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Abstract

Digital Elevation Models (DEMs) are spatial grids which are used to automate wa-
tershed boundary determination. Sinks are present within most DEMs. In order to
easily process the watershed boundary, the sinks are reassigned to elevation equiva-
lent to an adjacent cell. The derived DEM is called a “filled” DEM. Due to its relative
simplicity, the use of the “filled” DEM is one of the most widely used methods to de-
lineate watershed boundaries and works well in about 70 percent of the watersheds in
the US. In landscapes with internal drainage, sinks may accurately represent these
depressions. In this study, we compare two delineation methods that do not fill in
sinks to another method that does fill in sinks. We examined ten gaged watersheds in
Wisconsin and Minnesota. We found the spatial extent of the watersheds from the
three methods were significantly different. To evaluate the delineation methods, we
modeled ten runoff events using the Curve Number (CN) method and compared
them to USGS gage discharge for each watershed. For small storms we found that
there were no significant differences in the modeled runoff for three delineation me-
thods. For large storms, we found the no-fill methods had a smaller error, but overall
the difference was insignificant. This research suggests that capturing internal drai-
nage by the delineation does not have much of an impact on the widely used CN
model.
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1. Introduction

Surface watershed delineation is the process of defining the boundary of the portion of
the landscape that drains runoff to a particular point or outlet within the stream. To-

pography is the dominant feature used to distinguish the boundaries [1]. Areas of high
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elevation form the boundaries to determine the portion of the study area that drains to
areas of lower elevation. In the last thirty years, there has been widespread development
of elevation grids, which are called Digital Elevations Models (DEMs). Algorithms us-
ing DEMs have been developed to automate watershed delineation [2]-[7]. The most
common method, the “standard fill method” (SFM), used for watershed delineation
develops a flow direction grid derived from the DEM [3] [8]. Water is assumed to flow
from a given cell to an adjacent cell associated with the steepest gradient. This gradient
or flow direction is based on the D8 flow routing algorithm, [3]-[6] [9] that determines
the steepest gradient based on a cell’s eight possible flow directions.

The D8 algorithm calculates the flow direction of every cell within the DEM by com-
paring the elevations of the four adjacent cells and the four diagonal cells. The flow di-
rection of the cell is assigned based on the maximum possible slope where the change in
elevation is divided by the cell distance with a distance of one being used for the adja-
cent cells and a value of /2 used for the diagonal grids [3] [7] [10].

This process of determining the maximum slope generates a flow direction grid
based on the DEM. DEMs have sinks or depressions that can be artifacts or errors of
the raw data [5] [11]. These sinks are lower than the surrounding elevation. The D8
flow algorithm will not be able to assign a value to this cell, because it does not flow to
any of the surrounding cells. This problem can result in a discontinuous flow network
and an omission of areas of the watershed [12] [13].

Depression-free DEMs are required to run the Hydrology and ArcHydro tools of
ArcGIS [8]. To avoid generating these areas with no flow direction, an additional
processing step is added before the flow direction grid is developed. This processing
step is called “fill sinks” in ArcMap. The “fill sink” step works by increasing the sink’s
elevation to the minimum elevation of the adjacent cell [3] [6].

The filled DEM is used to generate a flow direction grid based on the D8 algorithm.
The flow direction grid is then used to develop a flow accumulation grid, which serves
as the model for digitized streams. Details on the ArcGIS stepwise watershed delinea-
tion process can be found in Khan et al, 2014 [8]. This method of watershed delinea-
tion is what we will refer to as the standard fill delineation method (SFM).

The widespread availability of DEMs and the D8 flow direction algorithm has made
watershed delineation automation significantly more assessable, but the accurate mod-
eling of watershed drainage is a complex process that is made more difficult by features
such as continental glaciation, karst topography, thick sand layers, flat plains, and ex-
cessively arid regions (<20 cm of annual precipitation) [14]. These landscape features
occur in approximately one third of the area within the conterminous United States,
and encompass most of the Midwest [14]. Continental glaciation and karst topography
create low topography and are highly correlated with wetlands and lakes that result in
areas of internal drainage.

