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Abstract 

In order to accurately model runoff with GIS software, areas that are capable of 
contributing runoff to surface waters must be correctly identified. Identifying areas 
capable of contributing runoff to streams is problematic in regions containing many 
topographically-closed, internally-drained depressions and low relief over large 
distances. Both of these complicating factors are present in the Upper Midwest of the 
United States. 

  
Traditional delineation methods fill sinks in the terrain under the assumption that most 
are results of data errors.  This assumption can cause inaccuracies when modeling 
runoff in extensively internally-drained watersheds. Three delineation methods were 
compared for ten Wisconsin and Minnesota watersheds: filled digital elevation models, 
removing filled sinks from modeled area, and delineated potential contributing source 
areas from an unfilled digital elevation model outward from an initial contributing area. 
The delineations were used to model runoff in ArcMap using the Curve Number 
equation. Runoff producing rain events were modeled from summers with total 
precipitation within one standard deviation of the mean. Modeled runoff was compared 
to USGS discharge data. Results from watersheds of varied sizes were compared using 
normalized error, defined as the model error divided by the filled watershed area. 
Normalized error was compared to drainage density, percent internally drained area, 
and land cover types. 
 
Results from ten watersheds indicate that models perform similarly for all delineations. 
Within watersheds models perform differently for large storms and small storms, with 
large storms defined as over 0.2 feet precipitation. Modeled storms under 0.2 feet tend 
to underestimate runoff with increasing drainage density and with increasing area. 
Large storms show no discernible differences when comparing normalized error to other 
watershed statistics.  
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Introduction 

 The accurate modeling of watershed drainage is a complex process that can be 

made more difficult by widespread non-contributing internally drained areas within a 

watershed (McDonnell, 2007; Richards, 2004).  The objective of this thesis is to examine 

the impacts of watershed delineation methods on runoff model performance in 

watersheds containing internal drainage. Examining the performance of different 

delineation methods compared to filled sink delineations is especially relevant in 

Wisconsin due to widespread internally drained non-contributing depressions (Figure 1).  

Previous studies have developed methods of handling internally drained areas (Richards, 

2004, 2006) and examined the implementation of some strategies in a handful of 

watersheds (Macholl, 2011). This study builds upon previous work comparing the 

performance of three watershed delineation methods in ten watersheds containing 

internal drainage. Non-contributing internal drainage was focused on in this study due to 

the relative abundance compared to contributing internal drainage in Wisconsin and the 

upper Midwest (Figure 1). 

Internal Drainage  

Areas of internal drainage can 

be divided into two basic 

categories, although within 

each there is considerable 

variation.  First is non-

contributing internal drainage, 

which consists of areas which 

do not contribute surface flow 

to drainage networks due to 

topographic isolation 

(Richards, 2004; Macholl, 

2011). The second category is 
Figure 1 - Problem areas for filled sink delineation 

within continental United States. (Richards 2004) 
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areas that can contribute unexpected amounts of water and contaminants to 

unpredicted areas (Taylor, 2012; Alexander, 2006).  Internally drained areas which 

contribute to surface flow or groundwater in unexpected directions or unexpectedly fast 

timescales are generally a product of fractured bedrock or limestone karst topography 

(Taylor, 2012; Alexander, 2006) or anthropogenic modifications such as tile drainage 

(Granato, 2012). Although the two types of internally drained areas are quite different 

they can both lead to significant error in model estimates due to incorrect identification 

of contributing areas and runoff volumes (Taylor, 2012; Macholl, 2011; Richards, 2006). 

These areas can cause storm runoff to enter drainage networks in unexpected places at 

unexpected times or can retain runoff that may later enter streams as base flow (Phillips, 

2011; Richards, 2004). The different data and approaches required to model each type 

of internal drainage was an additional reason that cases of non-contributing internal 

drainage were studied in order to eventually improve watershed delineation. 

 Internal drainage is known to cause error in runoff models if individual watershed 

characteristics are not accounted for in models.  For example, Taylor et al. found in a 

(2012) study of karstic terrain in Kentucky that significant portions of watershed runoff 

were being routed through 

sinkhole ‘pipes’ causing 

divergence between existing 

drainage models and field 

measurements. Their solution was 

to create a model (TOPMODEL-

WATER) which accounted for 

water being diverted into 

sinkholes by multiplying the 

runoff from identified sinkholes 

by a coefficient to reach proper 

drainage contribution values. In 

another study, Alexander et al. 

Figure 2. The Upper St. Croix Lake Watershed in 

Douglas Co. WI contains large internally drained 

areas. (Macholl 2011) 
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(Alexander, 2006) identified well water contamination caused by increased connectivity 

between surface water and groundwater in Door County, Wisconsin. This connectivity, 

which was due to the fractured limestone bedrock of the western Niagara Escarpment, 

allowed water from septic systems to enter aquifers used for drinking water in as little as 

6 days (Alexander, 2006).  

 Several studies in Wisconsin have focused on non-contributing depressions both 

in terms of runoff modeling and soil erosion vulnerability. Evaluating several adjacent 

watersheds around Saint Croix Lake in northwest Wisconsin found that nearly half of 

some watershed areas consisted of non-contributing depressions (Figure 2) (Macholl, 

2011).  Watersheds with low drainage density also tended to contain more non-

contributing internal drainage (Macholl, 2011).  

 The importance of accounting for internal drainage when modeling soil loss in 

Wisconsin Watersheds was also incorporated into the Wisconsin Department of Natural 

Resources (DNR) Erosion Vulnerability Assessment for Agricultural Lands (EVAAL) tool 

(Nelson, 2014). EVAAL focuses on identifying areas vulnerable to soil loss with a 

multivariate model.  It incorporates the Universal Soil Loss Equation, gully erosion 

through the Stream 

Power Index, and 

attempts to identify 

internally drained 

areas which cannot 

contribute to soil loss 

(Figure 3). EVAAL 

requires high 

resolution Light 

Detection and Ranging 

(LIDAR) elevation data 

in order to correctly Figure 3 - Example of EVAAL handling internal drainage. Runoff 

volumes greater than sink storage are assumed to contribute. 
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identify internally drained areas and was designed for areas under 75 𝑘𝑚2 (Nelson, 

2014).  

 Non-contributing internally drained areas may retain some or all of the runoff in 

wetlands (Alexander, 2006).  Many non-contributing internally drained areas in the 

upper Midwest are a product of the most recent glaciation. This is due to material being 

deposited unevenly onto the landscape and a geologically short amount of time for 

drainage networks to develop (Figure 1; Richards, 2004). Internally drained areas are 

particularly common in the upper Midwest, with some watersheds being over 50% 

internally drained (Richards, 2004).  

 When modeling runoff, areas of internal drainage can cause models to not work 

at all or produce inaccurate predictions by handling internal drainage improperly 

(Macholl, 2011). In order to effectively model watershed drainage in such areas, a 

method that correctly identifies contributing areas is needed (Richards, 2004).  

