltration was in 2006, 2012, and 
2015. Among the SPAW models developed for the three study 
areas, the model for study area S showed the best compari-
son between simulated and measured water depths, with an 
absolute mean error of 0.06 foot and a root mean square error 
of 0.10 foot.

DRAINMOD models were developed and calibrated at 
the three study areas to evaluate how the models simulated 
field-scale hydrologic characteristics for fields affected by sub-
surface drainage from January 1, 2003, through December 31, 
2018. DRAINMOD models also provided inflow from subsur-
face drainage discharge to the SPAW models for simulating 
water depths in wetlands in the study areas. Measured water 
table data were collected in shallow groundwater wells in each 
study area for comparison to simulated water table depths 
from April 2018 through October 2018.

The calibrated DRAINMOD model for study area B 
showed the variability of hydrologic processes in the modeled 
field throughout the wide range of hydrologic conditions from 
January 1, 2003, through December 31, 2018. Runoff was 
typically generated during precipitation events with greater 
than 1 inch of precipitation or during multiple events in close 
succession; for example, as observed in 2007. Most of the 
larger runoff events during the simulation period occurred in 
March and April. In general, the discharge through the mod-
eled subsurface drainage system occurred in the spring and 
early summer (April–June) most years, with little to no dis-
charge later in the year. Simulated water table depths matched 
the general pattern of the measured water table depths at sites 
BGW1 and BGW2 but did not completely reflect the vari-
ability observed in the measured data. Simulated water table 
depths did compare slightly better to water table depths mea-
sured at site BGW2, with an absolute mean error of 0.41 foot 
and a root mean square error of 0.52 foot compared to site 
BGW1, with an absolute mean error of 0.44 foot and a root 
mean square error of 0.52 foot.

The calibrated DRAINMOD model for study area D 
showed the variability of hydrologic processes in the mod-
eled field similar to the simulated results at study area B. 
In general, the discharge through the modeled subsurface 
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drainage system occurred in the spring and early summer 
(April–June) most years, with little to no discharge later in 
the year. Although the subsurface drainage system in study 
area D was the most complex among the three study areas and 
was simplified into a uniform system within DRAINMOD, 
simulated water table depths at study area D correlated better 
to measured water table depths compared to results from the 
model applications at the other two study areas. Simulated 
water table depths had an absolute mean error of 0.30 foot and 
a root mean square error of 0.37 foot at site DGW1 and an 
absolute mean error of 0.29 foot and a root mean square error 
of 0.34 foot at site DGW2.

The calibrated DRAINMOD model for study area S 
showed similar patterns in the runoff as for the other two study 
area models, with much of the runoff occurring in March and 
April multiple years during the simulation period. In gen-
eral, the discharge through the modeled subsurface drainage 
system also occurred in the spring and early summer (April–
June) most years, with little to no discharge later in the year. 
Although the subsurface drainage system in study area S was 
the simplest and the modeled field was the smallest among the 
three study areas, simulated water table depths at study area S 
did not correlate as well to measured water table depths than 
compared to results from the model applications at the other 
two study areas. Simulated water table depths compared to 
measured water table depths determined from site SGW1 had 
an absolute mean error of 0.62 foot and a root mean square 
error of 0.74 foot.

The SPAW and DRAINMOD model applications at 
the three study areas in southeast North Dakota adequately 
simulated the hydrologic processes for fields with subsurface 
drainage that are connected to adjacent wetlands. However, 
more measured data were needed to fully evaluate the models 
throughout the range of climatic conditions. Although the sim-
ulation period covered a wide range of hydrologic conditions, 
the measured data only were available for April 2018 through 
October 2018. Because of SPAW’s lack of computations to 
estimate subsurface drainage, DRAINMOD was evaluated in 
this report to be used in conjunction with SPAW to account for 
subsurface drainage discharge from a field. However, given 
the simplistic input to SPAW, the daily output generated by 
DRAINMOD did not add much value to the simulation of the 
wetlands in the three study areas. Given the limitations of the 
two models, the complexity of the system to be modeled must 
be considered carefully in future applications. For example, 
the SPAW model has no flow-routing capability, so if the mod-
eled area is affected by surface drainage features, SPAW may 
not fully capture the hydrologic processes in the area. Also, if 
fields in the modeled area have a strong interaction with shal-
low groundwater, the routines in DRAINMOD and the field 
hydrology and pond model portions of SPAW will likely be 
limited in simulating the variability.
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Appendix 1.  Additional Model Parameters Used in SPAW Model Applications 
at Study Areas B, D, and S