Areas of internal drainage can be divided into two basic categories: those that are ca-
pable of contributing surface runoff and those that are isolated from surface drainage

networks, ie. non-contributing [15] [16]. Internally drained areas that contribute to
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surface flow or groundwater in unexpected directions or unexpectedly fast timescales
are generally a product of fractured bedrock, limestone karst topography, [17] [18] or
anthropogenic modifications such as tile drainage [19]. Noncontributing areas serve
more to store surface runoff rather than contribute it to the outlet and are characterized
by a landscape with lakes and wetlands. Although the two types of internally drained
areas are quite different, they can both lead to significant error in runoff and sediment
estimates due to incorrect identification of contributing areas and runoff volumes [16]
[18] [20]-[22].

Using the SFM delineation in regions with continental glaciation, thick sand, and
karst topography can mean the inclusion of noncontributing internally drained areas
within a watershed [16] [23]. Many hydrologic processes such as runoff and sediment
transport are modeled under the assumption that all areas of the watershed are contri-
buting. Previous studies have developed methods of processing internally drained areas
within watersheds [16] [20] [24] and examined the implementation of some strategies
in a handful of watersheds [22]. Alternatives to the SFM delineation method requires
additional processing and time, and for these reasons they not as widely used.

Few studies have been done to evaluate the accuracy of the SFM or compare it to
other delineation methods [8] [25] [26]. The size, shape, and boundaries of the water-
sheds delineated by the different methods are expected to be different, but in order to
determine which method works best, we needed to determine a method of comparison.
In small watersheds this could be accomplished by detailed field studies that would
need to be conducted over several seasons. In large watersheds, especially one involving
multiple sites, this is not easily feasible.

The goal of our study is to compare and evaluate the SF delineation method to two
other watershed delineation methods that process the delineation without filling the
original DEM. We choose to compare the observed runoff (from a USGS gage) to mod-
el runoff using the modeled runoff using the curve number (CN) method for the three
watershed delineation methods. We compared the delineation method’s modeled ru-
noff to observed runoff at a US Geological Survey (USGS) gaging station for ten water-
sheds that have indicators of the presence of noncontributing internal drainage such as
wetlands lakes, low relief. We hypothesize those watershed delineation methods that
remove areas of internal drainage will have modeled values of runoff that are closer to

observed values.

1.1. Delineation Methods

DEMs are inputs to all three delineation methods. Our DEMs are products of the USGS
National Elevation Data (NED) with 10-m resolution [27]. The SFM is derived from a
filled DEM, and this method assumes all parts of the watershed in the boundary will
drain to the outlet. The two methods we present for comparison are the cut method
(CM) and the Potentially Contributing Source Area method (PCSAM). Internal drai-
nage can be defined many ways using landuse or wetland percent. For this study, we
define internal drainage as the difference of the CM or PCSAM from the SEM. Both the
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CM and PCSAM attempt to account for areas of internal drainage; however, the com-
plexity and additional data requirements associated with the PCSAM are significant.

The CM uses the outputs from the SFM filled DEM and the original DEM. An inter-
nal calculator within ArcMap called raster calculator is used to create a third layer of
the difference between the filled DEM and the original DEM. The newly created grid
has values of zero in the cells where the unfilled and filled DEM are the same; thus,
these cells are not considered sinks. Cells which have a different elevation of the filled
and unfilled DEM are considered sinks. Using the spatial analyst tool in ArcMap, the
new grid is reclassified so that all the values of zero (not sinks) are reclassified with a
value of one, and the sinks cells are reclassified as “no data”. This creates a DEM with
“holes” cut out of it, hence the term “cut.” The watershed area and boundary derived
from the SFM method are then used to mask or clip out the watershed from the newly
derived “cut DEM”. This does not change the extent or shape of the watershed boun-
dary. The watershed’s area will be decreased only by the amount of sinks identified. The
advantages of this method are that it does not require any additional data inputs, all
processes can be done in ArcMap, and it only requires the user to make two additional
grids.