Topographic Models 

  Accurate models predicting the volume of runoff entering streams after storm 

events are important to landowners, planners and insurers (Alexander, 2006). Digital 

Elevation Models (DEMs) that partition the landscape into individual cells with set values 

are the most common way of modeling land surfaces with computerized geographic 

information systems (GIS) such as the Environmental Systems Research Institute’s (ESRI) 

ArcGIS software. These programs construct flow grids over the landscape based on the 

assumption that water will flow to the lowest adjacent cell. Neighborhood operations 

are performed on DEM raster cells with flow to each of the surrounding eight cells 

assigned a unique value based on the direction of flow. Sinks, which ESRI defines for 

ArcGIS as cells which have no adjacent cells lower than themselves, can cause 

automated watershed delineation processes to fail. Therefore the sinks must be 

somehow removed (Jenson, 1988) or accounted for (Richards, 2004) in the process.  
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 The first method of dealing with sinks that was used by the earliest computerized 

models dealt with internally drained areas by eliminating them by filling any depressions 

in the DEM up to a level surface which simulated flow could pass over. This method 

could overestimate runoff due to artificially increasing the contributing area (Jenson, 

1988). The rationale for this is that depressions in the landscape are problematic to 

model and have little impact on the overall drainage. This rationale is true in many 

places but fails under several scenarios for both contributing and non-contributing 

internally drained areas. In addition to the hummocky watersheds being evaluated in 

this study, areas of karst topography and urban areas with extensive storm sewers can 

also prove problematic to modeling (Granato, 2012). This method works well in many 

areas with little internal drainage but can lead to inaccurate results in watersheds where 

a large portion of runoff would be impounded in internally drained areas (Richards, 

2004). 

 A second alternative to the filled sink delineation is removing sinks entirely from 

the watershed area being modeled. This can be done within ArcMap by creating a filled 

DEM and then using raster calculation to subtract the original DEM values; any non-zero 

cells will be identified as 

sinks and those areas can be 

cut from the original DEM. 

This clipped DEM will not 

give the overestimates 

associated with filling sinks 

but can underestimate runoff 

if some areas that were cut 

out actually contribute runoff 

by overflowing above some 

precipitation threshold. 

Different digital elevation 

models for different 

Figure 4. The Huron River Watershed in southeastern MI. 

Potentially Contributing Source Areas are shown in gray. 

(Richards 2004) 
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thresholds can be created with this method to include shallow depressions as 

contributing. 

 The third method for evaluating areas of internal drainage into watershed runoff 

models attempts to incorporate internally drained areas in a more realistic manner 

(Figure 4). This involves methods such as computing Potential Contributing Source Areas 

(PCSA) or Variable Source Areas (VSA) which are more complex than the basic fill/cut 

methods discussed above (Richards, 2004; Frankenberger, 1999). The PCSA model works 

in several steps (Richards, 2004). First, the connected stream network is identified and 

verified by the user for a watershed. The stream network is then rasterized and an 

algorithm is run which connects all cells with non-zero slope as contributing to drainage 

networks. Cells with zero slope, as well as any depressions they contain, are assumed 

not to contribute. The algorithm can be run for an assigned number of iterations.  Each 

iteration evaluates one cell outward from the previous iteration’s area. This ensures that 

higher elevation areas surrounded by zero slope regions are included. The resulting 

output raster contains cells with values of one if they contribute and zero if they do not 

(Richards, 2004). Typical PCSA outputs based on an unfilled DEM is shown in Figure 2 

Figure 5 - Example PCSA delineation. Internal Drainage circled in red. 
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and Figure 4. A close up view of a PCSA delineation is shown in Figure 5.  The area 

identified with the algorithm is used to calculate runoff with the Curve Number method 

(NRCS, 1986). The PCSA model was developed by Paul Richards and improved upon by 

Jacob Macholl (Richards, 2004; Macholl, 2011).  

 

Runoff Models 

 Factors beyond topography also influence which areas contribute runoff during 

precipitation events. Accounting for some or all variables such as antecedent soil 

moisture, multiple soil characteristics, and land use can be accomplished with various 

mathematical models including the Curve Number (NRCS 1986) and Variable Source 

Areas (Schneiderman, 2007; Frankenberger, 1999). 

 The most commonly used method of modeling runoff is the Curve Number 

method (Equation 1), (NRCS, 1986).  

      Equation 1: Curve Number Equation        𝑄 =
(𝑃−0.2∗𝑆)2

(𝑃+0.8∗𝑆)
             𝑆 =  

1000

𝐶𝑁
− 10 

 Q = Runoff Depth (in)   S= Storage (in)   P = Precipitation (in)     CN= Curve Number 

 This method incorporates information about land use and the underlying 

hydrologic soil type. Storms events with precipitation less than (0.2 * Storage) will not 

generate modeled runoff, as this fraction is considered initial abstraction, which 

compromises mechanisms such as interception. The initial abstraction represents the 

ability of the soil based on composition and land cover to absorb water before runoff is 

generated (NRCS, 1986) The Curve Number is taken from a lookup table which 

incorporates hydrologic soil types and land use. Hydrologic soil types are divided in 

groups A, B, C, and D with group A representing sandy soils with the highest infiltration 

and least runoff and group D representing clay rich soils with the lowest infiltration and 

greatest runoff.  Land use is divided into categories such as forest, agriculture, and 

urban. Each combination of hydrologic soil type and land use is assigned a Curve 

Number. The runoff depth is calculated in inches for the given Curve Number for a 
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specific precipitation depth; this value can be used in conjunction with a Curve Number 

GIS layer’s cell count and area to determine modeled runoff volumes. The Curve 

Number has been used for decades to model runoff across watersheds of different size, 

land cover, and topography (Tedela, 2012; Ponce, 1996; Young, 1989). 

 Previous studies have found that models such as the Curve Number may be 

producing results without necessarily capturing actual watershed behavior at different 

model scales by accounting for all relevant variables (Ponce, 1996).  For example, 

variations in antecedent soil moisture across a watershed not being accounted for can 

lead to large model error. This is dealt with by generating curve number adjustments for 

dry, average, or wet conditions (Gebremichael, 2009; Ponce, 1996). The varied 

importance of different processes at small and large scales is not necessarily captured in 

models even if results often mirror real world values (Van Liew, 2007; Gebremichael, 

2009).  Rainfall variations and associated moisture variations are often not accounted for 

in runoff models which rely on rain gauge data from a single or handful of points on the 

landscape and can become more problematic as watershed size increases (Faures, 

1995). Previous studies have attempted to account for antecedent moisture variations 

using remotely sensed soil moisture to calibrate models for individual storms (Beck, 

2009).   

 Given the Curve Number’s broad use in spatial modeling it was deemed the best 

method to use despite some known problems correctly accounting for antecedent 

moisture and variable unit source areas (Tessema, 2014; Van Liew, 2007). The Curve 

Number has been used for several decades and tends to perform as well as or better 

than other runoff prediction methods (King, 1999; Ponce, 1996). In studies where 

complex model calibration is not feasible, the Curve Number method has been shown to 

perform as well as more complex models (Michaud 1994). This is relevant in a case such 

as this thesis, which involves multiple delineations of ten watersheds across two states. 

 Other watershed or region-specific models such as Frankenberger’s VSA model 

(1999) attempt to arrive at more representative models of runoff by incorporating a 
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larger number of variables considered to be important to runoff processes. 