Table 1.1.  Soil properties used for modeled fields in the SPAW model for study area B in Barnes County, North Dakota.

[Soil description in parentheses from U.S. Department of Agriculture, 2020]

Soil layer
Depth, 

in 
inches

Thickness, 
in inches

Sand 
weight, 

in percent

Clay 
weight, 

in percent

Organic 
matter 
weight, 

in percent

Gravel 
weight, 

in percent

Bulk density, 
in pounds per 

cubic foot

Field 1 (Hamerly-Tonka Complex, hydrologic soil group C)

1 (evaporative layer) 1 1 24 23 0.7 0 78.03
2 6 5 24 23 0.7 0 78.03
3 13 7 24 23 0.7 0 74.91
4 19 6 32 20 0.7 0 81.16
5 28 9 18 39 0.7 0 87.4
6 43 15 35 32 0.7 0 84.28
7 60 17 35 32 0.7 0 84.28
8 79 19 38 26 0.7 0 84.28
9 (image layer) 98 19 38 26 0.7 0 84.28

Fields 2 and 3 (Hamerly-Tonka Complex, hydrologic soil group C)

1 (evaporative layer) 1 1 24 23 0.7 0 78.03
2 6 5 24 23 0.7 0 78.03
3 11 5 24 23 0.7 0 74.91
4 19 6 32 20 0.7 0 81.16
5 34 15 19 39 0.7 0 87.4
6 43 9 35 32 0.7 0 84.28
7 67 24 38 26 0.7 0 84.28
8 79 14 38 26 0.7 0 84.28
9 (image layer) 93 14 38 26 0.7 0 84.28

Field 4 (Barnes-Buse loam, hydrologic soil group B)

1 (evaporative layer) 1 1 39 23 3 0 84.28
2 6 5 39 23 3 0 84.28
3 11 5 40 23 2 0 84.28
4 22 11 38 26 1 0 87.4
5 46 24 38 26 1 0 90.52
6 70 24 38 26 1 0 90.52
7 79 9 38 26 1 0 90.52
8 (image layer) 88 9 38 26 1 0 90.52

Field 5 (Vallers loam, hydrologic soil group B)

1 (evaporative layer) 1 1 40 23 0.7 0 87.4
2 6 5 40 23 0.7 0 87.4
3 9 3 40 23 0.7 0 87.4
4 33 24 38 26 0.7 0 90.52
5 57 24 38 26 0.7 0 90.52
6 79 22 38 26 0.7 0 90.52
7 (image layer) 101 22 38 26 0.7 0 90.52
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Table 1.2.  Soil properties used for modeled fields in the SPAW model for study area D in Dickey County, North Dakota.

[Soil description in parentheses from U.S. Department of Agriculture, 2020]

Soil layer
Depth, 

in 
inches

Thickness, 
in inches

Sand 
weight, 

in percent

Clay weight, 
in percent

Organic 
matter 
weight, 

in percent

Gravel 
weight,  

in percent

Bulk 
density, 

in pounds per 
cubic foot

Fields 1 and 6 (Barnes-Buse loam, hydrologic soil group B)

1 (evaporative layer) 1 1 39 23 3 0 84.28
2 6 5 39 23 3 0 84.28
3 11 5 40 23 2 0 84.28
4 22 11 38 26 1 0 87.4
5 46 24 38 26 1 0 90.52
6 70 24 38 26 1 0 90.52
7 79 9 38 26 1 0 90.52
8 (image layer) 88 9 38 26 1 0 90.52

