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ABSTRACT: Field measurements of overland runoff and aerial photographs were analyzed in Black Creek 
watershed (western New York State), to determine if a topographically based loading model could be used to 
identify overland flow paths in order to rank stream segments for prioritization for nutrient remediation.  Discharge 
and phosphorous concentration were measured at twelve sites to compute the frequency of overland flow, 
approximate volume of overland flow and flux of phosphorous at each site.  Using these metrics, sites were ranked 
according to their phosphorous contribution to the stream network.  Although a nonparametric correlation of 
observed and modeled rankings suggests that flow accumulation did an inadequate job of ranking the sites, valuable 
management information on hydrologic connectivity was acquired by identifying where the model did not perform 
well. An analysis of the model showed that the performance of the weighted flow accumulation model was due 
primarily to its inaccuracy in estimating contributing area.  The field and aerial assessments suggest that subtle 
anthropogenic changes to topography and hydrography, which altered surface flow paths, were the primary cause of 
this inaccuracy.  These changes were not represented at the resolution of the USGS 10-meter DEM used in the 
model, either because the landscape modification took place after the source material for the DEM was created or 
the resolution was too low.  In descending order of importance, topographic alterations include road and driveway 
berms, drainage ditches, stream straightening and stream squaring.  One other modification type, tile drains, was 
important for changing the catchment area of overland flows.  These features have an enormous impact on surface 
flow paths in the study area and were found to be important in controlling hydrologic 'connectivity' to the stream 
network.  Identifying where these features impact surface flow paths is critical information in Best Management 
Practice (BMP) prioritization.  Although the flow accumulation model did not accurately assess overland flow paths 
well enough to rank stream segments sufficiently for buffer prioritization, useful information was gleaned by 
overlaying the results of the model on aerial photographs and conducting field assessments.  The ease with which 
this model approach can be carried out, requiring no calibration and needing spatial data that are available in 
practically all areas, make it a very effective tool for watershed planning.  The study underscores the importance 
that anthropogenic alterations of the landscape have on hydrology and the need for better digital elevation products 
that represent these features.

INTRODUCTION

Erosion can have a detrimental impact on water quality caused by 
increased loads of sediment and solutes such as phosphorous, 
metals, and pesticides.  As a consequence, it is essential to identify 
where in a watershed these sediments come from and where they 
are likely carried into the stream transport network.  Contemporary 
modeling techniques (Soil Water Assessment Tool, SWAT;
.                                                                                           

Agricultural Nonpoint Source Pollution System AGNPS; 
Generalized Watershed Loading Function, GWLF) widely used in 
Total Maximum Daily Load (TMDL) studies to identify areas of 
concern (Lehning et al., 2002; Di Luzio et al., 2002; Campbell and 
Richards, 2002; Riggs, 2003) treat the sediment transport 
phenomenon as a non-point source problem in which the type of 
soil and land cover are assumed to generate a more or less uniform 
flux of sediment.  This allows subcatchments (hydrological 
response units) to be ranked by levels of sediment pollution 
contribution, but many recognize that this can sometimes be an
oversimplification.  Erosion, in fact, occurs on a much smaller scale 
in specific areas where water energy, substrate, and topographic 
characteristics cause enhanced erosion and transport.  Also inherent 
in predicting erosion from soil and land cover maps is an 
assumption that the frequency and distribution of microerosional 
environments is uniform within particular land cover-soil 
associations.  Such assumptions lead to generalized conclusions of 
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water flow and pollution contribution, which only allow for coarse 
resolution of Best Management Practices (BMPs).

Several types of hydrologic models that consider topographic 
information could potentially be used for prioritizing stream 
segments.  In the simplest of these models, the weighted flow 
accumulation algorithm presented in this study, phosphorous load is 
calculated from a rainstorm using soil and land use information.  A 
“flow accumulation” weighted to phosphorus load analysis is then 
applied to the digital elevation model to determine sites where slope 
and aspect likely cause significant solute and sediment loads.  This 
model has been used successfully in two TMDL studies (Richards 
and Campbell, 2005) and a watershed prioritization study (Zollweg 
et al., 2005). In the next level of complexity, the TOPMODEL 
approach has flow accumulation carried out using a topographic 
index, derived from a Darcy treatment of flow paths extracted from 
gridded elevation data (Beven and Kirkby, 1979).  Only water flow 
is calculated, however more sophisticated versions of this model 
exist (Endreny and Wood, 2003) that use the topographic index 
approach in conjunction with event mean concentration data to 
compute phosphorous loads.  Another approach has been suggested 
by Lindsay and Creed (2003) that does not require the filling of 
sinks for deriving flow paths.  It is possible that these innovative 
terrain-modeling techniques can be used to develop better 
approaches for identifying areas of concern from easily obtainable 
GIS data on soils, land cover and hydrography.  This will be 
especially useful in locations where structural BMPs significantly 
reduce sediment loads, and in particular, reduce the size fractions of 
sediments that are known to carry detrimental kinds of pollutants. 
By better understanding pollution flow paths, managers will more 
successfully place sediment-control structures or use variable-width 
buffer management strategies to maximize buffering capacity and 
reduce the extent of buffering required for significant non-point 
source pollution reduction. 

Digital elevation models (DEMs) have been utilized for 
predicting areas of enhanced runoff (O'Laughlin, 1979; Bernier, 
1985; Richards and Brenner, 2004), drainage areas (Band, 1986; 
Jenson and Domingue, 1988), flow directions (Quinn et al., 1991; 
Tarboton, 1997) and channelized flow (O' Callaghan and Mark, 
1984).  Flow accumulation has been useful for predicting locations 
of headwater and perennial streams and threshold values of flow 
accumulation can predict channelized stream sections.  Terrain and 
GIS-based modeling approaches have also been proposed for 
assigning the widths of no cropping zones (“buffers”) (Narumalani 
et al., 1997; Bren, 1998; Herron and Hairsine, 1998; Bren, 2000; 
Endreny, 2002; McGlynn and Seibert, 2003).

A few studies have tested digital terrain simulations of flow 
paths in the field (Holmes et al., 2000; Endreny and Wood, 2001; 
Endreny 2003) and have observed that errors in elevation resulting 
in inaccurate topography can be significantly greater than what is 
expressed by the quality of the DEM.  These errors are commonly 
thought to be artifacts incurred by the production of the DEM and 
are assumed to be stochastic.  In the Holmes study these errors were 
greatest along valleys and stream corridors.  An anthropogenic 
origin for these deviations is suggested but not considered in their 
analysis. Endreny and Wood (2001; 2003) focus on the impact of 
the choice of flow direction algorithm on the dispersal area of the 
flow path and its location and path.  Their findings show that the 

choice of algorithm is important and suggest using a suite of 
approaches to develop a probability map for the likelihood of 
overland flow.  A field study by Souchere (1998) observed that 
anthropogenic modification to micro-topography (tillage direction) 
was important in controlling surface drainage direction, particularly 
at low slopes.  In some cases flow direction was significantly 
different than flow direction predicted by slope and aspect derived 
from DEMs.  

