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Abstract 

Stream slope is a critical component in lotic systems research.  It is commonly associated 

with fish and invertebrate distribution, and is prominently used in many stream 

classification schemes. Stream slope is also required to compute other stream variables, 

such as stream power, a fundamental component in stream sediment dynamics.  Due to its 

importance, stream slope is regularly estimated remotely using a Geographic Information 

System (GIS).  However, the accuracy of GIS-derived stream slope estimates is not well 

established, especially in low-slope regions.  Additionally, little is known about variables 

that may influence the accuracy of GIS-derived slope estimates. 

 

In this study, the accuracy of eight GIS methods for estimating stream slope was 

evaluated by comparison to “true” field-surveyed values.  Several novel GIS methods for 

estimating stream slope are presented.  Five stream variables were assessed for their 

contribution to error in GIS-derived stream slope estimates.  To demonstrate practical 

applicability, GIS-derived stream slope estimates were used to calculate stream power.  

 

GIS-derived stream slope estimates produced using 1:24,000 USGS topographic maps 

and Light Detection and Ranging (LiDAR) Digital Elevation Models (DEMs) were most 

accurate.  Estimates derived from 1- and 1/3-Arc Second National Elevation Dataset 

DEMs were less accurate. The application of a focal statistics tool to LiDAR-derived 

DEMs improved stream slope estimate accuracy.  Consistent sources of error in GIS 

stream slope estimates were not identified.  The utility of GIS-derived stream slope 

estimates was demonstrated by presenting an association between stream power and 

depth of fine sediment. 
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Introduction 
 

Stream slope is a critical variable in any scientific discipline that deals with streams and 

rivers.  Stream slope can be defined in two ways: 1) as the change in stream bed elevation 

over a given distance (channel gradient), and 2) as the change in stream water surface 

elevation over a given distance (Gordon et al. 2004).  The latter, also called water surface 

slope, is referred to hereafter as simply stream slope. Stream slope influences physical 

processes, sediment transport and deposition, stream morphology, and stream biota.   

 

Stream slope is used to calculate other variables, such as water velocity.  Accurate 

estimates are needed to understand how a stream will respond to different flow conditions 

with the use of hydrographs.  Stream slope is also often used for estimating flood flow 

frequencies.  The United States Geological Survey (USGS) uses stream slope as a 

variable in many of their regional flood flow regression equations.  In Minnesota, stream 

slope is used in 4 of the 6 regional equations (Lorenz et al. 2010).  Nationwide, stream 

slope has been used in 27 regional USGS flood flow regression equations (Jennings et al. 

1994).   These equations provide essential information when engineering bridges, 

culverts, and dams.  

 

In addition to being used in engineering applications, stream slope is used to calculate 

other variables important in fluvial geomorphology, including stream power.  Power 

measures the rate at which work is done or energy expended.  In stream systems, power is 
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often used as a guide for describing the erosive capacity of moving water (Gordon et al. 

2004).  The dynamics of erosion and deposition of sediment in streams are important to 

nearly every scientific discipline related to streams. 

 

Stream ecologists have used stream slope as a habitat variable to explain variance in 

macroinvertebrate and fish assemblages and distribution (Hawkins et al. 1982; Fausch 

1989; Bozek and Hubert 1992; Carter et al. 1996; Adams et al. 2000; Isaak and Hubert 

2000; Pess et al. 2002; Argent et al. 2003; Rich Jr. et al. 2003; Walters et al. 2003; Wang 

et al. 2003; Van Sickle et al. 2006; Wissmar et al. 2009).  The justification for using 

stream slope to predict or explain variance in fish and invertebrate communities is based 

on relationships between slope and other geomorphic variables.  For example, stream 

reaches with high stream slope usually contain riffles, whereas reaches with low slope do 

not.  Riffles represent an obligatory habitat type for some fish and invertebrate species 

(Allan 1995).  In addition, the mechanical mixing of water passing through riffles can 

increase the diffusion of oxygen, maintaining high dissolved oxygen concentrations. 

 

The importance of stream slope in hydrologic and ecological disciplines has prompted 

many researchers and managers to use it in stream classification systems.  The well-

known stream classification system developed by Rosgen (1994) uses stream slope 

quantitatively to classify stream reaches.  Other geomorphic classification schemes, such 

as the channel evolution model, use stream slope in a more qualitative manner (Schumm 
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1977; Simon 1989). Stream slope was used by (Lyons 1996; Thorn and Anderson 1999) 

for fish classification schemes in the Midwest. 