Frankenberger’s (1999) VSA model uses many factors including depth to bedrock, 

antecedent soil moisture, actual evapotranspiration, lateral subsurface flow, and leakage 

through bedrock. As noted by the authors, when input data are accurate the model 

provides good results; the large number of data inputs somewhat limits the efficient 

applicability of the model.  At least one previous study has attempted to incorporate 

topography into Curve Number based variable source models although for the two 

watersheds studied modeled volumes were similar for both methods (Lyon, 2004). 

 

Methods 

Study Sites 

Figure 6 – Watershed study sites in Wisconsin and Minnesota.  
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 Ten watersheds in Wisconsin and Minnesota were selected as study sites (Figure 

6) based on the availability of precipitation and discharge gauge data, topography, and 

land cover. Topography containing internal drainage was selected in most cases, 

although far less internal drainage is present in the two southern Wisconsin watersheds 

used than in the northern watersheds.  Watersheds were selected with at least ten 

years of gage data for both discharge and precipitation. Watersheds were selected that 

contained wetlands, forests, and relatively low development. Low development was 

defined as less than ten percent developed land use. Two additional watersheds, the 

Yahara and Pecatonica, were also selected in order to compare models across different 

dominant land cover types. Watersheds were initially selected based on gauge data 

from USGS and NCDC online GIS mapping programs. Once suitable gauges had been 

located further selection was conducted by inspection of land cover and DEM layers in 

ArcMap.  

 Selected watersheds vary in size and relief. The eight watersheds in the north of 

Wisconsin and Minnesota were selected for similar land cover and the presence of 

internal drainage. Two additional watersheds from southern Wisconsin were selected 

with different dominant land cover, namely agriculture and development. This was done 

to allow assessment of model performance by comparing error to many watershed 

statistics.  Each watershed’s characteristics are briefly described below. 

Allequash Creek:       The Allequash Creek watershed is the smallest study site. It has a 

low relief of 60 feet and it contains extensive internal drainage which leads to the largest 

difference in delineated areas between methods. The land cover is largely forest and 

wetland.  It has a low drainage density with a series of lakes connected by Allequash 

Creek. 

Whittlesey Creek: Whittlesey Creek empties into Lake Superior and has a relief of 

several hundred feet, which is common in watersheds emptying directly into Lake 

Superior. Most of the relief occurs in the eastern half of the watershed; the western half 

consists of uneven upland terrain and extensive internal drainage. 
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Fish Creek: The Fish Creek has a relief of 361 feet.  Like Whittlesey Creek, which Fish 

Creek lies directly south of, most elevation change occurs in the eastern end nearest 

Lake Superior while the west of the watershed is poorly connected wetlands and forest.  

Knife River:    The Knife River watershed is located along the north shore of Lake 

Superior and has a high total relief similar to Whittlesey and Fish creeks. The Knife River 

watershed (Figure 11) contains little internal drainage over most of the area with a total 

internally drained area much lower than any other northern Wisconsin watershed. 

Internal drainage becomes more common in the uplands away from Lake Superior. 

Spirit River: The Spirit River watershed is dominated by mixed and deciduous forest 

with some areas of crops and pasture in the form of small individual farms. The 

watershed is located near the edge of the maximum extent of the last glaciation and so 

includes moraines with associated internal drainage. It has a moderate relief among 

study sites at 164 feet.  

Bear River: The Bear River watershed has a low relief of 32 feet and is dominated by 

mixed forest and wetlands. The Bear watershed also has the largest amount of 

watershed area covered by lakes among the study sites with several large lakes 

connected by small segments of river compromising most of the drainage network. 

Prairie River: The Prairie River watershed is one of the larger study sites and has a high 

relief at 344 feet. The watershed is split by the terminal moraines from the last 

glaciation; south of these the watershed contains rolling hills with areas of agriculture 

and pasture. The north and northeast of the watershed has uneven terrain and many 

small, unconnected lakes and bogs. 

Pecatonica River: The Pecatonica is located in southwest Wisconsin’s driftless zone 

and has a high relief of 530 feet with steep forested hills and flat bottomed river valleys 

dominated by agriculture.  

White River: The White River watershed is the largest of three contiguous study sites. 

It shares many characteristics with Whittlesey Creek and Fish Creek such as large areas 
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of forest and wetland. Most of the watershed’s 500 foot change in elevation occurs in a 

small portion of the watershed near the outlet and main channel, while the elevation 

changes little in the upland areas around the watershed’s edges. 

Yahara River:  The Yahara River Watershed contains high levels of agriculture and 

development, including the city of Madison. It has a total relief of 252 feet. The 

elevation changes evenly across the length of the watershed with a consistent slope.   

 

Delineation Methods 

 Fill 

 The first delineation method used is the standard filled-sink delineation within 

ArcMap Spatial Analyst (Figure 7). Sinks were filled in a ten meter DEM and the filled 

DEM was used to produce flow direction and flow accumulation layers to delineate 

watershed boundaries.  Outlet points for watersheds where placed based on the 

location of USGS stream gages. 

 

Figure 7 - Filled sink watershed normal delineation workflow within ArcMap Spatial 

Analyst. 
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 Cut 

 The second delineation method 

removes the areas where sinks were 

filled from consideration. This is 

accomplished by subtracting the unfilled 

DEM from the filled DEM in ArcMap. 

Cells with non-zero values represent 

filled sinks; these cells were then 

reclassified as NoData cells to remove 

them from the modeled area. In regions 

containing many sinks this method will 

result in watershed areas notably smaller 

than what the filled method produces.  

 Potential Contributing Source 

Areas (PCSA) 

 The third delineation method 

calculates areas capable of contributing 

runoff to drainage networks based on 

an unfilled DEM and an initial area 

known to contribute runoff (Figure 8, 

Figure 9). The PCSA program is a 

FORTRAN program which operates 

outside of ArcMap to delineate 

watersheds based on raster data. Two 

input files in the float raster format are 

used in the PCSA delineation: a DEM of 

the watershed region, and an initial 

Figure 8 - Unfilled DEM input. 

Figure 9 - Initial Contributing Area input. 
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contributing area raster.  Both inputs need to be created with the same extent, cell size, 

and projection in order for PCSA to properly work.   

 The DEM input was clipped from the statewide DEM by exporting the extent of 

the data frame around the filled watershed delineation and was converted to float 

format. When selecting the size of the DEM to export the filled watershed was centered 

in the middle of the display with at least several hundred meters of non-watershed DEM 

on all sides in case the PCSA delineation extended beyond the filled watershed 

boundaries.   

 The initial contributing area input is based on a buffer around a stream network 

and connected wetlands (Figure 9). A buffer distance of 100 meters was used around 

streams to represent the floodplain. The 100 meter buffer distance was selected after 

examining multiple watershed DEMs 

with overlaid buffers to determine a limit 

which would not generally extend 

outward into unconnected areas. If the 

100 meter buffer extended beyond the 

borders of the filled delineation, the 

buffer was edited to fit fully within the 

filled watershed boundaries. This was 

done in order to avoid erroneously 

including portions of adjacent 

watersheds. 