The Wisconsin Department of Natural Resources (WIDNR)’s Erosion Vulnerability
Assessment for Agricultural Lands (EVAAL) attempts to identify internally drained
areas that cannot contribute to soil loss by using a method that is similar to the CM
[24]. To estimate if the sink will fill up and overflow, thus contributing to runoff at the
outlet, the volume of each sink is determined and compared to a precipitation event. In
order to accurately estimate the sink volume, high resolution Light Detecting and
Ranging (LiIDAR) DEMs (1 m) are required and it only works on small watersheds (<2
km). LiDAR DEMs are not available at the writing of this publication for all watersheds
in the study.

The PCSAM is more complex than the SFM and CM discussed above. It delineates
the watershed by assuming the river and lands that have a slope upstream are part of
the contributing area [16] [28]. The PCSAM was developed by Richards and Brenner,
2004 [16] and improved upon by Macholl ef al, 2011 [22]. The PCSAM program is a
FORTRAN program that operates outside of ArcMap to delineate watersheds based on
raster data. Two input files in the float raster format are used in the PCSAM delinea-
tion: a DEM of the watershed region and an initial contributing area raster. Both inputs
need to be created with the same extent, cell size, and projection in order for PCSAM to
properly work. The initial contributing area input is based on a buffer around a stream
network and connected wetlands. 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 that
would not generally extend outward into unconnected areas. If the 100-meter buffer
extended beyond the borders of the filled delineation, the buffer would be edited to fit
fully within the filled watershed boundaries. This was done in order to avoid erro-

neously including portions of adjacent watersheds.
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Wetlands and open water were extracted from the 2011 USGS National Land Cover
Dataset [29] and converted to polygons. A “select by location” function was then per-
formed to find wetland polygons connected to the stream buffer. These polygons were
then merged and given a new attribute field named “PCSAM” with a value of 1. This
initial contributing area was merged 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.

1.2. Modeled Runoff: The CN Approach

We chose to use the CN method to model runoff because it is one of the most widely
used runoff models [30]-[32]. The CN method has been used for several decades and
tends to perform as well as or better than other runoff prediction methods [33] [34]. In
studies where complex model calibration is not feasible, the CN method has been
shown to perform as well as more complex models [35].

The CN method calculates runoff depth (Q) from a given precipitation (P) and soil
storage () (Equation (1)). The variable S is derived from the curve number (CN) (Equ-
ation (2)). The CN is an empirical variable that comes from a lookup table that requires

landuse and hydrologic soil type to look up its value.

P-0.25)
Q =w when P > 0.2S (1)
(P+0.85)
S 21000_10 )
CN

An assumption of the CN method is that precipitation values less than 0.2 for S will
not generate runoff. This assumption attempts to account for a concept of initial ab-
straction, which is obliquely defined as “precipitation not available for runoff” [36].
Physically initial abstraction refers to such processes as canopy interception. A value of
0.2 is the standard cited in the literature for S [32] [35].

The CN values used in this project were derived from USGS National Land Cover
Dataset [29] and US Department of Agriculture’s (USDA) hydrologic soil type from the
Soil.

Survey Geographic Database (SSURGO) [37]. National land cover data are divided
into thirty possible categories [29]. Hydrologic soil types are divided into four groups:
A, B, C, and D. Group A represents sandy soils with the highest infiltration and least
runoff, and group D represents clay rich soils with the lowest infiltration and greatest
runoff. The method to derive the CN spatial grid combines both soil and landuse data
and is described in Herndndez-Guzman and Ruiz-Luna, 2013 [38]. Land cover data
[29] were only available at 30 m resolution, so the hydrologic soil data [37] was con-
verted into a matching 30 m grid.