 

Measuring stream slope in the field is straightforward, and methods have been 

standardized (Kissam 1978; Wolf 2002).  The use of a surveying level (i.e. theodolite) or 

total station can produce highly accurate and precise measurements.  Other pieces of 

equipment, such as a clinometer or Abney Level, may produce measurements with 

slightly lower precision (Isaak et al. 1999).   

 

Natural resources managers and researchers increasingly work to characterize streams at 

relatively large geographic areas.  Estimating landform features using maps is one option 

often employed.  The availability of remotely sensed data, such as USGS topographic 

maps (or USGS Quads), high-resolution orthophotos, and digital elevation models 

(DEMs) (Gesch 2007; USGS 2012a), provide a means for estimating stream slope using a 

Geographic Information System (GIS). Stream slope can be estimated over large areas 

quickly and cheaply with GIS, allowing researchers to include it as a variable in research 

and management.   

 

Although the use of a GIS for estimating stream slope is not uncommon, a standardized 

method for extracting this information does not exist.  As new tools are developed within 

GIS software packages, natural resources managers may develop innovative methods for 

estimating stream slope.  However, only a handful of studies have attempted to measure 
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the accuracy or precision of GIS methods for estimating stream slope (Isaak et al. 1999; 

Neeson et al. 2008).  All maps and electronic spatial datasets contain some amount of 

variability in relation to the true value (Burrough and McDonnell 1998; Bolstad 2002).  

Therefore, estimates generated from these datasets will also contain variability.  In 

addition, variance may differ with terrain, stream type, sinuosity, and other factors. 

 

Estimating Stream Length Using a GIS 
 

Two variables must be estimated to obtain stream slope from a GIS: stream length and 

stream elevation.  This section will review the process of estimating stream length using a 

GIS, as well as previous studies that have addressed variance associated with the 

estimate. 

 

Estimating stream length using maps and mapping software (GIS) can be accomplished 

using several different data sources (Figure 1).  Each of the maps depicted in Figure 1 are 

essentially used in the same manner: a distance between two points is digitized using 

either an appropriately scaled mechanical device, such as a map wheel, or a measuring 

tool provided in GIS software.  Variability in digitizing can be attributed to error in the 

underlying data sources, and by error introduced in the digitization process (operator 

error).   
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Figure 1. Various GIS datasets that can be used to digitize stream length.  Left: The National Hydrography 

Dataset, 1:24,000 resolution (USGS 2011)  Center: USGS 1:24,000 topographic map (i.e. USGS “Quad”) 

(USGS 2012a) Right: 1-meter resolution USDA Farm Service Orthophoto. 

 

Steps can be taken to minimize operator error, such as frequent breaks while digitizing, 

comparisons among operators, and consistency checks (Bolstad 2002).  Users are 

required to manually digitize and measure the length of the stream reach of interest when 

using topographic maps and orthophotos.  Additionally, users are required to choose a 

scale at which the digitizing will be done.  National stream datasets, such as the National 

Hydrography Dataset (NHD), represent stream lines that have already been digitized 

from a predetermined scale.  These datasets are available at different resolutions, 

representing stream lines viewed from maps at different scales. 

Variability in underlying data sources can represent a significant portion of the overall 

amount of error; often times operator error is insignificant compared to the error in digital 

datasets (Bolstad 1992; Bolstad 2002).  
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Previous studies have identified several issues related to estimating stream length using 

maps.  Morisawa (1957) suggests that maps do not accurately capture the sinuosity of 

streams.  Small bends and curves in a stream may be represented as a straight line on a 

map.  Thus, true stream length is often underestimated.  Morisawa’s assertion has been 

verified with empirical data by Issak et al. (1999) and Mueller (1979).  These past studies 

(Morisawa 1957; Mueller 1979; Isaak et al. 1999) all used USGS 1:24,000 topographic 

maps to estimate stream length.  Newer high-resolution orthophotos, especially photos 

taken during periods when trees are leafless (making the stream channel more easily 

viewed), may provide better representations of the true stream channel, with which the 

GIS operator may be able to make more precise and/or accurate estimates of stream 

length.  Precise estimates are those that have low variance relative to other estimates, but 

may or may not be near the true value.  Accurate estimates are those that are close to the 

true value, but may exhibit low precision.  Neeson et al. (2008) used 1-meter resolution 

orthophotos and National Hydrography Dataset shapefiles (USGS 2011) to estimate 

stream length, but did not explicitly compare the accuracy of GIS-derived stream length 

estimates from field-measured values. Neeson (2008) noted that GIS-estimated stream 

lengths were shorter than those measured in the field, which is similar to previous studies 

(Morisawa 1957; Mueller 1979; Isaak et al. 1999).  