Several authors have pointed out that DEMS can be modified to 
improve hydrologic prediction by removing depressions.  The most 
common of these approaches are “filling”and depression breaching.   
These approaches modify the DEM to remove sinks, zero slope 
areas and enhance flow connectivity (Jensen and Dominigue, 1986; 
Hutchinson, 1989; Garbrecht and Martz, 1997; Rieger, 1998; Martz 
and Garbrecht, 1999; Lindsay and Creed, 2005).   Lindsay and 
Creed (2005) evaluated a variety of these approaches and found that 
an approach that utilized breaching and filling worked best for 
reproducing terrain attributes, however they assumed that all 
depressions are artifacts of the creation of the DEM.  We have 
chosen not to "Fill" the DEM because inspection of the topographic 
maps and our field observations indicate the depressions observed 
in the study area are natural features caused by either geomorphic 
processes during the recession from the last glacial maximum 
(Fairchild, 1909; Muller, 1977) or anthropogenic modifications of 
topography incurred by the area's long history of settlement.

The goal in this study is to identify overland flow paths, not 
delineate watersheds, so modifying the DEM to remove natural 
depressions could yield flow directions and slopes that are not 
reflective of the natural drainage regime.  We further want to 
explore the role that large scale anthropogenic modifications have in 
causing deviations between actual and modeled flow paths.  The 
study demonstrates that  much can be learned by determining why 
the observed hydrography does not follow flow paths suggested by 
surface topography.  Identifying where anthropogenic changes have 
occurred by comparing model stream lines to existing hydrography 
will have significant benefits for watershed management, because 
these changes often contribute to sedimentation, erosion, and water 
quality issues.  Identifying these features can also locate oppor-
tunities for surface water retention.

We believe that contemporary loading models commonly used 
in TMDL estimates are inadequate to identify areas of concern 
because of the size of the hydrologic response units used for 
lumping soil, land use and management information and the 
difficult and arbitrary way parameters must be coded for GIS 
models .  One way of enhancing contemporary loading models and 
improving buffer management is to use topographic information to 
identify locations that, by virtue of their slope and aspect receive the 
most material.  This will improve accuracy in the determination of 
buffer widths required for successful regulation of non-point source 
pollution.  In fact it may be possible to buffer specific areas to 
obtain an acceptable level of protection for the stream network.  
This could be accomplished by identifying stream segments that 
intersect important overland flow paths and assigning buffer widths 
accordingly.

In this study, we test the accuracy of flow accumulation 
techniques to prioritize stream segments for BMP's.  The techniques 



Describing Overland Flow Paths Northeastern Geoscience

 
www.northeasterngeoscience.org 9  Volume 31, Number 1 

must accurately identify where overland flow paths are located and 
where they intersect the stream system.  They also must be able to 
rank overland flow paths relative to one another so that the 
important overland flow path features can be buffered appropriately.  
The second objective of this study was to conduct an exploratory 
field survey of overland flow to test the accuracy of the
phosphorous loading model based on the best resolution of available 
GIS data, DEMs and the scale at which topographic features control 
overland runoff and drainage.  Finally, we examine the degree to 
which anthropogenic modifications to topography have blocked or 
rerouted surface flow paths. 

STUDY AREA

Black Creek Watershed is located in Western New York State 
(Figure 1) and has a drainage area of 524.5 square km with a 
heavily farmed western portion of the watershed.  Black Creek 
drains into the Genesee River in Monroe County (43o 05’40”N, 78o

40’48”W) and is an important tributary.  The Black Creek 
Watershed State of the Basin Report (Autin et al., 2003) identified 
problems in sediment and phosphorous pollution attributed to 
agriculture and indicates that adoption of BMPs may be required to 
address potential impacts to water quality.  Many factors need to be 
considered before implementing a management plan including 
watershed topography, extent of internally drained topography 
(Figure 1), presence of interconnected wetlands, the extent of road 
infrastructure, and the location of low-density urban development.  
Using the Potential Contributing Source Area (PCSA) algorithm of 
Richards and Brenner (2004), we have determined that 35% of the 
watershed is not hydraulically connected to the stream network.  
Anthropogenic modifications such as tile drains, ditches and 
landform modification could potentially have a large impact on 
surface fluxes of runoff and sediment if they actively drain into the 
stream network.

METHODOLOGY

To assess overland flow paths within our modest budget, we 
attempt a new technique in which simple runoff collectors were 
used to rank flow volumes (Figure 2).  Runoff collectors were 
emptied and sampled for chemistry after every rainfall event.  The 
runoff collectors have a hood on them that prevents all water from 
entering them except overland flow above the surface of the ground.  
To support this data we have also collected additional parameters 
that are correlated with hydrologic activity such as soil water 
content and length of ponding after the storm and the frequency 
with which the runoff collectors collected water.

The accuracy of digital terrain models was evaluated for 
predicting areas of concern at two different scales of analysis.  At 
the coarse scale, the accuracy of flow accumulation techniques was 
tested to predict flow paths by comparing predicted stream 
centerlines and tributary junctions to the actual locations of these 
features.  A phosphorous weighted flow accumulation model was 
implemented in Black Creek watershed to identify the extent and
spatial distribution of high phosphorous flow paths.  Forty-nine
additional sites were also analyzed with aerial photography to 
evaluate the role that anthropogenic changes to hydrography and       

.

Figure 1:  The study area of Black Creek showing the locations of runoff 
collector sites and aerial photography assessment sites (boxes).  Black Creek’s 
outlet to the Genesee River is located at 43o 05’40”N,78o 40’48”W.  Fully 30% 
of the watershed is internally drained.  

topography played in explaining differences between the model and 
actual drainage.  These sites are noted by the rectangles in Figure 1.

At the fine scale, twelve locations were instrumented with runoff 
collectors (Figure 2) to measure runoff related parameters. Our
simple, weighted flow accumulation model was used to rank sites of 
concern.  Runoff collectors measured water and chemical fluxes 
(including phosphorous) over a one-month period.  Fluxes measured 
by these collectors should be considered per unit width (width of the 
runoff collector).  It is possible that for very large events that some 
flow will occur around them. However, since the width of the runoff 
collector opening is the same for all of them, the sites should be 
comparable to each other.  Three load-related variables were also 
estimated for each site: a) approximate discharge of overland flow 
and total phosphorous (per unit width of the flow collector), b) 
mean concentration of phosphorous and c) frequency of active 
overland flow.

Using these field variables, sites were ranked for their propensity to 
deliver phosphorous load.  For sites with active flow observations, 
four criteria were used for ranking: 1) Fraction of days where 
overland flow was active, 2) Extent (length) of ponding up-slope of
runoff collector one day after the event, 3) Average soil moisture 
content relative to saturation one day after the event, and 4) Total 
estimated phosphorous flux.  A non-parametric statistical correla-
tion (Kendall-Tau) between the phosphorous model and our flux-
related independent variables was conducted to determine if the 
model had predictive value in prioritizing stream segments that 
should be buffered.  Like the Pearson correlation, a Kendall's Tau 
correlation ranges from -1 to 1 with 1 being a strong correlation 
between the rankings of the model and the field sites.  A good 
model for making management decisions should have a high
positive Kendall Tau between ranks.  Results will be presented later 
in the results section.