Fields 2–5 (Barnes-Svea loam, hydrologic soil group B)

1 (evaporative layer) 1 1 39 23 1.9 0 84.28
2 6 5 39 23 1.9 0 84.28
3 10 4 40 23 0.9 0 84.28
4 21 11 38 26 0.6 0 87.4
5 37 16 38 26 0.3 0 90.52
6 61 24 38 26 0.2 0 90.52
7 79 18 38 26 0.1 0 90.52
8 (image layer) 97 18 38 26 0.1 0 90.52

Table 1.3.  Soil properties used for modeled fields in the SPAW model for study area S in Sargent County, North Dakota.

[Soil description in parentheses from U.S. Department of Agriculture, 2020]

Soil layer
Depth, 

in inches
Thickness, 
in inches

Sand 
weight, 

in percent

Clay 
weight, 

in percent

Organic 
matter 

weight, 
in percent

Gravel 
weight, 

in percent

Bulk 
density, 

in pounds 
per cubic 

foot

Field 1 (Hecla-Garborg loamy fine sands, hydrologic soil group A)

1 (evaporative layer) 1 1 80 6 2 0 90.52
2 6 5 80 6 2 0 90.52
3 11 5 80 6 2 0 90.52
4 15 4 90 5 0.5 0 93.64
5 26 11 92 4 0.5 0 99.88
6 50 24 85 10 0.5 0 99.88
7 74 24 85 10 0.5 0 99.88
8 79 5 85 10 0.5 0 99.88
9 (image layer) 84 5 85 10 0.5 0 99.88
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Table 1.4.  Depth-capacity curve used in pond model portion of SPAW  
model for study area B in Barnes County, North Dakota.

Depth, 
in feet

Area, 
in acres

Volume, in 
acre-feet

0.0 0.0000 0.0000
0.1 0.0001 0.0000
0.5 0.0169 0.0034
0.6 0.0821 0.0093
0.7 0.1407 0.0149
0.7 0.2189 0.0239
0.8 0.3830 0.0450
0.9 0.7114 0.0887
1.1 3.1133 0.5668
1.4 7.9640 1.9515
1.9 20.3289 9.0247
2.4 28.6005 21.2571
2.9 33.1726 36.7003
3.4 36.3857 54.0899
3.9 39.3884 73.0334
4.0 40.1652 79.0000
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Table 1.5.  Depth-capacity curves used in pond model portion of SPAW model for study area D in Dickey County, North Dakota.

[--, no data]