Estimating Stream Elevation Using a GIS 
 

Prior to the advent of DEM’s, the most common and widely available data source for 

estimating landform elevation is the USGS topographic map (USGS 2012a).  Available 
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in multiple scales, USGS topographic maps are available nation-wide; the most 

commonly used scale is 1:24,000 – known to many users as a USGS 7.5 minute 

quadrangle, or a USGS “quad”.  USGS topographic maps can be used to estimate the 

elevation of a stream by using the point at which the topographic line crosses the stream.  

Stream slope may be estimated by tracing the distance along the stream between two 

topographic lines (Figure 2).   Many previous studies have estimated stream slope using 

variations of this method (Carter et al. 1996; Lyons 1996; Rich Jr. et al. 2003; Wang et al. 

2003; Frimpong et al. 2005; Van Sickle et al. 2006).  

 

 

Figure 2.  USGS 1:24,000 topographic map (USGS 2012a) with elevations 

highlighted with stars where topographic lines cross the stream. 

 

 

Increasingly, stream elevations are estimated in GIS using digital elevation models 

(DEMs) (Lunetta et al. 1997; Davies et al. 2000; Davies et al. 2007; Clarke et al. 2008; 
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Neeson et al. 2008; Wenger et al. 2008; Anlauf and Moffitt 2010; Lorenz et al. 2010).  A 

DEM is a grid representation of land elevations used in GIS.  DEM grid resolutions vary, 

but are most widely available through the National Elevation Dataset (Rabus et al.) 

(Gesch 2007) as 1-arc second (approximately 30 meter), 1/3-arc second (approximately 

10 meter), and local fine-scale (<= 3 meter; Figure 3).   

 

 

Figure 3.  Varying Digital Elevation Model (DEMs) resolution over the same stream reach.  Left: National 

Elevation Dataset (Rabus et al.), 1-Arc Second (approximately 30-meter) resolution.  Center: NED, 1/3-Arc 

Second (approximately 10-meter) resolution.  Right: DEM derived from Light Detection and Ranging 

(LiDAR) data, approximately 1.5-meter resolution. 

 

 

DEMs can be based on different source datasets, and are constructed in different ways.  

These differences result in varying accuracy.  For example the NED, although available 

nation-wide and distributed as a seamless DEM dataset, is based on many different 

source DEMs and, therefore, has varying accuracy depending on the source data.  The 

overall absolute vertical accuracy of the 1-arcsecond NED (i.e. on a national scale) 
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expressed as the root mean square error (RMSE) is 2.44 meters.  However, depending on 

the production method of the different source DEMs, vertical accuracy ranged from 2.03 

to 4.66 meters (Gesch 2007).  Local, fine-scale DEMs (i.e. <3m resolution) are typically 

derived from Light Detection and Ranging data (LiDAR).  Vertical accuracy of DEMs 

derived from LiDAR depend on the methods used to collect the data.  Specifications are 

provided by the vendor collecting the LiDAR data, and are often verified by a third party 

after processing.  For example, the Red River Basin Mapping Initiative (RRBMI), one of 

the larger LiDAR datasets in the Midwest, produced a LiDAR-derived DEM with a 15cm 

vertical RMSE (IWI 2010). 

 

Gesch (2007) characterized vertical accuracy of the NED dataset based on a comparison 

to known vertical benchmarks across the United States.  Similarly, RRBMI LiDAR data 

were evaluated by Houston Engineering, Inc. over several different landform types.  

Although overall vertical accuracy was good (<15cm RMSE), stream surface elevations 

were not tested (IWI 2010). Low resolution DEMs may not accurately characterize the 

surface of a stream (Figure 3), and thus, may not accurately reflect water surface 

elevations.  Theoretically, there are many other factors that could influence the ability of 

a DEM to estimate stream surface elevation, including, but not limited to, relief of the 

surrounding landscape, channel width, channel incision, and vegetative canopy. 
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Estimating Stream Slope Using a GIS: Existing Literature 
 

Isaak et al. (1999) compared several field methods for estimating stream slope with a 

single GIS method.  Field methods included a standard survey level (e.g. “total station”), 

an Abney level, and a clinometer.  Survey level measurements were assumed to be both 

accurate and precise, with precision empirically verified.  ESRI software and 1:24,000 

USGS digital topographic maps were used to provide GIS estimates of both stream length 

(using ESRI measuring tools) and stream elevation (using stream crossings, as in Figure 

2).  The authors found no statistical difference between the Abney level and the survey 

level when comparing variability among field-measurement methods.  Both the Abney 

level and the survey level were found to have very high precision (SE of 0.06 and <0.01, 

respectively).  Abney level field measurements were compared to GIS estimates using 

linear regression.  The regression accounted for much of the variability (R
2
 = 0.74).  