Modeling Phosphorous Flow Paths with the DEM 
A simple topographically based loading model was used for 

analysis.  The model identifies locations in the watershed where        
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Figure 2:  Runoff collectors designed for this study that were used to estimate
overland runoff volumes.  Overland runoff enters the hole at the front of the rain 
shield, flows through a collection tray and then into a 1 gallon water jug which 
is located in a 12 by 12 by 14 inch hole underneath.  These collectors are 
accurate for small < 4.3 liter overland flow events.  Higher volumes overflow
into the hole.  The design of the collector, which focuses water over the back lip 
of the collector, facilitates accurate measurements of active overland flow by
allowing the user to measure discharge with a beaker and stopwatch

topographic and land cover characteristics allow for flow path drain 
areas that produce high phosphorous loads. Overland flow paths are 
mapped on the surface by analyzing a unprocessed digital elevation 
model (DEM).  A “Flow direction grid”, which describes the 
azimuth that runoff takes as it flows across the ground, and a “flow
accumulation” map were created from the DEM.  The ESRI ArcGIS
ESRI ArcGIS D8 algorithm was used in this analysis.  The model 
modifies the flow accumulation procedure by weighting each cell 
by the amount of phosphorous that was released by multiplying an 
event mean concentration appropriate for the landuse of the cell 
with the amount of runoff that occurred.  The result is a grid that 
represents the total amount of phosphorous that passes through 
every point.

In the model, total phosphorous is calculated by determining the 
amount of runoff shed from the cell from a 1-year return storm 
event and multiplying this quantity with the average concentration 
of phosphorous that is characteristic of water in the vicinity of the 
cell’s soil and land cover.  For the Black Creek watershed a 1-year 
storm event is expected to yield 2.3 inches of precipitation in 24 
hours (NYSDEC, 2003).  Two separate equations are used to 
determine the contribution of runoff from the directly connected 
imperviousness and pervious parts of the cell.  Precipitation inter-
cepted by directly connected imperviousness is assumed to runoff 
completely and was computed using a function suggested by Alley 
and Venehuis (1981).  The SCS curve number procedure (SCS, 

1986) is used to determine runoff from the rest of the cell.  The 
amount of imperviousness in each cell was determined by the 
average values of total imperviousness characteristic of the type of 
land use by the Rouge River Project from aerial photography 
(Klutenberg, 1994).  Flow weighted event mean phosphorous 
concentrations were obtained from field studies of stream chemistry 
in the Rouge River (Cave et al., 1994).  GIS data used in this 
analysis are 10 meter 1:24k USGS digital elevation models, a 1992 
landcover dataset that was improved by Autin et al., (2003) by 
modifying inaccurate land use parcels using rectified aerial 
photography, and county level SSURGO soil data.  SSURGO data 
are digitized National Resource Conservation Service soil survey 
maps that have been prepared for use in GIS and that contain 
engineering information.

Land cover and soil data were gridded into 10m by 10m cells for 
the project area and runoff was computed from each using the 
model.  A digital elevation model gridded in the same manner as the 
soil and land cover data was weighted by phosphorous flux 
estimated by the model after which the flow accumulation 
procedure was applied.  The resulting data were plotted on a map of 
the Black Creek watershed and color coded by the total kg of 
phosphorous transported through each cell.  The best way to 
interpret the data is to draw only cells that have greater than 
0.2kg/day phosphorous transport loads and identify where they 
intersect with streams.  Cells with higher loads should represent 
natural stream segments. 

Field Verification
A hydrography dataset developed from the 1:24,000 USGS 
quadrangles was used to assess the accuracy of locating major flow 
paths and tributary junctions with the model (Figure 3).  We chose
this dataset because it is the most accurate available and is also the 
source for many GIS hydrography datasets used to prepare and 
verify watershed models.  Tributary junctions have been shown by 
Bren (1998, 2000) to be sites requiring additional buffering
protection because of the convergent flow paths that are associated 
with them.  The hydrography dataset was ordered using a Strahler 
ordering scheme and stream segments not hydrologically connected 
to the Black Creek drainage system were eliminated.  Model stream 
segments were extracted from the model by iteratively classifying 
the flow accumulation grid into channelized and nonchannelized
cells using a threshold flow accumulation.  The choice of the thresh-
old flow accumulation value was the value that most closely
reproduces the length of observed streams, number of first order 
stream segments and the structure of the stream network.  The 
locational accuracy of the model for identifying stream segments 
was verified by defining the area associated with the successive 
riparian corridors from the observed hydrography data.  Corridors 
were defined in successive 6 meter intervals from 6 to 90 meters to
develop a suite of nested polygons (“buffers”).  Model stream
segments were converted to points using the centroid of each chan-
nelized grid cell.  The number of points contained within each 6 
meter buffer was counted to develop a function that describes the 
probability that modeled stream cells occur relative to the distance
to the actual stream.  To verify the location of tributary junctions,
the direction and distance from the observed stream junction to the 
direction and distance from the observed stream junction to the 
corresponding model stream junction was computed.  This data was 
analyzed to determine if there was any directional bias in the model        
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Figure 3:  Hydrography dataset that was used to verify stream flow 
lines.predicted by the flow accumulation model.  The locations of 40 tributary 
junctions were also used to quantify the accuracy of the model.  The area of 
sparse streams (dotted line box) appears to be an error in the delineation of the 
blue line streams in the USGS quadrangle as aerial photographs and the NRCS 
soil survey show more streams in this area.  Error calculations in the model have 
been adjusted to account for this issue. 

and to develop a probability density function for describing distance 
accuracy of the model to the observed stream junctions.   

A field survey and GIS assessment of twelve sites took place 
throughout the Black Creek Watershed to verify the model.  These 
sites were chosen because they: 1) represent the common topo-
graphic and landcover characteristics in rural stream segments of 
Black Creek watershed, 2) encompass a great range of modeled 
phosphorous fluxes, and 3) include examples of the major types of 
anthropogenic alterations observed in our aerial photographic 
assessment, including road berms, tile drained areas, ditches, and 
stream squaring.  Sites were photographed, located by GPS and then 
evaluated by overlaying the phosphorous model on 2002 aerial 
photographs.  Local crop cover was noted from field observations 
and the type of topography was identified. 

The length of significant ponding in front of the runoff collector
was determined from field observations.  Significant ponding is 
defined as visible ponding in greater than 75% of the area around 
the dominant flow path.  Length is measured parallel to the dom-
inant flowpath from the front of the rainfall collector. Soil moisture 
measurements were taken at 3 meter intervals along the dominant 
flowpath using a Campbell Scientific TDR probe.  Measurements
are in units of % volumetric water content and are representative of 
the top 12 cm of the soil profile.  Three measurements were taken at 
each length interval and then averaged to determine the soil 
moisture content.  For each site the soil moisture content at total 
saturation (fully ponded conditions) was determined.