From the CN grid, a storage grid can be derived using the raster calculator and Equa-
tion (2). From the storage grid, a runoff grid can be determined using Equation (1) and

an input of precipitation. The resulting grids all have resolutions of 30 m and were used
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to calculate runoff for each grid. We determined the storage (Equation (2)) for each
precipitation event, and calculated a runoff for each grid which satisfied the assumption
of the P > 0.2S (see Equation (1)). This method to calculate CN is described in McCuen,
2004 [39]. In particular, he warns of using an average value for diverse landuses with
curve numbers

For example, agricultural landuse with a curve number 70 should not be averaged
with forest landuse with a value of 50. This advice is contrary to Garen and Moore,
2005 [40] warning that curve number was not meant to be determined at the field scale.
As our objective is to determine how the delineation affects runoff we find the McCuen,

2004 [39] interpretation more useful.

2. Study Sites

Ten watersheds in Wisconsin and Minnesota were selected as study sites (Figure 1)
based on the availability of precipitation and discharge gage data, topography including
noncontributing internal drainage, and land cover. Tile drainage was not present in the
high agricultural watersheds and only minimally present in the northern forested wa-
tershed [41]. Watersheds containing wetlands, forests, and varying levels of agriculture
and with at least ten years of gage data for both discharge and precipitation were se-
lected. Major landuse categories are described for each watershed in Table 2. The stream
network was not derived from the delineation, but rather it was obtained from the

Wisconsin Department of Natural Resources [42].

/" ' Watershed Study Areas
‘/ 0y S8 | Wisconsin & Minnesota
L 7
e f >\\ # Allequash Creek
T ‘ Pecatonica
—1 |

|

.
//J‘ P v W\Q\\g ‘ Yahara
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3 7 W Whittlesey
é/ /'A / ) Fish Creek

)’ White River

l \ ' 1 ) 5 & Koife Rver

)
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Q50100 N L~ | Sources:WI-DNRUSGS

Figure 1. Watershed study sites in Wisconsin and Minnesota. The shapes are based on the SFM
delineation. The watershed names are taken from the USGS gaging stations.
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3. Methods
3.1. Precipitation and Discharge Data

Storms were selected based on both measured precipitation (NCDC, 2014) and the ob-
served USGS discharge (USGS, 2013). Daily precipitation data were acquired from the
National Climate Data Center (NCDC). We choose storms from June through Septem-
ber to remove the possibility of selecting snow, snowmelt, or rain on snow events.
When possible, storms were modeled from a recent continuous dataset. Storms were
selected that produced a response in the discharge gage data. Between five and ten
suitable storms were modeled in each watershed depending on the number of suitable
storms available [43] [44].

Other considerations in storm selection were magnitude and independent storms.
The magnitude of the storm not only had to produce a visible hydrograph response, but
the storm also needed to be above the initial abstraction value of 0.2S for most areas of
the watershed. Discharge response to precipitation needed to be independent of other
events. If several precipitation events occurred close together, it would be impossible to
partition a storm’s impact on the discharge. Storm events were deemed too close to
model if they were separated by less than three days of precipitation. If an otherwise
acceptable precipitation event was spread over two days, the two events were treated as
one. Where multiple gages were in proximity to the watershed area, storm precipitation
was determined by the Theissen polygon method [39].

Daily mean discharge data at the outlet of each watershed were acquired from USGS
gaging stations. Baseflow and direct flow were separated using the local minimum me-
thod with the HYSEP program [45] through the USGS Web Hydrograph Analysis Tool
[46].

3.2. Statistics

Results were analyzed both in terms of actual error ( m®) and normalized error (m). To
compare results from different delineations and different size watersheds, we norma-
lized the error by the watershed’s area delineated by SFM. Normalized error was calcu-
lated with Equation (3), below:

QModeIed B QObserved (3)
SFM watershed area

Normalized Error =

The model error in cubic meters was also examined for each individual storm across
all watersheds in order to look for any trends that were not visible using average nor-
malized 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 50 millimeters 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 percent error was calculated based on Equation (4) as another metric to compare

the modeled runoff between different watersheds with storm runoff volumes separated
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by orders of magnitude.