However, GIS estimates were consistently higher than Abney level measurements.  The 

authors attributed differences in measurements to the inability of their maps (1:24k USGS 

topographic map) to accurately reflect stream sinuosity, thus underestimating stream 

length, and overestimating stream slope.  Davies et al. (2007) were among the first to 

compare field-measured stream slope values to GIS estimates obtained using DEMs.  

Using ESRI-based GIS software, the authors reprocessed 10-meter USGS DEMs to force 

recognition of stream channels – a GIS process commonly known as DEM “burning”.  

From these processed grids, stream length and elevation change were measured.  

Estimates of stream length and elevation change were then compared to field-measured 

values, obtained with a survey laser level.  These estimates were highly correlated (R
2
 = 
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0.88), indicating high precision.  However, as for Isaak et al. (1999), GIS values tended 

to overestimate actual values.  Despite this, Davies et al. (2007) concluded that DEM-

derived stream slopes are suitable for “reach-scale modeling of gradient-dependent 

variables”.  Clarke et al. (2008) obtained GIS estimates of stream slope using 10-meter 

USGS DEMs and compared these values with slope estimated using 1:24k USGS 

topographic maps. DEM derived estimates were assumed to closely match estimates 

using topographic maps.  Most USGS DEMs were originally derived from topographic 

maps, and points at which stream lines intersect topographic lines on the 1:24k map were 

assumed to represent “known” elevations (all others being interpolated).  These 

assumptions were empirically validated; DEM slope estimates closely matched estimates 

from 1:24k topographic maps.  DEM derived slope estimates were highly correlated with 

field estimates (R
2
 = 0.82).  Once again, however, DEM-derived estimates consistently 

overestimated actual values.  Clark et al. (2008) indicated that DEM derived slope 

estimates were adequate to map large geographic areas for fisheries applications 

(salmonid distribution).  Neeson et al. (2008) conducted perhaps the most rigorous 

comparison of GIS-derived stream slope estimates to field-measured values.  The authors 

compared GIS estimates derived from multiple datasets against field-measured values for 

stream slope. NHD stream lines (1:24k resolution) and 1-meter Orthophotos were used to 

estimate stream length.  DEMs for 10-meter and 30-meter were used to estimate stream 

elevation.  The authors found significant correlations between field-measured slopes and 

GIS estimates using 10-meter DEMs and orthophotos (R-squared = 0.48).  However, the 

relationship between the GIS estimates and the field-measured slopes varied by 
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geographic region; GIS estimates tended to be higher than field measurements in Ohio, 

whereas GIS estimates were lower than field measurements in Idaho.  The authors did not 

find an increase in accuracy of GIS slope estimates by using a 10-meter resolution DEM, 

as compared to a 30-meter DEM, but found that GIS generally overestimated field-

measured values of stream slope.  Wissmar et al. (2009) compared field-measured 

stream slope values to categorical GIS estimates from a Shuttle Radar Topography 

Mission DEM (Rabus et al. 2003).  The resolution of the radar-based DEM was 30 

meters (~1-Arc Second NED).  Other DEMs (e.g. NED) were not used.  The radar-based 

DEM was “hydrologically corrected” to ensure downstream cells would be at or below 

the elevation of upstream cells. The authors did not specify how stream length was 

measured using a GIS.   The study area was in Alaska and had relatively high relief; 

stream slope ranged from 1.4 – 29.1%.  Wissmar et al. (2009) found that categorical 

stream slope averages derived from radar DEMs were correlated to field-measured values 

(r = 0.92).  The authors concluded that radar-derived DEMs were able to accurately 

classify stream slope into categories suitable for predicting salmonid distribution. 

 

Previous studies to compare GIS estimates of stream slope to field-measured values have 

many similarities.  Issak et al. (1999), Davies et al. (2007), Clarke et al. (2008), and 

Neeson et al. (2008) all found that GIS estimates were generally higher than field-

measured values.  With the exception of Neeson et al. (2008), who collected a portion of 

their data in Ohio, all of the previous work was conducted in regions with high relief.  