Additional Site Information
To help rank sites and interpret field results, drainage area, soil 

properties, depression storage and slope were measured above each 
runoff collector.  Drainage area associated with each runoff 

collector was computed from a 0.5 meter contour map developed 
from the digital elevation model and aerial photography.  Soil 
properties were obtained by locating the site on the Genesee County 
Soil Survey.  Effective depression storage was estimated from 
surface microtopography using a roughness clinometer; Richards et 
al., (2012).  Percent slope of the dominant flowpath into the runoff 
collector was determined using the DEM and the roughness 
clinometer. 

Samples of overland flow were obtained from the runoff 
collectors.  These samples were split into two sets and one set was 
filtered in the lab using 0.45 micron filters.  Unfiltered samples 
were digested with persulfate and sulfuric acid.  Digested samples 
were analyzed for total phosphorous by the automated ascorbic acid 
reduction method (Method 4500-P F, APHA, 1999) using a Tech-
nicon autoanalyzer. 

RESULTS

Field Observations
Tables 1, 2 and 3 present field characteristics of the runoff 

collector sites, flow metrics and fluxes , and site rankings based on 
field criterion respectively.  Mean depression storage varied from 
5.7 to 15.6 mm with a typical standard deviation of 3.5 for the 
twelve sites (Table 3).  Furrows caused by plowing were a major 
cause of the depression storage.  Slopes as measured by the 
roughness clinometer ranged from 0.6% to 4.7% at the runoff 
collector sites.  Slopes measured by the roughness clinometer 
tended to be higher than slopes estimated from the digital elevation 
data, most likely caused by the difference in the scale of the slope 
measurements. 

During the survey, a total of 101 mm of rain fell over the 38 day 
period of assessment (the observation period varied between sites 
depending on when the runoff collector was installed).  This rainfall
occurred as six significant storm events and four smaller (<7.6 mm) 
rainfall events that had no significant hydrologic impact (Figure 4).

.

Figure 4:  Precipitation graph for the one month period of detailed field obser-
vations.  Observations were taken within 24 hours of every major precipitation 
event. Field observations commenced on October 7, 2005 and ended on 
November 19, 2005.  A total of 101 mm of rain fell during the 31 day period.  
Precipitation data was obtained from the climate station at Batavia High School 
(NWS COOP 300443).  The station is located approximately 10 km west of the 
study area.  
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Site Drainage  
Area 
(ha) 

Soil 
Hydro 
Group 

Crop  
Cover 

Ave. (stdev) 
Depression 
Storage 
(mm) 

Clinometer 
% Slope 

GIS 
% Slope 

Byron East 9.72 D Alfalfa 5.9 (2.7) 1.2 0.5 
Byron West 18.22 D Alfalfa 7.8 (2.6) 0.6 0.2 
Casswell  NE 0.53 D Alfalfa/ 

Soy 
4.2 (1.2) 2.7 1.1 

Casswell NW  6.04 D Alfalfa/ 
Soy 

8.7 (4.0) 2.9 0.9 

Casswell SE 0.08 D Corn 11.4 (5.9) 3.5 0.5 
Casswell SW 0.11 D Corn 12.5 (2.8) 1.3 0.5 
Clipnock  Rd 0.07 B Cabbage 15.6 (4.9) 4.7 0.5 
Paul Rd 9.68 D Corn n/a n/a 0.3 
Rte 20 N 7.82 B Weeds/ 

Fallow 
5.7 (2.2) 1.7 1.5 

Rte 20 S 0.04 B Weeds/ 
Fallow 

8.9 (5.1) 1.5 1.6 

Rte 33 0.06 B Fallow/W
heat 

6.4 (3.3) 2.6 2.2 

Searls 0.06 B Soy 7.6 (3.3) 1.4 1.4 

Table 1:  Characteristics of the sites determined from GIS, Roughness clinometer 
and field information.

Site Log Runoff 
Volume 
(Liters/day) 

Fraction of period 
when overland runoff 
Occurred (days/days) 

Ave. Length 
of ponding 
(m) 

Byron East + 2.0 0.29 4.1 
Byron West + 0.9 0.22* 1.0 
Casswell NE No runoff 0.00 0.0 
Casswell NW  + 2.1 0.12 7.1 
Casswell SE + 0.4 0.11 0.9 
Casswell SW + 0.2 0.09 7.1 
Clipnock  Rd +1.8 0.15 3.0 
Paul Rd +5.0 1.00** 26.4 
Rte 20 N + 3.4 0.40 2.3 
Rte 20 S No runoff 0.00 0.0 
Rte 33 + 0.6 0.12 0.8 
Searls -1.3 0.06 0.0 

*May be caused by groundwater inundation
**Active overland flow was observed on every visit to this site even during dry conditions.

Table 2: Flow estimates and saturation parameters for the sites

Site Fraction of time 
that overland  
flow was active 
(days/days)  

Average 
length of 
ponding 
    (ft) 

Average 
Ø/Øsat± 

Field Total 
Phosphorous 
Log (kg/day) 

Model Total  
Phosphorous 
Log (kg/day) 

Paul Rd 1.00** 86.7 sat -2.5 -4.4 
Rte 20 N 0.4 7.7 0.84 -3 -5.4 
Casswell NW 0.12 23.3 0.86 -3.7 -3.3 
Byron East 0.29 13.3 0.89 -4.1 -4.7 
Clipnock  Rd 0.15 10 0.70 -4.2 -5.0 
Casswell SE 0.11 3 0.77 -5.1 -5.0 
Byron West 0.22* 3.3 0.85 -5.4 -3.5 
Rte 33 0.12 2.7 0.74 -5.6 -4.4 
Casswell SW 0.09 23.3 0.91 -5.8 -3.4 
Searls 0.06 0 0.58 -7.1 -3.7 
Rte 20 S 0.00 0 0.56 No Load -5.7 
Casswell NE 0.00 0 0.65 No Load -4.9 

*May be caused by groundwater inundation
**Active overland flow was observed on every visit to this site even during dry conditions.
± Taken after the 10/26 event

Table 3: Site Ranking based on the field criterion, observed Phosphorous flux, and modeled 
Phosphorous flux.  In order of decreasing flux based on observed field data.
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Observed overland flow discharge rates varied significantly 
between the twelve different sites, ranging from 0.006 liters/sec to 
21.6 liters/sec.  Instantaneous flow varied by as much as four orders 
of magnitude for the two sites with the greatest number of flow 
measurements (US20N and Paul Road), demonstrating significant 
temporal variability.  Total runoff volumes were normalized by the 
total period of observation at each site to make the sites comparable. 