 Wetlands and open water were 

extracted from the 2011 USGS National 

Land Cover Dataset and converted to 

polygons. A “select by location” function was then performed to find wetland polygons 

connected to the stream buffer. These polygons were then merged and given a new 

attribute field named PCSA with a value of 1. This initial contributing area was merged 

Figure 10 - PCSA Delineation based on DEM 

and initial contributing area inputs. 
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with a polygon of exactly the same extent and coordinate system as the DEM input. The 

resulting merged polygon was then converted to raster format with cell size and 

processing extent fixed to the DEM input. The raster was then converted to float format 

and along with the DEM input was placed within the PCSA folder. The inputs were 

entered into the PCSA program through a command line window to determine Potential 

Contributing Source Areas (Figure 10) 

 

Storm Selection 

 Storms were selected based on both measured precipitation and the observed 

discharge. Storms were selected that produced a visible response in the discharge gage 

data. Storms which produced a discharge response were modeled; lack of a discharge 

response for a storm of the same magnitude as other storms which did produce a 

response was assumed to indicate low antecedent moisture.  In order to account for 

changes in soil moisture, years were selected from within one standard deviation of the 

dataset mean. Between five and ten suitable storms were modeled in each watershed 

depending on the number of suitable storms available to model.   

 Storms below the average watershed Curve Number initial abstraction (0.2 * 

Storage) were not considered as they would produce no modeled runoff. Preferentially 

selecting for larger storms eliminated many small storms which fell just above the initial 

abstraction.  This ensured that large storms were being modeled which the Curve 

Number method is well suited to handle. 

 Precipitation 

 Daily precipitation data were acquired from the National Climate Data Center 

(NCDC) in most cases; hourly data were used for several watersheds which had hourly 

records available.  Summers, defined as June through September, were then isolated for 

further analysis. Years with summers which were missing more than one month of data 

were not considered.  When possible, storms were modeled from a recent unbroken 



21 
 

dataset at least ten years long. The total summer precipitation was calculated for each 

year in the dataset and those years more than one standard deviation from average 

summer precipitation were removed from consideration. This was done under the 

assumption that modeling exceptionally wet and dry years would entail additional 

model error. The Curve Number has been shown to require additional correction and 

calibration for years of exceptionally wet or dry conditions (Ponce, 1996). For this 

reason these years were avoided in order to simplify modeling and avoid additional 

complications or abnormalities. 

 Discharge response to precipitation needed to be independent of other events. If 

several precipitation events occurred close together the events were not modeled due 

to the difficulty of separating the different events. Events were deemed too close to 

model if rain events were separated by less than three days. If an otherwise acceptable 

precipitation event was spread over two days the two days were treated as one event; 

this was much easier in watersheds with multiple daily gauge entries as it was possible 

to see the degree of temporal separation between precipitation entries in finer 

resolution.  

 Discharge 

 Daily mean discharge data at the outlet of each watershed were acquired from 

USGS gaging stations. Base flow and direct flow were separated using the local 

minimum method with the HYSEP program (Sloto, 1996) through the USGS Web 

Hydrograph Analysis Tool (Lim, 2005).  Storms were selected which produced a 

significant response in direct flow as well as meeting all precipitation requirements. In 

addition to the tabular discharge data, the locations of the gage for each watershed was 

defined as the watershed outlet for delineation purposes. 

Curve Number – Modeling Runoff 

 Creation of Curve Number raster layers required inputs of land cover in the form 

of the 2011 National Land Cover Dataset (NLCD) and soils from the NRCS SSURGO 

dataset. Creation of the Curve Number grid was based on the work of previous graduate 
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students and followed technical documentation and previous studies using raster based 

curve number models (NOAA, 2012; Zhan, 2004). The SSURGO input layers were in 

polygons for individual counties; each county SSURGO layer needed to have a county 

specific table containing additional soil data about hydrologic soil types joined to it. The 

SSURGO layers were then exported, merged, and converted from polygon to raster 

format using the joined hydrologic soil attribute field to create a soils layer for the 

watershed study region. Additional Curve Number tables for land cover and soil type 

were then joined to the NLCD and soil rasters. Each table contains a specific numeric 

code for each land cover and hydrologic soil type. The individual land cover and 

hydrologic soil codes were added together using the Lookup and Raster Calculator tools 

to create a raster layer containing a unique code for each combination of land cover and 

soil types. A final Curve Number table was joined to the new combined codes to assign 

Curve Numbers based on the combined code.  

 After the Curve Number layers were created, attribute fields for storage and 

each individual storm event were added. The Curve Number equation was then used to 

calculate the runoff depth for each Curve Number value for the modeled storms. The 

Curve Number layer was clipped to each of the three watershed delineations. The 

volumes produced by each Curve Number value were calculated from the depth of 

runoff and the area it was generated on. The values were summed to obtain the 

modeled discharge to compare to observed discharge (Fekete, 2002). Cells with Curve 

Number values of zero which are assumed to have infinite storage were not included in 

final analyses. Infinite storage cells were initially evaluated to determine if overflowing 

wetlands were having a significant and unaccounted for impact; the differences in 

model error were found to be minimal. 

 In addition to modeling individual storms the total summer precipitation was 

modeled for at least ten years for each watershed and compared to the total summer 

direct flow. This was done in order to compare the Curve Number’s predictive ability for 

individual storms and whole seasons.  
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 Knowledge of the Curve Number’s potential limitations allows them to be 

accounted for.  For example, only storms from seasons with precipitation within one 

standard deviation of the mean were selected to minimize the impact of extreme 

moisture conditions. All watersheds have complete coverage of the land cover and soils 

layers needed for Curve Number modeling. Watersheds were selected which had 

reliable precipitation gauges nearby, although the available density of precipitation 

gauges was often less than what would be statistically ideal. 

 

Analysis of Results 

 Results were analyzed both in terms of actual error (𝑓𝑡3) and normalized error (ft). 

Normalized error was calculated with (Equation 2) below:   

      Equation 2: Normalized Error                 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐸𝑟𝑟𝑜𝑟 =  
𝑄𝑀𝑜𝑑𝑒𝑙𝑒𝑑−𝑄𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝐹𝑖𝑙𝑙𝑒𝑑 𝐴𝑟𝑒𝑎
 

    

Normalized error was used to compare model behavior between watersheds with areas ranging 

from ten to several hundred square miles (Table 1; Figure 12). The model error in cubic feet was 

also examined for each individual storm across all watersheds in order to look for any trends 

that were not visible using average normalized error.  

 Storms were divided between large and small storms in order to examine the impact of 

storm size, with small storms being defined as less than 0.2 feet precipitation. The model error 

and normalized error from small storms, large storms, and storms of all sizes were each 

compared to percent internal drainage, drainage density, relief, and percent cover for land 

cover categories of agriculture, wetland, and forest. The normalized error for total summer 

modeled discharge was also calculated for each watershed.  At least ten consecutive summers 

were analyzed for each watershed. 

 Trends tests for monotonic trends upwards or downwards were conducted on the 

normalized error vs precipitation for entire summers for all watersheds with an alpha of 0.05. 

Seasonal totals were modeled and tested because most watersheds did not have enough 

suitable storms modeled to conduct statistically meaningful trends tests. 
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 An Analysis of Variance (ANOVA) test was used to compare the average normalized 

error of each delineation method for each watershed (Table 4). This test was used to determine 

if any delineation method produced results with a statistically significant difference from the 

other methods. An alpha of 0.05 was used to determine statistical significance.  