Thus, the mean stream slope in these studies was relatively high.  None of these studies 
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examined possible sources of error in their slope estimates, such as stream sinuosity, 

stream cover, or stream width.  Lastly, none of these studies used GIS stream slope 

estimates generated from fine-scale (i.e. LiDAR-derived) DEMs.  A literature search did 

not identify other studies using LiDAR to estimate stream slope, nor studies to evaluate 

the accuracy of LiDAR-derived stream slope estimates.  A previous study found that 

LiDAR was an effective tool for identifying stream channels (James et al. 2007), 

suggesting that “bare-earth” LiDAR models are able to approximate stream elevations.  A 

study testing the accuracy of DEM-derived stream channel networks suggested that 

LiDAR could provide accurate mapping of stream channels (Murphy et al. 2007). 

Goals 

The goals of this study are to compare GIS estimates stream length and slope to field-

measured values, to describe variability in GIS methods in relation to field-measured 

values, and to provide general conclusions about the “best” method(s). Possible sources 

of GIS estimate error will be examined.  The scale, in terms of stream length, at which 

these methods will be examined is consistent with the scale used in fish (Lyons 1992) and 

geomorphic surveys (Rosgen 1994).  Topographic relief in the study area (Minnesota) is 

low compared to past studies of GIS and stream slope; conclusions will be pertinent for 

low-slope regions.  Finally, practical applicability of GIS-derived will be demonstrated 

by calculating stream power. 
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The following questions will be addressed: 

1. Can a GIS be used to accurately estimate stream length and slope in low-slope 

regions? 

2. Which GIS methods produce estimates that best match field-measured (i.e. “true”) 

values? 

3. What variables contribute to error in GIS estimates? 

4. Can correction factors be developed to account for sources of error in GIS stream 

slope estimates? 

5. What is the utility of GIS-derived stream slope estimates? 

Hypothesis 
There is no difference between field-measured values of stream length and slope, and 

estimates of those characteristics provided by a GIS. 

 

 

 

Methods 
 

Field 
 

Data for field-measured slope came from multiple sources.  The majority of data were 

provided by an Environmental Protection Agency research project (STAR Grant 

R831366), while several smaller datasets came from unpublished sources (Magner, 

unpublished).  Additional data were collected specifically for this project.  All field sites 

were in Minnesota, USA (Figure 4).  
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Figure 4. Field site locations used to estimate stream slope in Minnesota, USA.  Point size indicates 

relative slope (field measured). 

 

All survey data were collected using either an electronic total station (Sokkia), a survey 

GPS (Trimble RTK), or a laser level (Lyons et al.).  All instruments provided high 

accuracy; reported error ranged from +/- 0.01 feet (total station) to +/- 0.05 feet (laser 
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level).  All data were collected using standard surveying techniques (Harrelson et al. 

1994; Wolf 2002). 

 

Coordinates of field site endpoints were collected using a Garmin GPS76 GPS receiver.  

The averaging option was used with the receiver, improving accuracy; receiver-reported 

accuracy of the site endpoints was typically between three and six meters. In rare 

instances GPS endpoints had high positional error.  These errors were obvious when the 

points were projected onto an aerial photo (e.g. the endpoint was 20 meters away from 

water).  GPS endpoints with high positional error were manually moved using a 2010 

FSA aerial photo. 

 

The length of stream reach was determined by the average wetted width of the stream.  In 

most cases the length was calculated as 35-times the mean wetted stream width (Lyons 

1992).  A length of 25-times the bankfull width (Rosgen 1994) was used for the 

remainder of the data. Study reaches were 118 to 603 meters. The objective was to 

measure field values over a reach length typically surveyed for fish and hydrologic 

stream surveys.   

 

Two criteria were used in site selection for those data collected specifically for this 

project.  First, a wide range of field slope values were selected to draw conclusions 

toward the hypothesis.  Previously collected datasets provided stream slope values 

generally < 0.5%, the low end of the range of slopes found in Midwestern streams.  Thus, 
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our primary criterion in site selection was to add values with slopes >0.5%. Second, sites 

with existing LiDAR data were chosen to evaluate fine-scale digital elevation models.  

Field-measured stream slopes ranged from 0.002 – 1.46%.  The lowest stream slopes 

were measured in the Redwood River and Mississippi River Twin Cities watersheds.  

Higher slopes were measured in the Lake Superior South watershed. 