Site rankings based on field observations were determined by 
computing the flux of P, and the frequency and duration of active 
overland flow.  Measurable levels (0.3 - 2.4 mg/l) of total phosphor-
ous were found at all sites. Using the overland volume estimates 
and the chemistry data, phosphorous fluxes were computed for the      
.
period of observation.  Flux estimates varied 5 orders of magnitude
between sites ranging from -7.1 to -3.5 log (kg/day) (Table 3).  Two 
of the sites had no fluxes, while the other sites contributed phos-
phorous fluxes in one or more discrete time periods.  The one 
exception was the Paul Road site, which flowed (and contributed 
phosphorous) every day over the entire study period.  Inspection of 
the aerial photograph suggests this flow path is an old stream chan-
nel that was channelized (“squared off”) to flow around the field.  A 
Kendall Tau correlation between the field and model rankings was  
-0.17, a very weak negative correlation.  A Z-test (dF ���������	�
��
for this test reveals this correlation to be not significant.  Site 
rankings from the field observations do not follow the rankings 
interpreted from the phosphorous model (Table 3).

Modeling Results
To evaluate spatial accuracy of the flow accumulation model for 
predicting observed phosphorus flow paths, which are not possible 
because of their ephemeral nature, we used the model to predict 
location of mapped streams and tributary junctions. A flow 
accumulation value of 2.2 g/day reproduced the basic structure of 
the stream network, including 94% of the 1st order stream 
segments, and all of the 2nd, 3rd and fourth order streams.  The 
length of the modeled stream network was within 99.2% of the 
length of the actual stream network.  There were however four types 
of errors: 32 occurrences of small stream segments being predicted 
by the model that were not in the field, 22 occurrences of whole 
stream segments that were apparent in the field but not predicted by 
the model, problems in predicting the length of the segment, and 
lateral displacement of the modeled stream seg-ments.  One portion 
of the watershed in particular had a paucity of streams when the 
model suggests there should be several.  If the major structural 
errors produced by the model are excluded, a total of 39,600 model 
stream centroids can be used to compute the lateral accuracy of the 
model stream lines (Figure 5a).  If the model stream centroids 
follow the observed streams precisely, they should all occur in the 6 
meter buffer closest to the stream.  In Figure 5a this is the buffer in 
the middle.  If the model stream centroids fall outside of that buffer, 
it means they are located more than 6 meters from the actual loca-
tion of the stream.  The width of the buffer that contains 95% of the 
model stream centroids can be interpreted as an error bar that
describes the accuracy of the model.    

. The results of this analysis suggests that 50% and 95% of the 
modeled 1st order streams fall within 18 and 80 meters of the actual 
stream (Figure 5b).  These errors represent 2 to 8 raster cells.  The
relationship between model accuracy and distance decreases mono-

.

.

Figure 5:  Graph showing the accuracy of the model for locating stream channel 
locations.  A total of 37,791 stream centroids were counted within successive 
buffers surrounding the actual stream (A).  Cumulative prob-ability of modeled 
stream cells as a function of the distance to the actual stream location.  There is 
a 95% probability that modeled 1st order stream cells will be located within 83 m 
of the actual location.   Model accuracy decreases with increasing order.  The 
vertical red line indicates the expected error which was evaluated by summing 
the maximum horizontal error of the DEM, the maximum horizontal error of the 
1:24000 hydrography and the maximum error that would arise from vectorizing 
the model (B).

tonically from the location of the actual stream and there do not 
appear to be any local maxima.  Accuracy tends to decrease with 
increasing order, with 90% of the modeled stream cells falling 
within 64, 70, 69 and 84 meters of 1st through 4th order streams 
respectively. 

At the runoff collector sites, modeled phosphorous fluxes ranged 
from -0.5 g/day to -2.7 g/day.  According to this information the 
three largest phosphorous contributors are Caswell NW, Caswell 
SW, and Byron West.   Caswell NW was determined to be the third
largest phos-phorous contributor based on the field data, however 
Byron West did not contribute phosphorus flux because a road berm 
blocks all of the flow.  The reason for the inaccuracy of the model 
is the DEM did not represent the road berm.  Byron East was 
predicted by the model to be a moderate contributor of phosphor-
ous. However, the observed data shows it to be the fourth largest 
contributor of phosphorus.  The reason turned out to be tile drains 
which artificially increased the contributing area of the overland 
flow path.  Runoff was occurring in the subsurface to this site at 
directions not predicted by the digital elevation model. 

Aerial photography was used to evaluate the accuracy of the model 
to locate 40 tributary junctions.  The average distance between 
modeled to actual stream junctions was 189 meters.  This error 
represents 19 raster cells.  A probability analysis suggests there is a 
95% chance that the modeled tributary junction will occur within 
500 meters of the actual junction (Figure 6).  The accuracy of the 
model to determine the locations of junctions is thus much lower 
than the accuracy of locating stream center lines.  
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Figure 6:  Graph showing the accuracy of the model for locating stream 
junction locations.  A total of 40 tributary junctions respectively were analyzed.  
Graph shows cumulative probability of the modeled stream junction as a 
function of the distance to the observed junction.  Seventy percent of the 
modeled stream junction locations are downstream of the actual stream junction.  
Photograph shows a stream junction illustrating the double channel tributary 
modeling issue.

A total of thirty-two sites were analyzed using aerial 
photography to determine why the model misrepresented the blue 
line hydrography of the USGS Quadrangles.  Five types of 
anthropogenic landcover modifications were visible from the aerial 
photography: drainage ditches (30%), road berms (19%), subsurface 
tile drains (19%), stream straightening (15%) and stream squaring 
(11%).  These modifications were very abundant in the survey, 
impacting 60% of the sites analyzed.   Many are not represented by 
the  USGS blue line hydrography suggesting  these changes have 
been made after 1950.  These kinds of modifications explain most 
of the issues of the model as they are not represented by the DEM 
and could potentially change the effective drainage area of overland 
flow paths.

DISCUSSION

The results show that the model was useful in the field to identify
the presence of ephemeral flow paths; however, the features were
not always in the exact location.  The maximum horizontal error for 
the DEM and the 1:24,000 stream hydrography should be 10 and 13
meters respectively.  If an additional 10 meter error is assumed in

rasterizing the vector data to compare it to the model, the maximum 
error should be about 33 meters.  Our error analysis suggests that 
72% of the modeled 1st order stream cells fall within this error.  
The other 28% are attributable to anthropogenic changes to 
hydrography that are not reflected in the digital elevation model.  
For the higher stream order segments in wide low sloped valleys, 
some of this may be due to miss-alignment between valley 
centerlines and streams; however our field and aerial photography 
assessment show numerous instances of human channel 
modification where channels and stream junctions were moved at 
distances greater than 33 meters. 

Overlaying the model on aerial photography was useful for 
establishing the hydrologic connectivity of overland flowpaths to 
the drainage network.  In some situations, the flow paths exist, but 
are blocked by an anthropogenic feature or topographic high not
represented by the DEM.  Even the absence of finding the overland 

flow path where the model said it should be is useful, because it 
indicated major flow path changes occurring upslope.
.