Depth, 
in feet

Pond 1 Pond 2 Pond 3 Pond 4 Pond 5

Area, 
in acres

Volume, in 
acre-feet

Area, 
in acres

Volume, in 
acre-feet

Area, 
in acres

Volume, in 
acre-feet

Area, 
in acres

Volume, in 
acre-feet

Area, 
in acres

Volume, in 
acre-feet

0.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.2 0.0011 0.0001 0.0023 0.0002 0.0023 0.0002 0.0028 0.0002 0.0036 0.0003
0.4 0.0036 0.0005 0.0084 0.0012 0.0083 0.0012 0.0100 0.0014 0.0087 0.0015
0.6 0.0060 0.0015 0.0155 0.0036 0.0168 0.0036 0.0244 0.0046 0.0163 0.0039
0.8 0.0084 0.0029 0.0221 0.0073 0.0266 0.0080 0.0494 0.0119 0.0312 0.0086
1.0 0.0110 0.0049 0.0283 0.0124 0.0374 0.0143 0.0758 0.0244 0.0526 0.0168
1.2 0.0137 0.0073 0.0342 0.0186 0.0496 0.0230 0.1029 0.0423 0.0829 0.0302
1.4 0.0167 0.0104 0.0400 0.0261 0.0631 0.0343 0.1327 0.0657 0.1170 0.0502
1.6 0.0200 0.0141 0.0458 0.0346 0.0790 0.0485 0.1700 0.0959 0.1549 0.0773
1.8 0.0237 0.0184 0.0517 0.0444 0.0954 0.0659 0.2117 0.1340 0.1999 0.1126
2.0 0.0278 0.0236 0.0576 0.0553 0.1122 0.0867 0.2559 0.1808 0.2508 0.1576
2.2 0.0323 0.0296 0.0638 0.0675 0.1299 0.1108 0.3017 0.2365 0.3055 0.2132
2.4 0.0376 0.0365 0.0702 0.0808 0.1488 0.1387 0.3490 0.3015 0.3625 0.2800
2.6 0.0437 0.0447 0.0785 0.0956 0.1695 0.1705 0.3985 0.3762 0.4227 0.3584
2.8 0.0511 0.0541 0.0898 0.1124 0.1919 0.2066 0.4497 0.4610 0.4852 0.4492
3.0 0.0605 0.0652 0.1050 0.1318 0.2154 0.2473 0.5027 0.5563 0.5472 0.5524
3.2 0.0734 0.0785 0.1233 0.1546 0.2394 0.2928 0.5576 0.6623 0.6075 0.6679
3.4 0.0910 0.0949 0.1425 0.1812 0.2636 0.3431 0.6138 0.7794 0.6658 0.7953
3.6 0.1132 0.1152 0.1623 0.2117 0.2884 0.3983 0.6709 0.9078 0.7225 0.9342
3.8 0.1472 0.1410 0.1824 0.2461 0.3145 0.4585 0.7291 1.0478 0.7777 1.0842
4.0 0.1941 0.1750 0.2026 0.2846 0.3426 0.5242 0.7887 1.1996 0.8313 1.2451
4.2 0.2476 0.2191 0.2230 0.3272 0.3759 0.5959 0.8499 1.3634 0.8830 1.4166
4.4 0.3015 0.2740 0.2439 0.3739 0.4126 0.6748 0.9129 1.5397 0.9327 1.5982
4.6 0.3541 0.3396 0.2652 0.4248 0.4472 0.7608 0.9776 1.7287 0.9800 1.7895
4.8 0.4057 0.4156 0.2869 0.4800 0.4795 0.8535 1.0442 1.9309 1.0246 1.9900
5.0 0.4550 0.5017 0.3089 0.5395 0.5098 0.9524 1.1102 2.1463 1.0667 2.1992
5.2 0.5008 0.5974 0.3313 0.6036 0.5380 1.0573 1.1743 2.3748 1.1064 2.4165
5.4 0.5433 0.7018 0.3538 0.6721 0.5646 1.1675 1.2355 2.6158 -- --
5.6 0.5827 0.8145 0.3764 0.7451 0.5895 1.2830 1.2931 2.8688 -- --
5.8 0.6195 0.9348 0.3985 0.8226 0.6126 1.4032 1.3472 3.1328 -- --
6.0 0.6538 1.0621 0.4197 0.9044 0.6342 1.5279 1.3980 3.4074 -- --
6.2 0.6571 1.0752 0.4399 0.9904 0.6414 1.5726 1.4460 3.6919 -- --
6.4 -- -- 0.4590 1.0803 -- -- 1.4913 3.9856 -- --
6.6 -- -- 0.4769 1.1739 -- -- 1.5342 4.2882 -- --
6.8 -- -- 0.4938 1.2710 -- -- 1.5748 4.5992 -- --
7.0 -- -- 0.5097 1.3714 -- -- 1.6133 4.9180 -- --
7.2 -- -- 0.5195 1.4383 -- -- 1.6496 5.2443 -- --
7.4 -- -- -- -- -- -- 1.6841 5.5777 -- --
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Table 1.6.  Depth-capacity curve used in pond model portion of SPAW model for study area S in Sargent County, North Dakota.