 

GIS 

Several different national geospatial datasets were used to estimate stream slope with a 

Geographic Information System (GIS), which can be accessed online (Table 1).   

Additional information regarding metadata, accuracy, and production methods of each of 

the spatial datasets can also be found online.  In Minnesota many of the spatial datasets 

listed in Table 1 are available through the Minnesota Department of Natural Resources’ 

Data Deli (http://deli.dnr.state.mn.us/).  Environmental Systems Research Institute 

(ESRI) ArcGIS Desktop version 9.1–10.1 software was used in all GIS processing.    
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Table 1.  Characteristics and access information for digital datasets used to estimate stream slope. 

Dataset Name 
Managing 
Agency 

 GIS 
Data 
Type 

Resolution 
or Map 
Scale 

Web Access 

Color Aerial 
Photos 

U.S.Dept. of 
Ag, Farm 
Service 
Agency 

Raster 1 meter 
http://www.apfo.usda.gov/NAI

P.html 

Digital 
Orthophoto Quad 

(DOQ) 

U.S. 
Geological 

Survey 
Raster 1 meter  

http://online.wr.usgs.gov/ngpo
/doq/#order 

National 
Hydrography 

Dataset (NHD) 

U.S. 
Geological 

Survey 
Vector 1:24,000  http://nhd.usgs.gov 

National 
Elevation Dataset 
(NED)(Rabus et 

al.) 

U.S. 
Geological 

Survey 
Raster 

1 and 1/3-
Arc  Second  

http://ned.usgs.gov 

Topographic 
Maps

1
 

U. S. 
Geological 

Survey 
Raster 

1:24,000 
(7.5-min. 

quad.) 
http://nationalmap.gov 

Light Detection 
and Ranging 

(LiDAR) 

Minnesota 
Geospatial 
Information 

Office 

Raster 1 meter 
http://www.mngeo.state.mn.us

/chouse/elevation/lidar.html 

 

 

 

Several different methods were used to estimate both the stream length and the change in 

stream elevation.  Due to the large number of different methods used to estimate stream 

slope using a GIS, each of the methods will be described separately.   

Stream Length Methods 

 

AERIAL PHOTO 

The AERIAL PHOTO method for determining stream distance relied upon manually 

digitized lines from aerial photographs.  Digitizing was done using Farm Service Agency 

(FSA) or USGS aerial photos.  Each of these photogrammetric datasets had strengths and 

                                                 
1
 Also known as Digital Raster Graphics (DRGs) 
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weaknesses in terms of their use for digitizing.  FSA photos provided a more recent 

record (2010) than the USGS photos (1991-1992).  However, since USGS photos were 

taken during leaf-off period (early spring), streams were more visible in some cases.  

Thus, FSA photos were primary used in this method, and USGS photos were consulted to 

assist in areas with heavy tree canopy.   Both datasets provide 1-meter resolution pixels.  

FSA photos are generally more accurate than USGS photos.  The horizontal accuracy 

standard for the FSA photos was +/- 5 meters (U.S. Department of Agriculture 2007).  

The horizontal accuracy of the USGS photos is +/- 7.6 meters (Greenfeld 2001). 

 

Stream lengths were digitized at a scale of 1:1500.  This scale was chosen after 

comparing the values at multiple scales of the manually digitized lines from aerial 

photographs with an ANOVA. The ANOVA indicated no significant difference in 

estimates among the different scales (F7,32 = 0.93, p = 0.49); however, the values at 

the1:1500 scale had the lowest variance.  After the delineation process at each of the 

study sites, length was attributed to each of the lines using the ArcGIS Field Calculator. 

 

NHD 

The NHD method utilized stream network lines provided in the National Hydrography 

Dataset, a nationwide database of surface water features, including streams, lakes, and 

ponds. Stream lines are based on the content of USGS topographic maps, as well as 

reach-related information, provided by the EPA Reach File Version 3 (RF3) with a 

resolution of 1:24,000.   
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NHD stream lines were clipped from the larger network at field site endpoints (GPS 

endpoints).  The NHD stream line was clipped with a line that ran perpendicular to the 

stream and intersected the GPS endpoint when the GPS endpoint did not intersect with 

the NHD stream line.  Lengths of clipped lines were calculated using the ArcGIS Field 

Calculator. 

Stream Elevation Methods 

 

TOPO 

In the TOPO method, a USGS topographic quad is used to estimate elevation. Most 

digital elevation models were originally created from USGS topographic quads, thus we 

assumed that the original data source would provide elevation estimates that more closely 

represent true elevations. 