Seventy percent of the modeled tributaries junctions are located 
downstream of the actual stream junction and the model appears to 
create a tributary that starts sub parallel to the main channel that 
ultimately intersects the actual tributary centerline 50% of the time 
(Figure 5b).  This phenomenon may be an artifact of the Arc/Info 
flow direction algorithm.  The Arc/Info direction algorithm will 
impose a flow direction based on the flow direction of surrounding 
cells if there are multiple possible flow paths.  This results in 
parallel flow paths along the valley.  In 37% of the junctions, errors 
were cause by large zero-slope wetlands or lakes. Anthropogenic 
modifications of the tributary or channel account for 22% of the 
errors.

Site Rankings
The site rankings differ considerably between the field observations 
and the phosphorous loading model, and this may be attributed to 
the anthropogenic changes occurring in the region.  In the Byron 
Road case (Figure 7), the site at East Byron shows considerably 
more runoff and phosphorous flux than West Byron, despite the 
prediction of the model.  Since the landcover, soil hydrologic group 
are the same (Alfalfa and D, respectively), Byron West should 
deliver more phosphorous.  One possibility is the existence of tile 
drains, which according to a source knowledgeable about the 
farming practices of the study area (George Squires, Genesee 
County Soil Water Conservation district, personal communication), 
could be taking material away from Byron West's drainage basin.  
The berm of Byron Road effectively blocks any surface drainage 
from Byron West to Black Creek though the model does not detect
it.  In the Rte 20 case (Figure 8), the model correctly predicted that 
US 20S would not be a significant source of phosphorous and
ranked it as unimportant; however, it incorrectly ranked US 20N.
Field evidence indicates that it is the second largest contributor of 
phosphorous among the twelve sites due to the presence of a small 
tile drain, which greatly extended the catchment area of the site. 

The model also incorrectly ranked the site at Paul Road (Figure 9), 
which was found to be the largest contributor of phosphorous of all 
of the sites.  Inspection of aerial photography suggests the flow at 
Paul Road was running along an abandoned channel that runs 
diagonally through a corn field (see arrow).  Black Creek appears     
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Figure 7:  Modeled phosphorous flow paths superimposed on a 2002 aerial 
photograph of the Byron Rd sites.  Runoff collectors for Byron East and Byron 
West are indicated.  Note the drainage ditch that directly connects Byron East to 
Black Creek.  Byron Rd and the parking lot associated with the storage building 
has increased the elevation of the ground effectively blocking surface drainage 
from Byron West (note how the phosphorous flow path crosses the road).

Figure 9:  Modeled phosphorous flow paths superimposed on a 2002 aerial 
photograph of the Paul Road site.  The runoff collector is indicated on the map.  
Overland flow at this site appears to be running along an old channel of Black 
Creek (see arrow).  Note the unusual   trend of Black Creek along the eastern 
edge of the crop field.  Black Creek appears to be rerouted in the recent past to 
flow along the side of the field (“stream squaring”).  This must have been a 
recent modification, as a culvert in the road was built to convey flow from the 
abandoned channel in the middle of the field.

Figure 8:  Modeled phosphorous flow paths superimposed on a 2002 aerial 
photograph of the Rte. 20 sites.  Runoff collectors for Rte. 20 N and Rte. 20 S 
are indicated.  Actual drainage appears to flow east along the road, through a 
culvert underneath the driveway west of the collector.  The dotted region is the 
catchment area of Rte. 20 N delineated by hand.

to have been rerouted historically to flow along the eastern edge of 
the crop field (“stream squaring”).  In this case the DEM did not 
reflect historic changes in the topography, which caused the model 
to incorrectly identify the position of an important source path of 
phosphorous.  

Hillslope dispersion, the bifurcation of flow into multiple 
directions that are not parallel to the prevailing hillslope direction, 
may also affect flow paths.  Endreny and Wood (2003) studied 
hillslope dispersion in the field and evaluated the performance of 
various flowpath algorithms in predicting the presence of overland 
runoff.  Their findings suggest that the D8 algorithm, the flow path 
algorithm used in this model, underpredicted the number of pixels 
that would be impacted by overland flow.  Their study suggests that 
algorithms that utilize bifurcation schemes best represented the 
areas impacted by overland runoff.  Dispersion may have impacted
the collection efficiency at two sites, however, large-scale landscape 
modifications (stream rerouting, tile drains, and road berms) had a
much larger effect on the contributing area of the overland flow 
paths.

Implications for Watershed Management
The results indicate that the phosphorous model, although 

correctly identifying the presence of phosphorous transport paths, 
has limitations in identifying exactly where they are in the field and 
whether there is a direct hydrologic connection to the drainage 
system.  The 10 meter DEM does not seem to represent the slope 
and topography at a hydrologically-relevant scale, particularly in the 
floodplains where relief is low and elevation changes are lower than 
the vertical accuracy of the data.  Some of the problems stem from 
positional disagreement of the source material used to create the 
DEM and aerial photographs used in the analysis.  Another problem 
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is anthropogenic modifications in topography that occurred after the 
data for the DEM was collected or are too small to be captured by 
the resolution of the DEM.  For example, the source material used 
in the creation of the DEM used in this anal-ysis were contours 
from 1:24,000 USGS topographic quadrangles. Many of these 
quadrangles were mapped in the 1950's and 1960's and thus reflect
the topography and mapping technology during that era.  Although 
many of these maps have undergone revision in subsequent years,
contours are not usually revised during thisprocess (Moore, 
2000).  Furthermore, the error in contour elevation is much larger 
than the scale of topographic relief capable of modifying surface 
flow paths.  The study suggest subtle anthropogenic topography 
changes can have a tremendous impact on surface drainage.  It is 
important to note that the more advanced hydrologic models that 
utilize topography for routing overland flow are also subject to the
same problems that made our model inaccurate. The study shows 
how inadequate the 1:24000 blue line hydrography is in this region 
and the need for frequent revision. 

Tile drains, ubiquitous in the watershed, are problematic because 
they can greatly increase or decrease the effective catchment area 
associated with the flow path. Tile drain maps should be consulted
when making onsite BMP decisions and when interpreting the 
results of topographically based loading models.  Road berms, over 
many years of maintenance, are commonly built up in elevation to 
reduce flooding.  These features may block surface flow paths and
can reroute overland flows over long distances.  They may also 
impact the average water table depth, which can influence surface 
drainage.  Topographically-based models should use DEMS that 
specifically take these into account.   DEMs developed from some
of the older 1:24,000 USGS contour maps (such as this study) will 
NOT reflect the subtle but significant changes in elevation caused 
by roads and other transportation infrastructure.  It is important to 
note that algorithms for ensuring drainage enforcement in pitted and 
zero slope DEMS (Jensen and Dominigue, 1986; Hutchinson, 1989; 
Garbrecht and Martz, 1997; Martz and Garbrecht, 1999), widely 
used in the process of delineating contributing areas and watershed 
divides, can produce surface flow paths that are not real in areas 
where berms and depressions exist.  This does not pose a problem 
for how these techniques are used currently, but DEMS treated in 
this manner should not be used for defining surface overland flow 
paths, as these features are numerous and can modify the catchment 
areas associated with overland flow paths.