 The percent error was calculated based on Equation 3 as another metric to compare the 

modeled runoff between different watersheds with storm runoff volumes separated by orders 

of magnitude.  

      Equation 3: Percent Error                 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐸𝑟𝑟𝑜𝑟 =  
𝑀𝑜𝑑𝑒𝑙 𝐸𝑟𝑟𝑜𝑟

𝑄𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑
∗ 100 

Results 

Delineation Data and Statistics 

 The delineated areas were found to vary drastically between delineation 

methods in some cases. For example large areas of the Allequash Creek watershed 

which were included in the filled delineation were found to be non-contributing with 

Figure 11- Allequash and Knife Watershed filled and PCSA delineations. 
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the PCSA delineation (Figure 11). Watersheds with higher relief and drainage density 

such as the Knife River were found to have much smaller differences in area between 

delineations (Figure 11).  

  Figure 11 shows the difference in delineated areas between PCSA (green) 

and filled delineations (gray/black). The Allequash watershed shows major differences in 

area whereas the Knife River watershed changes little between delineations. Table 1 

summarizes the delineated areas and differences in area between methods. The 

average area for cut delineations was 84% of filled area. For PCSA delineations on 

average 58% of the filled watershed area was delineated. While land cover and 

hydrologic soils are similar, the Knife River watershed has both greater relief and a much 

higher drainage density than Allequash Creek. The PCSA algorithm delineated 

watersheds with less area than standard filled delineations in every case. The magnitude 

of the difference in areas depends on the extent of internal drainage in the watershed 

region. Figure 11 shows the watersheds with the greatest and smallest differences in 

delineated areas among the study sites.  

Table 1 - Watershed Area by filled delineation method. 

Watershed Filled 
Area 

(𝒎𝒊𝟐) 

Cut Area 

(𝒎𝒊𝟐) 

Cut/Fill 
Areas 

PCSA 
Area 

(𝒎𝒊𝟐) 

PCSA/Fill 
Areas 

Allequash 15.7 12.2 0.78 8.6 0.55 

Whittlesey 30.6 22.6 0.74 6.1 0.20 

Fish 85.1 62.7 0.74 24.9 0.29 

Knife 86.5 86.5 1.00 81.4 0.94 

Spirit 86.7 83.9 0.97 64.6 0.75 

Bear 86.9 55.3 0.64 64.2 0.74 

Prairie  229.2 209 0.91 95.9 0.42 

Pecatonica 272.3 270.5 0.99 248.1 0.91 

White 273.7 203.1 0.74 123.1 0.45 

Yahara 372 348 0.94 207 0.56 
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 PCSA delineations are all smaller than cut delineations with the exception of the 

Bear River watershed. PCSA removes both sinks and areas upstream of sinks from 

consideration while cutting sinks leaves areas that may be flowing into sinks which leads 

to higher calculated internal drainage values. The greater difference between PCSA and 

filled delineations than between filled and cut leads to much higher internal drainage 

calculations for PCSA vs filled delineations.  
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Figure 12 - Watershed Area by delineation method 
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Figure 13 - Internal Drainage for each watershed as defined by the difference in filled and cut 

watershed areas. 

The percent internal drainage is based on the differences between the filled and cut 

areas for cut internal drainage and the difference between the filled and PCSA areas 

(Figure 8). The Bear River watershed stands out with a higher cut internal drainage; this 

is due to wetland sinks near lakes being removed with the cut method but included in 

PCSA delineations. 

 Table 2 – Land Cover within each watershed based on 2011 NLCD. 

Watershed % Agriculture % Forest % Wetland 

Bear 2.3 40.33 50.96 

Allequash 2.6 56.22 35.07 
Knife 3.37 63.5 20.96 

White 5.61 67.74 16.35 

Whittlesey 6.74 67.85 3.08 
Spirit 8 66 19 

Prairie  11.03 55.87 25.99 
Fish 11.75 67.13 5.53 

Yahara 69.22 8.48 18.99 
Pecatonica 84.76 8.38 0.42 
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Figure 14 - Watershed land cover for all study sites. 

 Eight watersheds are located in the north of the states where agriculture is rare 

while the final two watersheds were selected from the south of Wisconsin (Figure 6). The 

final two were selected in order to allow normalized error comparisons to land cover 

without all watersheds having very similar land cover. The differences in model behavior 

between different land cover types is shown below in the graphs comparing normalized 

error to land cover. 
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Figure 15 - Normalized error vs Drainage Density for large and small storms. 

 All three delineation methods resulted in similar ranges of normalized error 

when compared to drainage density. Note that drainage density is consistently higher 

for PCSA delineations since the PCSA watersheds incorporate the entire stream network 

but generally delineates smaller areas than the fill and cut methods. The error bars on 

all graphs represent on standard deviation from the mean. 
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Figure 16 - Model Error vs Internal Drainage for all delineations.  

The Yahara and Pecatonica watersheds (circled above) had larger model errors than the 

other watersheds from northern Wisconsin. The PCSA delineations for the two 

agricultural watersheds produce smaller overestimates. Internal drainage percentage 

was calculated with:  

       ((1 – (cut/fill area))*100) 

 

 

Figure 17- Model error by storm size for all individual storm events. 
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 Larger storms had higher degrees of positive model error beyond 0.2 – 0.3 feet of 

precipitation.  PCSA delineations may show less of a tendency to overestimate with 

increasing storm size. 

 

 

 

 

Figure 18 - Normalized Error vs % Internal Drainage for large and small storms. 

 Based on the modeled watersheds no strong trends in model performance 

appear to be present between normalized error and internal drainage. Watersheds with 

low internal drainage show greater magnitudes of normalized error. 
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Figure 19 - Normalized Error vs Watershed % Agriculture for large and small storms. 

 

 The Pecatonica and Yahara watersheds which have large areas of agriculture have 

greater model overestimates than the other watersheds which are all dominated by 

forest and/or wetland. An upward trend may be present with increasing agriculture but 

the lack of watersheds containing intermediate levels of agriculture makes this difficult 

to determine. 
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Figure 20 - Normalized Error vs % Forest for large and small storms in all watersheds. 

 The watersheds from the north of the state all have high percentages of forest 

cover. Agriculture-dominated Pecatonica and Yahara watersheds both fall below ten 

percent forest. Without a larger number of watersheds a trend is difficult to find but it 

appears that forest watersheds may experience more underestimates while agriculture 

dominated watersheds see runoff overestimates. This may be associated with variability 

within different land cover classes and unit source areas used to determine runoff 

estimates (Van Liew, 2007). 
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Figure 21 - Normalized error vs % Wetland for large and small storms with Yahara and 

Pecatonica watersheds circled for large storms.  

 Model performance does not show any strong trends for large or small storms 

when comparing normalized error to percent wetland when testing for monotonic 

trends. The Pecatonica and Yahara watersheds (circled) had larger normalized errors for 

larger storms.  
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Figure 22 - Normalized Error vs PCSA/Filled delineation areas for large and small storms. 

Watersheds with PCSA/Fill values near 1.0 have similar areas between delineations. 

Pecatonica and Yahara watersheds circled. 