 

Topographic maps are limited in where they can estimate elevation, in contrast with 

elevation models.  A grid allows the user to obtain an elevation of any point, whereas 

topographic maps provide elevation at points where elevation contours cross stream lines. 

Stream elevation is estimated in the TOPO method with topographic contour lines that 

cross the stream up- and downstream of the site mid-point. This method creates a slope 

estimate over a reach distance different than the field reach in most cases.  Thus coparing 

field surveyed values to TOPO estimates may be comparing apples to oranges.  Unlike 

previous methods elevation is usually a constant in the TOPO method, whereas stream 



 

 21 

length changes from site to site. Thus, the importance accurate stream distance 

measurements using GIS are highlighted in this method.  Elevation changes between 

contours are constant on USGS topographic quads.  Contours were spaced at 10 feet at all 

sites in this study.   

 

DEM (Digital Elevation Model) 

Digital Elevation Models (DEMs) are available nationwide as part of the National 

Elevation Dataset (Rabus et al.).  NED DEMs are available in multiple resolutions.  

Local, fine-scale DEMs can also be produced using LiDAR data.  Three DEMs were used 

in our analysis (Table 1).  Two of the three DEMs came from the NED; 1- and 1/3-Arc  

second resolutions were used (approximately 30-meter and 10-meter cell size, 

respectively) (USGS 2012a). Fine-scale (1-meter cell) LiDAR-based DEMs produced as 

part of the Minnesota Elevation Mapping Project Elevation (MGIO 2012) were also used.  

Vertical accuracy of the LiDAR data was <15 cm RMSE (Loesch 2012). Stream 

elevation was determined by extracting the DEM value within which the GPS endpoints 

lie. Each of the three DEMs used in the DEM Method were modified and evaluated as 

separate methods relative to field estimates. The modifications are described below as 

DEM – INTERPOLATE and DEM – AREA MINIMUM.  In some instances, stream 

slope estimates generated from DEMs were negative.  Negative slope estimates were 

interpreted as errors, and corrected to 0.001%. 
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INTERPOLATE DEM 

Similar to the DEM method, the INTERPOLATE method also used a digital elevation 

model to estimate stream elevation.  However, instead of using the elevation of the cell 

which the GPS endpoint occupied, the elevation of the endpoint was estimated using 

bilinear interpolation.  Bilinear interpolation uses the elevation of the four nearest cells 

based on distance to the endpoint to account for inconsistencies found in the DEM 

method.  Limits in both the accuracy and precision of the GPS endpoints, NHD stream 

lines, and elevation grid cells could decrease the accuracy of the slope estimate.  For 

example, when using GPS coordinates for site endpoints, poor accuracy could allow the 

user to “miss” the DEM cell that best represents the stream elevation.  Similarly, poor 

precision may result in separate users selecting DEM elevations from different cells.  By 

utilizing the elevation of the 4 nearest cells, the resulting elevation estimate may be closer 

to the actual elevation, thus improving the stream slope estimate.  ESRI GIS software 

provides an option for bilinear interpolation when extracting elevations from DEMs.  

This method was applied to 1- and 1/3-Arc Second NED DEMs. 

 

AREA MINIMUM DEM 

The AREA MINIMUM method accounts for slight inaccuracies in the various GIS 

layers, as in the INTERPOLATE method.  In this method, a focal minimum statistic is 

used to estimate the elevation of the endpoint.  This method selects the lowest elevation 

value within a specified number of grid cells from the GPS grid cell (Figure 5).  The 

Focal Statistics tool in ESRI GIS software was used to implement this method.  When 
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applying this method to NED data, a one-cell buffer was selected (i.e. a 3 X 3 window). 

When applying the method to LiDAR, a two cell buffer was used (i.e. a 5 X 5 window).  

The focal minimum was selected manually in LiDAR; lack of adequate computing power 

made it impossible to use the ESRI Focal Statistic tool with LiDAR data.  This method 

assumes that the lowest elevation within the specified window best represents the 

elevation of the stream near the GPS endpoint. 