The poor performance of the model in reproducing stream 
junctions in wide low relief stream valleys appears to be an artifact 
of the size of the neighborhood assumed in the flow direction 
algorithm.  Most DEM-based flow direction algorithms, regardless 
of type use a 3 by 3 neighborhood of pixels to determine the flow 
direction.  The assumption inherent in this is that the local topo-
graphy is the dominant control of hydraulic gradient and flow 
direction.  This is reasonable for non-channelized flow paths on hill-
slopes.  In several instances however, approximating the location of 
the junction by simply extending the tributary channel direction
from outside of the valley to the main channel was a significant 
improvement over the model.  This would imply that the tributary 
direction is controlled by topography outside of the valley (and at 
distances greater than the neighboring cell).  It is essential to 
understand at which point overland flow direction transitions from 
local topographic control to distant topographic control. Use of a 

flow enforcement algorithm that insures connectivity to the closest 
stream could improve upon this issue, however, the drawback 
would be inaccurate assessment of flow paths in areas where berms 
and depressions are natural.          

While the phosphorous model appears to be useful for 
identifying the areas of concern, it does not appear to be capable of 
ranking sites relative to each other without extensive field
observations.  It appears the best way to apply this phosphorous 
model is to use the output to identify multiple sites of concern, 
follow each up with field observations, choose the important sites 
and then address each site with the unique set of geomorphologic 
and field conditions that governs its hydrologic response.  While the 
model is often inaccurate in identifying the location of phosphorous 
transport paths, understanding why it is wrong provides us with 
valuable information that is useful for assigning effective best 
management practices.

CONCLUSIONS

The main conclusion that can be gained from this study is that 
anthropogenic  modifications to topography in the landscape pro-
foundly impact surface flow paths, and that digital terrain 
approaches for ranking stream segments in western NY do not 
work.  In the study area these modifications can be broken into three 
categories, road and driveway berms, stream squaring, and drainage
ditches.  One other modification type, tile drains, was important for 
changing the catchment area of overland flows.  These are not 
stochastic features that can be predicted mathematically, however 
they are large enough to be identified from aerial photography, high 
resolution hydrography and road datasets.  Our approach of 
overlaying a simple flow accumulation model processed from an 
unaltered DEM on top of aerial photography and GIS data layers 
such as roads and streams proved useful for identifying areas of 
watershed connectivity which is helpful in making buffering 
decisions.

Topographic based loading models are attractive for guiding 
best management practices in theory, but several technical issues 
need to be overcome before they can be used for this function 
without field verification.  These issues include the resolution of 
available DEM which is too large, DEM quality which impacts the 
location and size of flow accumulation, tile drains which can 
significantly modify surface flow paths, and historic modification of 
the topography which is not always reflected in the DEM.  The
study underscores the importance that recent anthropogenic 
alterations of the landscape have had on hydrology and the need for 
higher resolution digital elevation products for representing these 
features.  LiDAR data and more frequent revisions of topography 
and surface hydrography to quadrangle maps could potentially fix 
some of these issues.

ACKNOWLEGEMENTS

Funding for this study was obtained from a grant from the New 
York State Water Resources Institute and the College at Brockport.  
Materials for the roughness clinometer were also provided by the 
New York State Water Resources Institute grant. The authors wish 
to thank David Cannon and Ryan Grimm for assistance in the field 



Describing Overland Flow Paths Northeastern Geoscience

 
www.northeasterngeoscience.org 17  Volume 31, Number 1 

and for processing some of the GIS data.  We would also like to 
thank Erin Magee for her assistance in chemically analyzing the 
water samples.  George Squires of the Genesee County NRCS pro-
vided valuable input and advice for the project.  We appreciate his 
assistance and help in the field. The quality of this manuscript was 
greatly improved by the efforts of two anonymous reviewers. We 
appreciate the care that they took to evaluate the manuscript. All
errors, however, are the responsibility of the authors.

REFERENCES CITED

Alley, W.M., and Veenhuis, J.E., 1983, Effective impervious area in urban
runoff modeling: Journal of the Hydraulics Division, American Society of
Civil Engineers, v. 109, p: 313-319.

Autin, W, Noll, M., and Zollweg, J., 2003, Black Creek State of the Basin 
Report, Black Creek Watershed Council. 

Bernier, P.Y., 1985, Variable source areas and storm-flow generation: an update 
of the concept and a simulation effort: Journal of Hydrology, v. 79,
p. 195-213.

Beven, K.J., and Kirkby, M.J., 1979, A physically based variable contributing 
area model of catchment hydrology: Hydrological Science Bulletin, v. 24, 
p. 43-69.

Bren, L.J., 1998, The geometry of a constant buffer-loading design method for 
humid watersheds: Forest Ecology and Management, v. 110, p. 113-125.

Bren, L.J., 2000, A case study in the use of threshold measures of hydrologic 
loading in the design of stream buffer strips: Forest Ecology and Manage-
ment, v. 132, p. 243-257.

Campbell, H., and Richards, P.L., 2002, Upper Huron Initiative: Final Report,
Ann Arbor, MI, Huron River Watershed Council. 

Cave, K., Quasebarth, T., and Harold, E., 1994, Technical Memorandum 
Selection of Stormwater Pollutant Loading Factors, Rouge River National 
Wet Weather Demonstration Project. 

Di Luzio, M., Srinivasan, R., and Arnold, J.G., 2002, Integration of watershed 
tools and SWAT model into basins: Journal of the American Water 
Resources Association, v. 38, p. 1127-1152.

Endreny, T.A., 2002, Forest buffer strips: mapping the water quality benefits:
Journal of Forestry, v. 100, p. 35-40.

Endreny, T.A., and Wood, E.F., 2001, Maximizing spatial congruence of ob-
served and DEM-delineated overland flow networks: International Journal 
of Geographical Information Systems, v. 17, p. 699-713. 

Endreny, T.A., and Wood, E.F., 2003, Watershed weighting of export coef-
ficients to map critical phosphorous loading areas: Journal of the American 
Water Resources Association, v. 39, p. 165-181.

Fairchild, H.L., 1909, Glacial Waters in Central New York, New York State 
Museum, Bulletin 127.

Garbrecht, J. and Martz, L.W. (1997) The assignment of drainage direction over 
flat surfaces in raster digital elevation models, Journal of Hydrology, v. 193,
p. 204-213.

Govers, G., Takken, I., and Helming, K., 2000, Soil roughness and overland 
flow: Agronomie, v. 20, p. 131-146.

Herron, N.F., and Hairsine, P.B., 1998, A scheme for evaluating the effect-
tiveness of riparian zones in reducing overland flow to streams: Australian 
Journal of Soil Research, v. 36, p. 683-699.

Hutchinson, M.F., 1989, A new procedure for gridding elevation and stream line 
data with automatic removal of spurious pits: Journal of Hydrology, v. 106,
p. 211-232.