Percent Error = w*mo (4)

Observed

The nonparametric Kendall Tau trend test is a statistical test that determines if a data
set has monotonic increasing or decreasing trends. It was used in hydrologic studies
[47] [48] to evaluate monotonic trends within the data and is documented and de-
scribed in Helsel and Hirsch, 2002 [49]. We used it to compare normalized error versus
precipitation, drainage density, relief, and percent cover for land cover categories of
agriculture, wetland, and forest (alpha of 0.05). The Kendall Tau trends test was run in

Minitab ver. 17 and requires a minimum of ten points.

4. Results

The watershed delineation areas are summarized in Table 1. The average area for CM
was 84 percent of the SFM delineation. For PCSAM delineations on average 58 percent
of the SFM area was delineated. The delineated areas were found to vary drastically
between delineation methods in some cases. For example, for Allequash Creek (Figures
2(a)-(c)) the performance of the delineation methods was quite different.

The summary of the delineation methods watershed areas are noted in Table 1. The
CM method removes any filled sinks from the watershed delineated by the SFM. The

PCSA delineates from the stream network and directly connected wetlands, assuming

Table 1. Watershed areas for the three delineation methods: Standard Fill Method (SFM), Cut
Area Method (CM), Potential Contributing Source Area Method (PCSAM). Stream miles were
based upon the Wisconsin DNR 24 K Hydrography (WDNR, 2007). Drainage density is the
number of stream miles divided by the watershed area. Additional the ratios of the watershed de-
lineation areas are presented. The CM was usually close to the area generated by the SFM area
with an average ratio of 0.85. The PCSA area was much lower than the SEM with an average ratio
of 0.58.

SFM CcM PCSA
Drainage Drainage Drainage
Density Density Density

SFM CM PCSA
Watershed Area  Area  Area
(km?)  (km?) (km?)

CM/SFM  PCSA/SFM

(km) (km) (km)

Allequash 33 27 16 0.42 0.52 0.89 0.78 0.55
Bear 166 140 117 0.54 0.64 0.77 0.64 0.74
Fish 222 218 209 1.32 1.34 1.41 0.74 0.29
Knife 79 58 16 0.50 0.68 2.25 1 0.94

Pecatonica 594 543 241 0.64 0.71 1.45 0.99 0.91

Prairie 677 513 300 0.84 1.11 1.76 0.91 0.42
Spirit 219 162 64 0.61 0.83 1.92 0.97 0.75
White 221 216 163 0.93 0.95 1.26 0.74 0.45

Whittlesey 706 701 642 1.60 1.61 1.76 0.74 0.2

Yahara 876 815 451 0.81 0.87 1.57 0.94 0.56
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" Watershed
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(a) (®) (0)

Figure 2. (a) Represents the boundary of the watershed delineated by the standard fill method
(SEM); (b) Depicts the surface water and wetlands which are inputs to the potentially; (c)
Represents the PCSA method compared to the SEM.

that cells that flow toward the wetlands and stream network will be a part of the con-
tributing area. In all cases, the CM and PCSA methods have smaller areas than the
SFM. As mentioned in the methods section, the boundary or shape of the watershed for
the CM is similar or the same as the SFM, while PCSA watershed delineation shape is
often different. As noted in Table 1.

The drainage density for the PCSA were substantially higher than the other two de-
lineations, but these results were directly associated with the watershed areas.

As described in the methods section, internal drainage is only defined for the CM
and PCSAM. The SFM has all possible internal drainage filled, so it does not have in-
ternal drainage. The differences between the SFM and the other delineation methods
represent the internal drainage of that method. Of interest in Table 1 is that the ratios
of the CM and PCSA to SFM indicated some significant differences between the me-
thods. On average the CM/SFM and PCSA/SEM values were 85 and 58 percent, respec-
tively. The range of CM/SFM was 60 - 100 percent, while the PCSM/SFM was 20 - 95
percent.