 There are no discernible differences in model performance when the ratio of 
PCSA/Filled areas is compared to normalized error. The Pecatonica and Yahara 
watersheds are circled in red. They appear to have behaved differently for large storms 
and also have the largest error bars which indicate large variation between individual 
storms in those watersheds. Given the high potential of agriculture to generate runoff in 
Curve Number models, larger variation among individual events due to differences in 
antecedent moisture at both the watershed and field scales is not surprising. 
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Figure 23 - Normalized Error vs Relief for large and small storms 

 There are no discernible differences in normalized error when compared to relief 
for both large and small storms. The Yahara and Pecatonica watersheds show higher 
normalized error for large storms but based on examining other variables such as land 
use it appears that relief is not significantly impacting model performance. 
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Figure 24 - Summer discharge vs precipitation by watersheds from Northern Wisconsin 

with abundant wetland and forest. Other northern watersheds showed responses with 

slopes between the Prairie and Bear rivers. 
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Figure 25 - Summer Discharge vs Precipitation for southern Wisconsin watersheds 

dominated by agriculture. 

Watersheds had varied responses to increasing summer precipitation. The Bear and 
Allequash watersheds are only several miles apart and so would have been subject to 
many of the same storm events. They also have similar relief and internal drainage but 
still have shown some variation in their response to increasingly wet years.  The Yahara 
contains the largest developed area of sites studied so a greater response to increasing 
precipitation is to be expected.  
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Modeling Discharge for Total Summer Precipitation 

 

 

 

Figure 26 - Average Seasonal Normalized Error by watershed compared to drainage 

density, internal drainage, and % wetland. Each individual point is the average seasonal 

normalized error for one watershed. 
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Figure 27 - Total summer precipitation was modeled for all watersheds based on gage 

data from June through September. Models underestimate runoff during wet summers. 

Nine watersheds showed consistent upward trends with increasing precipitation. 
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Figure 28 – The Allequash and Bear watersheds have smaller normalized errors than 

watersheds with high agriculture and low internal drainage. Fish Creek was the only 

watershed which did not show a strong upward trend.  

Figure 27 and Figure 28 show the trends in normalized error for total summer 

precipitation for six watersheds. All watersheds not pictured showed trends similar to 
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the those pictured; the Allequash watershed showed the greatest variation as 

precipitation increased but still had upwards trends for two out of three delineations 

with the PCSA delineation extremely close to statistical significance with an alpha of 0.05 

(Table 3).  

Trend Tests – Whole Summers 

Table 3 - Monotonic Trend test results for Total Summer Discharge Normalized Error vs 

Total Summer Precipitation. An alpha of 0.05 was used. 

Watershed 
Filled 
Trend 

P-Value 
(filled) 

Cut Trend 
P-Value 
(cut) 

PCSA 
Trend 

P-Value 
(PCSA) 

Allequash Up 0.00 Up 0.00 
No 
Trend 

0.053 

Knife Up 0.00 Up 0.00 Up 0.00 

Spirit Up 0.00 Up 0.00 Up 0.00 

Prairie  Up 0.00 Up 0.00 Up 0.00 

Yahara Up 0.00 Up 0.00 Up 0.00 

Whittlesey Up 0.00 Up 0.00 Up 0.00 

Bear Up 0.00 Up 0.00 Up 0.00 

Pecatonica Up 0.00 Up 0.00 Up 0.00 

White Up 0.00 Up 0.00 Up 0.00 

Fish No Trend 0.56 No Trend 0.50 
No 
Trend 

0.56 

 

Table 4 - ANOVA results for Normalized Error between delineation methods. 

Large 
Storms      

Groups Count Sum Average Variance P-Value 

Fill  10 0.974799 0.09748 0.057158 

0.787 Cut 10 0.866902 0.08669 0.052908 

PCSA 10 0.345021 0.034502 0.030819 

Small 
Storms      

Groups Count Sum Average Variance P-Value 

Fill 10 -0.16202 -0.0162 0.001738 

0.85 Cut 10 -0.18527 -0.01853 0.001641 

PCSA 10 -0.258 -0.0258 0.001247 
No single delineation method was found to have a statistically significant different 

mean. 
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Percent Error 

 

 

Figure 29 - Percent error vs % Agriculture and Internal Drainage. 

 

Discussion 

 The most notable conclusion upon examining the results is the similar 

performance of all three delineation methods for both large and small storms (Figure 16, 

Figure 18, Table 3) 

The filled delineation, which covers the greatest area for all watersheds (Figure 12; Table 

1), produces the largest modeled runoff values in every case since the same 

precipitation is being modeled with the same method on progressively smaller areas 

with the filled, cut, and PCSA delineations.  The differences in modeled area between 

delineation methods are shown in Figure 12 and Table 1.  ANOVA tests on the 

normalized error experienced across all watersheds by each delineation found no 
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significant differences in the dataset means (Table 4). All models experienced similar 

degrees of error; no model clearly outperformed the others.  The lack of a meaningful 

performance difference between the modeled areas has also been found by at least one 

previous study on three watersheds in New York’s Catskill Mountains which attempted 

to determine variable source areas with Curve Number runoff models and also 

experienced similar results for different modeled areas (Lyon, 2004).  

 The results of the study indicate that factors such as land cover, antecedent 

moisture, storm size and timing may play a more important role in performance of the 

Curve Number method than other variables when modeling individual storms. This 

agrees with previous studies which found that soil moisture variations at watershed and 

field scales may be the single largest cause of model error (Beck, 2009). The difficulties 

posed by variable antecedent moisture and methods to estimate its impact have been 

well documented for decades (Dunne and Leopold, 1978), yet the problem is still a 

persistent cause of model error (Beck, 2009). 

 A lack of trends was also observed for all delineations between drainage density 

and normalized error (Figure 15). Given the relationship between drainage density and 

internal drainage found by (Macholl, 2011), it makes sense that both variables showed a 

similar lack of trends. While the degree of connectivity between the landscape and 

streams represented by drainage density will impact variable source areas, there are 

other factors such as field scale antecedent moisture variations which have greater 

impacts on model performance (Van Liew, 2007; Beck, 2009).  

 One possible implication of this research is that methods which are more data 

intensive and time consuming such as PCSA may not be worth the additional data 

preparation required for modeling runoff given the data resolutions currently available. 

Or, if they are worthwhile for modeling runoff, they require additional watershed 

calibration or higher resolution data than were available for this study. Earlier studies 

such as (Richards, 2004) which focused on PCSA noted the likely importance of high 

resolution DEM data. High resolution data with cells of several meters or less was 
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unavailable for Paul Richards’ (2004) study and is still unavailable for many regions 

containing non-contributing internal drainage as of 2015.  

 It was initially hypothesized that the main variables impacting model 

performance would be watershed area, drainage density and percent internal drainage, 

with models which fill in sinks experiencing the largest deviations from actual runoff 

totals (Richards, 2004; Macholl, 2011). This did not turn out to be the case for the 

watersheds studied which instead showed no strong trends (Figure 15, Figure 18). In 

cases where modeled storm runoff was overestimated PCSA delineations produced 

smaller overestimations. In cases of model underestimation PCSA had the highest 

magnitude normalized errors due to modeling storms over the smallest delineated area 

(Figure 12).  