Jenson, S.K., and Domingue, J.O., 1988, Extracting topographic structure from 
digital elevation data for geographic information system analysis:
Photogrammetric Engineering and Remote Sensing, v. 54, p. 1593-1600.

Julien, P.Y., and Moglen, G.E., 1990, Similarity and length scale for spatially 
varied overland flow: Water Resources Research, v. 26, p. 1819-1832.

Kluitenberg, E., 1994, Determination of Impervious Area and Directly 
Connected Impervious Area, Wayne County, Rouge Program Office 
Memorandum.

Lehning, D.W., Corradini, K.J., Petersen, G.W., Nizeyimana, E., Hamlett, P.D., 
Robillard, P. D., and Day, R.L., 2002, A comprehensive GIS based 
modeling  approach for predicting nutrient loads in watersheds: Journal of 

Spatial Hydrology, v. 2, no. 2.
Loch, R.J., 2000, Effects of vegetation cover on runoff and erosion under 

simulated rain and overland flow on a rehabilitated site on the Meandu 
Mine, Tarong, Queensland: Australian Journal of Soil Research v. 38,
p. 299-312.

Martz, L.W., and Garbrecht, J., 1999, An outlet breaching algorithm for the 
treatment of closed depressions in a raster DEM: Computers and 
Geosciences, v. 25, p. 835-844.

McDowell, R., and Sharpley, A., 2002, Phosphorous transport in overland flow 
in response to position of manure application: Journal of Environmental 
Quality, v. 31, p. 217-227.

McGlynn, B.L., and Seibert, J., 2003, Distributed assessment of contributing 
area and riparian buffering along stream networks: Water Resources 
Research, v. 39, p. 1082.

Montgomery, D.R., 1994, Road surface drainage, channel initiation, and slope 
instability: Water Resources Research, v. 30, p. 1925-1932.

Moore, L., 2000, The U.S. Geological Survey's Revision Program for 7.5 minute 
Topographic Maps, US Geological Survey, Open File Report 00-325, 8pp.

Muller, E.H., 1977, Quaternary Geology of New York State, Niagara Sheet, 
New York State Museum and Science Service, Map and Chart Series 28, 
1,250,000 scale.

Narumalani, S., Yingchun, Z., and Jensen, J.R., 1997, Application of remote 
sensing and geographic information systems to the delineation and analysis 
of riparian buffer zones: Aquatic Botany: v. 58, p. 393-409.

NY State DEC, 2003, Stormwater Management Design Manual, Center for 
Watershed Protection, 416p.

Nyssen, J., Poesen, J., Moeyersons, J., Luyten, E., Veyret-Picot, M., Deckers, J., 
Halle, M., Govers, G., 2002, Impact of road building on gully erosion risk: 
A case study from northern Ethiopian Highlands: Earth Surface Processes 
and Landforms, v. 27, p. 1267-1283.

O'Callaghan, J.F., and Mark, D.M., 1984, The extraction of drainage networks 
from digital elevation data: Computer Vision, Graphics and Image 
Processing, v. 4, p. 323-344.

O'Loughlin, E.M., 1986, Prediction of surface saturation zones in natural 
catchments by topographic analysis: Water Resources Research, v. 22,       
p. 794-804.

Quinn, P.F., Beven, K.J., Chevallier, P., and Planchon, O., 1991, The prediction 
of hillslope flowpaths for distributed modeling using digital terrain models:
Hydrological Processes v. 5, p. 59-80.

Richards, P.L., and Brenner, A.J., 2004, Delineating source areas for runoff in
depressional landscapes: Implications for hydrologic modeling: Journal of
Great Lakes Research, v. 30, no. 1, p. 9-21

Richards, P.L., and Campbell, H.L., 2002, Strategies for locating BMP’s in 
glacial-depressional terrain: Annual Water Resources Association Annual 
Meeting, Philadelphia, PA.

Richards, P.L., Cannon, D., and  Grimm, R., 2005, Depression storage in land 
uses common to the Fingerlakes region: 1st Annual Conference of the 
Finger Lakes Institute, Geneva, NY.  

Richards, P.L., Norris, M., and Lin, B.B., 2012, The hydrologic implica-tions of 
old field succession: depression storage and leaf litter: Ecohydrology, 
DOI:10.1002/eco.1310.

Riggs, E., 2003, Mill Creek Subwatershed Management Plan, Ann Arbor, MI, 
Huron River Watershed Council, 162p.

Saunders, W., 1999, Preparation of DEMs for Use in Environmental Modeling 
Analysis: Proceedings, 1999 ESRI User Conference, Paper 802.

Sharpley, A., and Kleinman, P., 2003, Effect of rainfall simulator and plot scale 
on overland flow and phosphorous transport: Journal of Environmental 
Quality, v. 32, p. 2172-2179.

Soil Conservation Service, 1986, Urban Hydrology for Small Watersheds, U.S. 
Department of Agriculture, Soil Conservation Service, Technical Report
no. 55, 2nd ed.

Soranno, P.A., Hubler, S.L., Carpenter, S.R., and Lathrop, R.C., 1996, Phos-
phorous loads to surface waters: a simple model to account for spatial 
pattern of land use: Ecological Applications, v. 6, p. 865-878.

Tarboton, D.G., 1997, A new method for the determination of flow directions
and upslope areas in grid digital elevation models:  Water Resources
Research, v. 33, p. 309-319.

Tani, M., 1997, Runoff generation processes estimated from hydrological 
observations on a steep forested hillslope with a thin soil layer: Journal of 
Hydrology, v. 200, p. 84-109.



Richards et al. Northeastern Geoscience

 
www.northeasterngeoscience.org 18 Volume 31, Number 1

Thomas, D.L., and Beasely, D.B., 1986a, A physically-based forest hydrology: 
model I: development and sensitivity of components: Transactions of the 
American Society of Agricultural Engineers, v. 29, p. 962-972.

Thomas, D.L., and Beasely, D.B., 1986b, A physically-based forest hydrology: 
model II: evaluation under natural conditions, Transactions of the American 
Society of Agricultural Engineers, v. 29, p. 973-981.

Turcotte, R., Forin, J.P., Rousseau, A.N., Massicotte, S., and Villeneuve, J.P., 
2001, Determination of the drainage structure of a watershed using a digital
elevation model and a digital river and lake network:  Journal of 
Hydrology,v. 240, p. 225-242.  

Wemple, B.C., Jones, J.A. and Grant, G.E., 1996, Channel network extension by 
logging roads in two basins, western Cascades, Oregon:  Water Resources 
Research, v. 32, p. 1195-1207.

Zhang, W., and Montgomery, D.R., 1994, Digital elevation model grid size, 
landscape representation, and hydrologic simulations: Water Resources 
Research, v. 30, p. 1019-1028.

Zollweg, J., Noll, M., Lewis, T.W., Richards, P., Wells, S., and Kridel, E., 2005,
Oak Orchard Watershed State of the Basin Report, Finger Lakes-Lake 
Ontario Watershed Protection Alliance and Genesee and Orleans County 
Soil and Water Conservation Districts.

 
 