Depth, in feet
Area, 

in acres
Volume, 

in acre-feet

0.0 0.0000 0.0000
0.2 0.0190 0.0019
0.4 0.0629 0.0101
0.6 0.1119 0.0276
0.8 0.1642 0.0552
1.0 0.2136 0.0930
1.2 0.2713 0.1415
1.4 0.3152 0.2001
1.6 0.3846 0.2701
1.8 0.4519 0.3537
2.0 0.5394 0.4529
2.2 0.6395 0.5708

Table 1.7.  Culvert characteristics used to estimate flow between wetlands included in the SPAW model developed for study area D in 
Dickey County, North Dakota.

[no., number; --, no data]

Upstream 
wetland 
(site no., 

fig. 1  )

Downstream 
wetland 
(site no., 

fig. 1  )

Culvert inlet 
depth, 
in feet 

above bot-
tom 

of inflow 
wetland

Culvert 
outflow 
depth, 
in feet 

above bot-
tom 

of inflow 
wetland

Culvert 
length, 
in feet

Culvert 
diameter, 

in feet

Flow type 
(Carter, 
1957)

Manning's 
roughness 

(Chow, 
1959)

Slope, in  
foot per foot

Peak  
discharge, 

in cubic feet 
per second

1 2 2.4 2.1 23.25 1.6 5 -- 0.01 12
2 3 3.0 2.4 27.25 2 6 -- 0.02 17
3 4 1.1 -- 25 -- -- 0.08 0.04 48
4 5 1.5 1.0 26 2 5 -- 0.01 20
5 Outlet 1.2 0.8 18.25 2 5 -- 0.02 23
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Table 1.8.  Monthly mean subsurface drainage discharge used for input to the pond model portion of the SPAW models for study areas 
B, D, and S in Barnes, Dickey, and Sargent Counties, respectively.

Month

Monthly mean subsurface drainage discharge, in gallons per minute

Study area

B D S

January 0.04 0.37 0.04
February 0.05 0.99 0.05
March 0.17 3.35 0.33
April 0.30 3.30 0.48
May 0.47 4.22 0.49
June 0.28 3.30 0.07
July 0.04 0.75 0.00
August 0.00 0.02 0.00
September 0.00 0.12 0.01
October 0.10 2.48 0.11
November 0.09 0.98 0.08
December 0.05 0.61 0.03
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Appendix 2.  Additional Model Parameters Used in DRAINMOD Model 
Applications at Study Areas B, D, and S

Table 2.1.  Soil-water characteristic values for soil layers used in the DRAINMOD model for study area B in Barnes County, North 
Dakota.

Head, 
in inches

Soil-water characteristic, in cubic inches per cubic inch for layer depth ranges in inches

0–5 5–11 11–24 24–39 39–50 50–85 85–125

0 0.589 0.513 0.452 0.433 0.367 0.369 0.361
10 0.558 0.482 0.409 0.381 0.301 0.3 0.35
20 0.528 0.451 0.371 0.34 0.255 0.254 0.335
30 0.502 0.425 0.344 0.312 0.228 0.227 0.32
39 0.482 0.405 0.324 0.291 0.209 0.208 0.305
59 0.451 0.374 0.295 0.263 0.185 0.184 0.28
79 0.428 0.352 0.275 0.245 0.169 0.169 0.26

130 0.389 0.315 0.244 0.215 0.145 0.145 0.224
197 0.358 0.286 0.22 0.193 0.129 0.129 0.196
394 0.312 0.244 0.187 0.163 0.107 0.107 0.154

1,969 0.231 0.174 0.133 0.115 0.074 0.075 0.091
5,906 0.193 0.143 0.11 0.095 0.062 0.063 0.068

Table 2.2.  Soil-water characteristic values for soil layers used in the DRAINMOD model for study area D in Dickey County, North 
Dakota.