In Table 2, we summarize the major landuse percentages for each watershed delinea-
tion method. Of note is wetland and open water makes up a larger percent for the
PCSAM, but this is associated with wetlands and open water being initial inputs into
the method. It is interesting in that the wetland and open water is less for the CM and
the decrease is due to the sinks identifying wetlands depressions that were cut from the
SFM delineation. In some watersheds, such as the Allequash, the difference in wetland
and open water between the three methods is significant with the SFM having 35 per-
cent, the CM identifying 30 percent, and the PCSAM identifying 50 percent. The Bear
and White watersheds also have significant differences (>10%) in wetland and open
water, while the White and Whittlesey Creek watershed have significant differences
(>10%) in forest between delineation methods. Most other landuse categories within

2
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Table 2. Watershed landuse for the three delineation methods.

Landuse Categories SFM % CM % PCAM %
Allequash
Wetland + Open Water 35 30 51
Forest 56 61 40
Developed 4 5 5
Agriculture 0 0 0
Shrub/Herbaceous 4 4 4
Bear
Wetland + Open Water 51 34 62
Forest 40 55 31
Developed 5 7 5
Agriculture 0 0 0
Shrub/Herbaceous 3 4 3
Fish
Wetland + Open Water 6 4 7
Forest 67 67 56
Developed 4 4 4
Agriculture 12 13 25
Shrub/Herbaceous 11 11 7
Knife
Wetland + Open Water 21 20 20
Forest 64 64 64
Developed 3 3 3
Agriculture 3 3 4
Shrub/Herbaceous 11 11 11
Pecatonica
Wetland + Open Water 1 1 2
Forest 9 9 9
Developed 2 2 2
Agriculture 85 85 84
Shrub/Herbaceous 3 3 3
Prairie 26 24 25
Wetland + Open Water
Forest 56 57 50
Developed 5 5 6
Agriculture 11 12 17
Shrub/Herbaceous 2 2 2

K2
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Continued

Spirit
Wetland + Open Water 19 15 22
Forest 66 68 66
Developed 6 5 5
Agriculture 7 6 4
Shrub/Herbaceous 2 6 3

White
Wetland + Open Water 16 8 26
Forest 68 74 55
Developed 4 4 3
Agriculture 6 7 10
Shrub/Herbaceous 6 7 6

Whittlesey

Wetland + Open Water 3 3 5
Forest 68 68 55
Developed 3 3 4
Agriculture 7 8 29
Shrub/Herbaceous 19 18 6

Yahara
Wetland + Open Water 19 17 24
Forest 9 12 9
Developed 2 3 3
Agriculture 68 66 62
Shrub/Herbaceous 2 2 2

the watersheds do not show a significant difference.

The average CN for each watershed are in Table 3. The CN for the watershed is
based on the percent of landuse associated with a curve number. Higher CN values re-
sult in higher amounts of runoff, but generally the CN values for the delineation me-
thods are similar. The largest differences are associated with how the delineation me-
thod captures the landuse. The Bear and Whittlesey Creek have the largest CN differ-
ences. A notable trend is that the PCSAM CN values are higher. This is associated with
the PCSAM capturing less forest (where forest CNs are some of the lowest values, with
ranges of 40 - 60) in the delineation.

In Figure 3(a) and Figure 3(b) we compare the ratios of the CM and PCSAM to the
SEM for the different land cover types that are most likely associated with internal drai-
nage (agriculture, forest, wetland). Though no significant trend exists, the PCSM/SFM

shows a general increase in the ratio with increasing wetland. The wetlands in most
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Table 3. CN for each landuse category were weighted by area and summarized for each wa-
tershed. Higher CN represent areas of higher runoff. The curve number values for each wa-
tershed were similar with small differences with the exception of the White and Whittlesey.