 Average normalized error for whole summers was compared to internal 

drainage, drainage density, and several types of land cover but no trends were observed 

(Figure 26). Increasing model overestimation with greater precipitation values may 

indicate that antecedent moisture and associated calibrations may be causing problems 

in agriculture dominated watersheds (Figure 16, Figure 19, Figure 20). The increasing 

normalized errors for increasingly wet summers indicates that using the Curve Number 

to model whole summers  

 One likely reason for the similar performance of all models is the impact of 

intermittently overflowing internal drainage, particularly areas containing wetlands, 

which may or may not be part of variable source areas depending on antecedent 

moisture levels (Frankenberger, 1999; Ludden,1983). Based on the results of this study 

it may be concluded that it is necessary to generate multiple Potential Contributing 

Source Areas for a drainage network. Rain events of different magnitudes will have 

different potential contributing source areas. In addition, some areas such as wetlands 

may contribute or not contribute depending on the volume of water in them, leading to 

differences in observed runoff for storms of the same magnitude and duration. PCSA 

delineations may be used as an additional tool when identifying variable contributing 
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source areas. Identification of contributing areas is a complex problem which depends 

not only on topography but also on field scale variations in moisture and land cover 

along with other variables (Van Liew, 2007; Frankenberger, 1999).  

 The Curve Number model appears to perform differently for small and large 

storms when examining the model error in runoff volume versus storm size.  This has 

also been encountered in previous studies (Ponce, 1996; Hawkins, 1993). Figure 17 

shows the error of all individual storms plotted against the amount of precipitation. As 

precipitation depth increases the filled model appears to overestimate runoff volumes 

while the Cut and PCSA delineations tend to underestimate for all storms sizes. Several 

watersheds with very low internal drainage, and thus little difference in area between 

cut and filled delineations, also experience increased error with the cut method as 

storm size increases. The differences in modeled runoff between delineations increase 

as storm size increases which could lead to smaller overestimates for agricultural 

watersheds with PCSA delineations (Figure 17).  

 Most watersheds had similar forest and wetland dominated land cover and 

showed small differences in normalized error, while the two agriculture dominated 

watersheds from southern Wisconsin experienced greater normalized error (Figure 19, 

Figure 20, Figure 21). For both large and small storms watersheds with large areas of 

forest had smaller normalized error than watersheds with minimal forest cover.  The 

largest overestimates are for the Pecatonica and Yahara watersheds which each have 

large areas of agriculture and few wetlands or forests. Recent studies such as Tessema 

(2014) indicate that Curve Number models may not fully account for the impact of 

seasonally variable evapotranspiration on available storage; given the high variability of 

agricultural land cover at a field scale a correction factor may be beneficial when 

modeling agriculture dominated watersheds. 

 Other factors beyond internal drainage are also likely impacting model 

performance. Figure 16 shows model error versus internal drainage; it indicates that 

some of the highest model overestimates occurred in watersheds with less than 10% 
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internal drainage. The low internal drainage watersheds with high error are also those 

which contain the most agriculture (the Pecatonica and Yahara watersheds). This may 

indicate that land use is as important to model performance as the presence or absence 

of internal drainage. Different methods of calculating internally drained area based on 

filled versus both cut and PCSA (Figure 22) watershed areas found a similar lack of 

trends. Previous literature from forested watersheds in the eastern United States had 

difficulty accurately modeling runoff without extensive calibration for individual 

watersheds (Tedela, 2012). 

 Percent Error was also calculated for each event in every watershed (Figure 29).  

Seven of the eight northern watersheds had low percent error while Fish Creek, along 

with the two large agriculture dominated watersheds, had percent errors many times 

higher. The difference between Fish Creek and the other watersheds may be due to the 

watershed’s land cover     (Table 2) as well as the distribution. Areas of pasture and crops 

are located adjacent to the Fish Creek stream network. The percent error for the Yahara 

and Pecatonica watersheds shows similar behavior to the normalized error, with large 

variation between events and larger overestimates than northern watersheds (Figure 

29). The similar results from normalized error and percent error analysis seem to 

indicate that there is indeed a difference in how models perform between high 

agriculture and low agriculture watersheds. 

Land Cover  

 In addition to quantifying the role of internal drainage in runoff models, the 

results of this study raise new questions such as what variables(s) are contributing to 

Curve Number model error beyond unaccounted-for topography, and what impact will 

high resolution terrain models have on the performance of different delineation 

methods?  

 One factor beyond internal drainage that appears to be relevant is the impact of 

land cover and how the Curve Number method handles it.  Watersheds with high levels 

of agriculture and low levels of forest experienced large overestimates compared to 
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other watersheds with less agriculture and development (Figure 19, Figure 20 ). The Curve 

Number’s assumption that all agricultural land cover contributes similarly in space and 

time may be problematic in agricultural dominated watersheds due to changes in 

surface vegetation and associated evapotranspiration potential over the growing season 

(Tessema, 2014; Van Liew, 2007).   

 Examining land cover types versus normalized error appears to show that land 

cover may be contributing to error more than other factors (Figure 19, Figure 20, Figure 

21). Watersheds containing high amounts of agriculture experienced greater normalized 

error than forest dominated watersheds from the north of the state. The relief of 

different watersheds was also examined but found to contribute minimally to 

normalized error (Figure 23). This makes sense in light of previous studies which found 

problems with the calibration of agricultural unit source areas used in determining 

modeled runoff (Van Liew, 2007). 

 

Antecedent Moisture  

 A second factor that bears noting is the role of antecedent moisture in model 

performance. Areas capable of contributing runoff vary based on antecedent moisture 

and land cover within internally drained areas (Frankenberger, 1999; Phillips, 2011). 

Areas of internal drainage in the study watersheds commonly contained wetlands which 

may store large volumes of water or quickly overflow during storm events depending on 

their antecedent moisture. Areas capable of contributing saturation excess runoff 

depending on antecedent moisture make determination of variable source areas 

difficult without calibration (Schneiderman, 2007). Storm selection methods attempted 

to account for antecedent moisture conditions but given the complexities of varying 

moisture at field to watershed scales this method likely did not completely eliminate the 

impact of antecedent moisture. Even eliminating years more than one standard 

deviation from the mean summer precipitation would still include years of varying 

wetness and thus impact model performance (Figure 27). 
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 In order to further examine antecedent moisture as a potential source of model 

error the total summer precipitation from ten or more consecutive years were modeled 

for each watershed and compared to observed total summer discharge (Table 3, Figure 

27, Figure 28). Nine watersheds showed downward trends for all delineations while one, 

Fish Creek, did not (Table 3. Fish creek also had the shortest modeled number of years; if 

more data were available for wetter years a trend may emerge (Figure 28). No single 

factor that was evaluated separates the watersheds which show seasonal trends from 

those that do not.  All significant trends in normalized error versus precipitation are 

upward. This could indicate that lumping total summer precipitation as one event does 

not account for antecedent moisture or soil storage capacity, which may cause model 

error when not accounted for properly (Ponce, 1996). No single factor was identified 

which explains the different responses between watersheds (Figure 24, Figure 25), 

indicating that a unique combination of many factors is shaping the response of each 

watershed. For example the impact of development and impervious surfaces can be 

seen in the steeper response of the Yahara watershed to increasing levels of 

precipitation (Shuster, 2005). 