Head,  
in inches

Soil-water characteristic, in cubic inches per cubic inch for layer depth ranges in inches

0–2 2–4 4–8 8–14 14–18 18–29 29–39 39–61 61–79

0 0.53 0.461 0.432 0.446 0.443 0.446 0.451 0.413 0.406
10 0.467 0.41 0.397 0.402 0.414 0.429 0.437 0.387 0.388
20 0.422 0.369 0.365 0.364 0.384 0.406 0.417 0.361 0.367
30 0.391 0.341 0.34 0.338 0.36 0.385 0.399 0.34 0.348
39 0.37 0.321 0.322 0.318 0.34 0.367 0.382 0.324 0.333
59 0.339 0.292 0.295 0.29 0.312 0.338 0.353 0.299 0.308
79 0.319 0.273 0.276 0.271 0.291 0.316 0.331 0.281 0.29

130 0.286 0.242 0.245 0.241 0.257 0.277 0.291 0.251 0.258
197 0.262 0.219 0.222 0.218 0.231 0.247 0.259 0.228 0.233
394 0.227 0.187 0.189 0.186 0.194 0.203 0.213 0.195 0.196

1,969 0.168 0.135 0.135 0.134 0.134 0.134 0.139 0.14 0.135
5,906 0.141 0.112 0.111 0.111 0.108 0.106 0.11 0.115 0.109
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Table 2.3.  Soil-water characteristic values for soil layers used in the DRAINMOD model for study area S in Sargent County, North 
Dakota.

Head, 
in inches

Soil-water characteristic, in cubic inches per cubic inch for layer depth ranges in inches

0–3 3–7 7–12 12–19 19–37 37–60

0 0.413 0.390 0.359 0.374 0.374 0.390
10 0.321 0.316 0.285 0.308 0.308 0.321
20 0.229 0.232 0.207 0.229 0.228 0.238
30 0.179 0.183 0.163 0.182 0.181 0.189
39 0.150 0.154 0.137 0.153 0.153 0.159
59 0.119 0.122 0.109 0.122 0.122 0.127
79 0.102 0.105 0.095 0.106 0.105 0.109

130 0.082 0.085 0.077 0.086 0.085 0.088
197 0.071 0.074 0.068 0.075 0.075 0.077
394 0.060 0.064 0.059 0.065 0.064 0.066

1,969 0.052 0.055 0.051 0.056 0.056 0.057
5,906 0.050 0.054 0.050 0.055 0.055 0.056

Table 2.4.  Drainage volume and upward flux from the water table used in the DRAINMOD models for study areas B, D, and S in 
Barnes, Dickey, and Sargent Counties, respectively.

Water table 
depth, 

in inches

Study area

B D S

Volume 
drained, 
in inches

Upward flux, 
in inches 
per hour

Volume 
drained, 
in inches

Upward flux, 
in inches 
per hour

Volume 
drained, 
in inches

Upward flux, 
in inches 
per hour

0 0.0000 0.1969 0.0000 0.1969 0.0000 0.1969
1 0.0024 0.1224 0.0043 0.0449 0.0063 0.1658
2 0.0087 0.0493 0.0177 0.0191 0.0260 0.0673
4 0.0197 0.0278 0.0386 0.0111 0.0583 0.0435
5 0.0346 0.0189 0.0665 0.0079 0.1016 0.0296
6 0.0543 0.0130 0.0992 0.0058 0.1555 0.0217
8 0.0969 0.0076 0.1646 0.0039 0.2685 0.0137
10 0.1512 0.0050 0.2461 0.0029 0.4106 0.0096
12 0.2189 0.0035 0.3413 0.0022 0.5819 0.0069
14 0.3031 0.0027 0.4484 0.0018 0.7811 0.0051
16 0.4039 0.0020 0.5673 0.0015 1.0098 0.0039
18 0.5220 0.0017 0.6969 0.0013 1.2685 0.0030
24 0.9713 0.0009 1.1110 0.0008 2.1839 0.0015
30 1.5476 0.0006 1.5425 0.0006 3.2488 0.0009
35 2.2512 0.0004 1.9945 0.0005 4.4362 0.0006
47 3.9827 0.0002 3.0043 0.0003 7.0783 0.0003
59 6.1126 0.0001 4.2626 0.0002 9.9949 0.0002
79 10.1012 0.0000 6.6591 0.0001 15.2772 0.0000
197 27.0866 0.0000 24.5047 0.0000 39.3701 0.0000
394 39.3701 0.0000 39.3701 0.0000 39.3701 0.0000
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Table 2.5.  Infiltration parameters used in the Green-Ampt equation in the DRAINMOD models for study areas B, D, and S in Barnes, 
Dickey, and Sargent Counties, respectively.