Watershed Name SFM CN (Ave) CM CN (Ave) PSCAM CN (Ave)
Allequash Creek 55 54 56
Bear River 63 61 71
Fish Creek 60 62 61
Kanife River 73 73 73
Pecatonica 69 69 70
Prairie 66 67 69
Spirit River 65 65 65
White 71 73 76
Whittlesey Creek 66 67 76
Yahara 70 70 70
90
80 ¢
o 70 ]
>
2 e L .
2 50 A
S 4w [ ] < Agriculture]
= A
g 30 A B Forest
o 20
o AsA A Wetland
10 ‘ <l§
0 o
0 0.2 0.4 0.6 0.8 1
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(2)
90 o
. 80
2 70 &
8 C I | [ -
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= H N _
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k=
4] 40 A . B Forest
o 30
o A A Wetland
20 A A
10 & <\A
[ | S |
0 2 2 ¢ & ¢ ‘<\_
0 0.2 0.4 0.6 0.8 1
PCSAM/SFM

(b)

Figure 3. (a) Percent Land cover vs CM/SFM and (b) Percent Land cover vs PCSAM/SFM: The
areas of watershed delineations methods are normalized by the SFM and compared to land cover.
The CM the values fall between 60% - 100% of the watershed. The range for the PCSMA/SFM
was much wider, between 20% - 95%.
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of the watersheds are contiguous to the stream network; therefore, it is not surprising
that watersheds with high percentages of wetlands would also have a higher PCSM/SFM
ratio.

For both Figure 4(a) and Figure 4(b) and Figure 5(a) and Figure 5(b) we separated
the normalized error by storm size. Large storms (over 50 mm) had both over and un-
derestimates of the observed runoff while small storms overestimated the observed ru-
noff. In Figure 4(a) and Figure 4(b) we compare the normalized error to percent
agriculture associated with the delineation method. Although not a statistically signifi-
cant trend, the error of the methods increases with increasing agriculture. For the ma-
jority of the watersheds, the methods performed similarly for both large and small
storms.

Figure 5(a) and Figure 5(b) shows an opposite trend with the largest normalized
correlated with smaller percentages of wetlands, but the trends are not statistically sig-
nificant. The PCSAM method error is generally lower than the other two methods;
usually the difference is less than three percent. The SFM and CM were typically within

one percent of each other.
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Figure 4. Normalized error vs watershed percent agriculture for large and small storms.
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Figure 5. Normalized error vs percent wetland for large and small storms.

Additionally, we examined total relief and internal drainage (as defined in the me-
thods section) and we did not find a relationship between the delineation methods.
Overall the differences between the methods were minimal except in the case of water-
sheds with high agriculture and low wetland. In general, the PCSAM performed the
best, especially in agricultural watersheds, but the differences were typically between 3%
- 5% of the other two methods. The CM compared to the SFM did not reveal any sig-
nificant differences. The Kendall Tau trend test indicated no significant trends (p > 0.5)
for the standard error for drainage density, precipitation, or land cover percent for the
three delineation methods (agriculture, forest, wetland).

5. Discussion

We initially hypothesized that the main variables impacting model performance would
be watershed area, drainage density and percent internal drainage, with the SFM (that
fill in sinks) experiencing the largest deviations from actual runoff totals [16] [22]. This

was not the case for the watersheds studied, they instead did not show strong trends
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(Figure 4(a) and Figure 4(b) and Figure 5(a) and Figure 5(b)). In cases where mod-
eled storm runoff was overestimated PCSAM delineations produced smaller overesti-
mations. In cases of model underestimation, PCSAM had the highest magnitude nor-
malized errors, but again, these differences were insignificant.

One likely reason for the similar performance of all models is the impact of intermit-
tently overflowing internal drainage, particularly in areas containing wetland that may
or may not be part of variable source areas depending on antecedent moisture levels
[28] [31] [50] [51]. Based on the results of this study, it may be concluded that it is ne-
cessary to generate multiple PCSAs 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 magni-
tude and duration. PCSAM delineations may be used as an additional tool when iden-
tifying variable contributing source areas. Identification of contributing areas is a com-
plex problem that depends not only on topography but also on field scale variations in
moisture and landcover along with other variables [28] [52].

The CN model appears to perform differently for small and large storms when ex-
amining the model error in runoff volume versus storm size. This has also been en-
countered in previous studies [30] [35] [53]. As precipitation depth increases the SFM
model appears to overestimate runoff volumes, while the CM and PCSAM delineations
tend to underestimate for all storm sizes.