   

Conclusions and Implications  

Comparison of the different delineation methods appears to indicate that they may 

each be suited for different purposes. None significantly outperformed the others in 

predicting watershed runoff with the Curve Number given available data. Given the 

comparatively simple workflows, the filled delineation method appears to be the ideal 

delineation for predicting storm runoff. Since sinks may tend to overflow during large 

rain events the more extensive delineations that fill sinks to some degree could better 

handle large storms.   

 PCSA delineations that accurately delineate contributing areas will encompass 

larger areas around drainage networks as precipitation increases, leading to variable 

source areas based on topography. Multiple potential contributing source areas based 
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on storm size could be useful in determining sources for non-point source pollution for 

different magnitude rain events. A similar method was employed by Schneiderman 

(2007) to determine areas capable of contributing non-point source pollution in a single 

watershed. Cut delineations may be useful as a tool used in conjunction with PCSA to 

quantify sink volumes in order to determine which sinks may overflow during given 

events. Previous studies such as Frankenberger (1999) and Van Liew (2007) have 

focused on the role of land cover and antecedent moisture in determining variable 

contributing source areas.  

 Another additional research question raised by this study and others is the role 

of DEM resolution in the accuracy of different delineation methods (Richards, 2004; 

Macholl, 2011). The PCSA method is sensitive to small elevation changes and so will 

likely produce more accurate delineations as cell size decreases (Richards, 2004). 

However, based on the similar levels of model error seen between all delineation 

methods raster resolution does not appear to be one of the most significant factors 

impacting runoff model error.  It is important to note that in addition to the DEM, the 

resolution of land cover and soil data will require improvements to increase model 

accuracy. Currently both of these important variables are currently available only in 

resolutions even coarser than the ten meter DEM, for example land cover data is 

available at thirty meter resolution.  Improvements in modeling will likely be tied to 

multiple factors including more complete and accurate data for precipitation, elevation, 

land cover, and antecedent moisture.  

 As the availability of high resolution elevation data increases over time the 

performance of different delineation methods may change; this was discussed by Paul 

Richards in his study of the Huron River watershed (Richards, 2004). Since 2004, LIDAR 

data have become available for some areas but not the northern portion of Wisconsin 

where most watersheds were modeled. In just the past several years tools which take 

advantage of LIDAR have been developed which focus on area capable of contributing 

sediment problems such as EVAAL (Nelson, 2014). As the resolution and quality of 
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available data increases, future studies will likely need to revisit and explore the efficacy 

of different methods of accounting for internal drainage.  

 The most important implication of the study results from a management 

perspective is that when modeling runoff with the Curve Number the filled delineation 

method was not outperformed by other delineations. As the basis of watershed 

delineations used by land use planners and regulators this means adopting more time 

and data intensive processes will not necessarily provide increased accuracy with inputs 

of the resolutions currently available.  
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APPENDICES 

Additional Watershed Data – Physical Characteristics and Land Cover 

Watershed % Internal 
Drainage Cut 

% Int 
Drainage 
PCSA 

% 
Agriculture % Forest 

% 
Wetland 

Allequash 0.22 0.5290 26.00 56.22 35.07 

Bear 0.36 0.2928 23.00 40.33 50.96 

Knife 0.02 0.0608 3.37 63.50 20.96 

Whittlesey 0.27 0.7996 6.74 67.85 3.08 

Prairie  0.09 0.5946 11.03 55.87 25.99 

White 0.26 0.5563 5.61 67.74 16.35 

Fish 0.26 0.7064 11.75 67.13 5.53 

Spirit 0.03 0.2599 8.00 66.00 19.00 

Pecatonica 0.01 0.0913 84.76 8.38 0.42 

Yahara 0.07 0.4859 69.22 8.48 18.99 

 

Watershed 

Cut/Fill PCSA/Fill 

Elevation 
Change 
(m) Relief (ft) 

Lca (mi to 
center) Slope 

Allequash 0.78 0.55 20 66 2.6 0.004779 

Bear 0.64 0.74 10 33 7.5 0.000828 

Knife 1.00 0.94 100 328 6.5 0.009557 

Whittlesey 0.74 0.20 150 492 3.5 0.026623 

Prairie  0.91 0.42 105 344 7 0.009318 

White 0.74 0.45 130 426 17 0.00475 

Fish 0.74 0.29 110 361 6.9 0.009903 

Spirit 0.97 0.75 50 164 8 0.003883 

Pecatonica 0.99 0.91 161 531 13.8 0.003601 

Yahara 0.94 0.56 75 246 19.5 0.001593 



57 
 

Normalized Error – Large and Small Storms 

Table 5 - Average normalized error and standard deviation for large storms 

  

Normalized 
Error Fill 
over .2ft 

Normalized 
Error Cut 
Over .2ft 

Normalized 
Error PCSA 
Over .2ft 

STDev 

Fill 

StDEV 

Cut 

StDev 

PCSA 

Allequash 0.00020 -0.00430 -0.00738 0.01586 0.01411 0.01216 

Bear -0.04619 -0.05218 -0.04808 0.02768 0.03088 0.02725 

Knife -0.04934 -0.05034 -0.05236 0.02494 0.02513 0.02556 

Whittlesey -0.00056 -0.00195 -0.00331 0.00000 0.00000 0.00000 

Prairie 0.06094 0.04443 -0.05448 0.06057 0.05971 0.05522 

White -0.03794 -0.04794 -0.04533 0.00000 0.00000 0.00000 

Fish 0.06094 0.04443 -0.05448 0.06057 0.05971 0.05522 

Spirit -0.09410 -0.09484 -0.10276 0.09618 0.09630 0.09776 

Pecatonica 0.50157 0.49518 0.43170 0.25044 0.24905 0.23606 

Yahara 0.57929 0.53441 0.28150 0.59609 0.55227 0.29671 

Table 6 - Average normalized error and standard deviation for small storms 

 Normalize
d Error Fill 
Under .2ft 

Normalize
d Error Cut 
Under .2ft 

Normalized 
Error PCSA 
Under .2ft 

StDev 
Fill StDev Cut 

StDev 
PCSA 

Allequash -0.00128 -0.00187 -0.00171 
0.000

00 0.00000 0.00000 

Bear -0.01866 -0.01972 -0.01915 
0.013

05 0.01290 0.01297 

Knife -0.07284 -0.07309 -0.07349 
0.021

02 0.02125 0.02172 

Whittlesey -0.00021 -0.00046 -0.00064 
0.001

29 0.00119 0.00110 

Prairie -0.06597 -0.06837 -0.08202 
0.027

75 0.02753 0.02625 

White -0.05503 -0.05825 -0.05725 
0.042

35 0.04056 0.04106 

Fish 0.00328 -0.00418 -0.01992 
0.027

75 0.02753 0.02625 

Spirit -0.02994 -0.03030 -0.03386 
0.016

49 0.01643 0.01568 

Pecatonica 0.01451 0.01372 0.00752 
0.034

77 0.03457 0.03292 

Yahara 0.06412 0.05723 0.02253 
0.073

39 0.06711 0.03311 
 