Water table 
depth, 

in inches

Study area

B D S

A coefficient B coefficient A coefficient B coefficient A coefficient B coefficient

0 0 0.04 0 0.06 0 0.06
4 0 0.04 0.01 0.06 0.03 0.06
8 0.01 0.04 0.01 0.05 0.06 0.06

16 0.02 0.04 0.02 0.05 0.11 0.06
24 0.03 0.04 0.03 0.05 0.15 0.06
31 0.04 0.04 0.04 0.05 0.18 0.06
39 0.04 0.04 0.04 0.05 0.2 0.06
59 0.16 0.04 0.1 0.05 0.27 0.06
79 0.16 0.04 0.1 0.05 0.27 0.06

394 0.16 0.04 0.1 0.05 0.27 0.06

Table 2.6.  Soil-water content at saturation values used in the DRAINMOD models for study areas B, D, and S in Barnes, Dickey, and 
Sargent Counties, respectively.

Head 
in inches

Soil-water characteristic, in cubic inches per cubic inch

Study area

B D S

0 0.45 0.45 0.36
−10 0.41 0.40 0.28
−20 0.37 0.36 0.20
−30 0.34 0.34 0.16
−39 0.32 0.32 0.14
−59 0.30 0.29 0.10
−79 0.28 0.27 0.08

−130 0.24 0.24 0.08
−197 0.22 0.22 0.06
−394 0.19 0.19 0.06

−1,969 0.13 0.13 0.04
−5,906 0.11 0.11 0.04
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Table 2.7.  Saturated lateral hydraulic conductivity values used in the DRAINMOD models for study areas B, D, and S in Barnes, Dickey, 
and Sargent Counties, respectively.

Depth of layer, 
in inches

Saturated lateral hydraulic conductivity, in inches per hour

Study area

B D S

0 to 11 0.92 0.92 4.58
11 to 22 0.12 0.12 0.61
22 to 28 0.49 0.49 2.44
28 to 43 0.00 0.00 0.12
43 to 114 0.00 0.00 0.00

Table 2.8.  Monthly evapotranspiration correction factors and root depths used in DRAINMOD model applications at study areas B, D, 
and S, in Barnes, Dickey, and Sargent Counties, respectively, 2003–18.

Month

Study area

B D S

Evapotranspiration 
correction factor

Root depth, 
in inches

Evapotranspiration 
correction factor

Root depth, 
in inches

Evapotranspiration 
correction factor

Root depth, 
in inches

January 6 1.2 1 1.2 6 1.2
February 2.5 1.2 1 1.2 2.5 1.2
March 1.6 1.2 1 1.2 1.6 1.2
April 1.1 1.2 to 1.6 1 1.2 to 1.6 1.1 1.2 to 1.6
May 1.4 1.6 to 5.9 1 1.6 to 5.9 1.4 1.6 to 5.9
June 3.3 9.8 to 11.8 1 9.8 to 11.8 3.3 9.8 to 11.8
July 6.5 11.8 1 11.8 6.5 11.8
August 2.3 11.8 1 11.8 2.3 11.8
September 1.2 1.2 to 7.9 1 1.2 to 7.9 1.2 1.2 to 7.9
October 1.1 1.2 1 1.2 1.1 1.2
November 1.9 1.2 1 1.2 1.9 1.2
December 5.9 1.2 1 1.2 5.9 1.2
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