An answer to the antecedent moisture conditions has been to consider changes to the
initial abstraction which is usually assumed to be 0.2 for S. The Spatial Analysis of sur-
face Runoff in ArcGis (SARA) model by Herndndez-Guzmén and Ruiz-Luna, 2013 [38]
incorporates findings from Hawkins et al, 2008 [53]. Hawkins et al, 2008 [53] found
that the curve number model initial abstraction varies from 0.0 to 0.49 depending upon
storm size. The SARA model allows for the adjustment of initial abstraction in calcu-
lating runoff. Another solution has been to add a wetness index into existing runoff and
water quality models such as SWAT that use curve number [31] [51]. Such adjustments
to our study are beyond the scope of this study, but it would make for an interesting
future study.

In this study, the largest errors were for the Pecatonica and Yahara watersheds,
which are characterized by over 60 percent agriculture with few wetlands or forests.
Recent studies such as Tessema et al, 2014 [54] indicate that CN models may not fully
account for the impact of seasonally variable evapotranspiration on available storage.
Antecedent moisture considerations may be problematic in heavily irrigated regions,
and this may account for the high overestimation runoff. Given the high variability of
agricultural land cover at a field scale, a correction factor or soil wetness index may be
beneficial when modeling agriculture dominated watersheds as suggested by [31] [38]
[51].

The most notable finding upon examining the results is the similar performance of

all three delineation methods for both large and small storms. All models experienced
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similar degrees of error; no model clearly outperformed the others. The lack of a signif-
icant performance difference between the delineation methods has also been found by
at least one previous study on three watersheds in New York’s Catskill Mountains [55].
This study attempted to determine watershed source areas and used CN runoff models
to compare results. Their findings show similar results for different modeled areas [55].

One possible implication of this research is that methods that are more data intensive
and time consuming such as PCSAM may not be worth the additional data preparation
required for modeling runoff given the data resolutions currently available except for
agricultural watershed. Earlier studies such as Richards and Brenner, 2004 [16] that fo-
cused on PCSAM noted the likely importance of high resolution (3 m) DEM data. High
resolution data with cells of several meters or less were unavailable for Richard and
Brenner’s 2004 [16] study and are still unavailable for many regions containing non-
contributing internal drainage as of 2015. The current available thirty-meter resolution

of land cover inputs also likely limits the impact of increasing DEM resolution.

6. Conclusions

Comparison of the different delineation methods appears to indicate that they may
each be suited for different purposes. No one delineation method significantly outper-
formed the others in predicting watershed runoff with the CN given available data.
Given the comparatively simple workflows, the SFM seems ideal for delineation for
predicting storm runoff. Because sinks tend to overflow during large rain events, the
more extensive delineations that fill sinks to some degree could better handle large
storms.

PCSAM 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
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 et
al. (2007) [31] 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 et al. (1999) [28] and Van Liew et
al. (2007) [52] have focused on the role of land cover and antecedent moisture in de-
termining 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 [16] [22]. The PCSA
method is sensitive to small elevation changes and will likely produce more accurate
delineations as cell size decreases [16].

Based on the similar levels of model error seen between all delineation methods, ras-
ter 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

960

%

*%
pX2

%, Scientific Research Publishing

L <y



W. D. Troolin, K. Clancy

both of these important variables are available only in resolutions even coarser than the
ten meter DEM; for example, land cover data is available at thirty-meter resolution. As
the delineation method performed similarly, the resolution of the DEM and the result-
ing watershed delineations do not appear to be key problem. Improvements in model-
ing will likely be tied to multiple factors including more complete and accurate data for
precipitation, elevation, land cover, and antecedent moisture.

From a management perspective, the most important implication of the study results
is when modeling runoff with the CN, the filled delineation method was not outper-
formed by other delineations. As the basis of watershed delineations used by landuse
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. Two areas where future studies are needed to evaluate the delineation me-
thods and runoff are as follows: 1) regions where agriculture is the dominant landuse;
and 2) extreme precipitation events where either the duration or intensity of the storm

is unusual for the region.
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