 

 

Figure 5.  The diagram illustrates the DEM – AREA MINIMUM method.  LEFT: A 3 X 3 focal statistics 

window is applied to 1-Arc Second NED to select the minimum elevation value.  RIGHT: A 5 X 5 focal 

statistics window is applied to 1-meter LiDAR data to select the minimum elevation value.  Not to scale. 
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HYDRO 

The HYDRO method uses “reconditioned” digital elevation model to obtain estimates of 

stream elevation. Reconditioning alters a DEM to create a land surface that is 

hydrologically sound.  The model imposes linear features, such as stream lines or 

watershed boundaries, to the DEM.  Several commercial programs are available for 

reconditioning an elevation model.  The most common tools are within the Arc Hydro 

data model, available with the ESRI GIS software package.  The primary reconditioning 

tool in this package is Agree.    Similar reconditioning tools were also available in earlier 

ESRI software packages, such as Topogrid.   

 

In this method, we processed a 1-Arc Second NED DEM using the Agree tool.  The 

Agree tool “smoothes” topography around stream lines (stream lines are specified by the 

user) and enforces drainage by filling sinks in the elevation model (Hellweger 1997).  

Although the Agree tool is currently integrated into the current ArcHydro data model in a 

graphical user interface (Guinand et al.) module, it was employed here using a series of 

custom AML programs in ArcInfo (Kocian and Sanocki 2006).  The HYDRO method 

accounts for inconsistencies in a raw DEM, as for the DEM – INTERPOLATE and DEM 

– AREA MINIMUM methods, which may improve the accuracy of stream slope 

estimates. 
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Data Analysis 
 

Stream Length 

 

Field-measured stream length values were non-normally distributed (Shapiro-Wilk, 

p<0.01); a higher number of sites had lengths that were less than the mean. Correlation 

between AERIAL PHOTO and NHD stream length estimates and field-measured values 

was evaluated using Spearman’s Rank Correlation test.    

Stream Slope 

 

Field-measured stream slope values were non-normally distributed (Shapiro-Wilk, 

p=<0.01).  More stream reaches with low slope were present in the dataset; a higher 

number of sites had slopes that were less than the mean (Figure 6). 

 

Figure 6.  Distribution of field-measured stream slope values. 
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Several tools were used to assess the performance of each GIS method compared to field-

measured values.  GIS slope estimates were plotted with field-measured values.  

Spearman’s Rank Correlation was used to evaluate the strength of the correlation 

between the GIS estimates and field-measured values.  Bias was assessed by calculating 

the mean of the differences between each GIS estimate and the field-measured value.  

Standard deviation was also calculated for the differences between each GIS estimate and 

field-measured value.  Paired t-tests were performed between each GIS method and field-

measured values to assess whether GIS estimates statistically over- or under-estimate 

field-measured values.  

 

Low Stream Slope 

 

Separate analyses were conducted for sites with < 0.3% slope, as the distribution of slope 

values was non-normal, with a greater number of sites having values lower than the 

mean.  Depending on the method, limiting analysis to low slope site reduced the dataset 

by about 10 (from n~31 to n~21).   This analysis was done to assess the performance of 

the different GIS methods to evaluate low slope sites, which are dominate in Minnesota. 

 

Possible Slope Estimate Error Sources 

 

Stream and landscape variables were estimated in GIS to identify possible slope estimate 

error sources.  Stream sinuosity was calculated by dividing the straight-line distance 

between the site endpoints by stream length in GIS (using the AERIAL PHOTO method).  
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Stream cover was measured in the field with a crown densitometer.  Stream width was 

also measured in the field.  Stream slope (field-measured) and stream length were also 

assessed as possible sources of error to stream slope estimates. Each of these variables 

was regressed (linear) with error associated from GIS slope methods.  Error was defined 

as the absolute difference between the GIS estimate and the field-measured value. 

 

 

Results 
 

Stream Length 
 

The correlation between AERIAL PHOTO estimates and field-measures stream lengths 

was significant (p<0.001, n=32, rs=0.98; Figure 7), as was the correlation between NHD 

and field-measured lengths (p<0.001, n=32, rs=0.86; Figure 8). 
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Figure 7.  AERIAL PHOTO relative to field-measured stream length.  The solid line represents a line of 

best fit.  The dashed line is 1:1. 

 

 

 

 
Figure 8. NHD relative to  field-measured stream length.  The red points are outliers.  The solid line is a 

line of best fit, excluding outliers.  The dashed line is 1:1. 

 



 

 29 

The AERIAL PHOTO method tended to slightly overestimate stream length compared to 

field measured values; the median difference between AERIAL PHOTO and field 

measurements was +2.0 meters, and the bias (i.e. mean difference) was +4.7 meters.  The 

mean stream length produced by the AERIAL PHOTO method was 280.5 meters.  

Conversely, the NHD method tended to underestimate stream length; the median 

difference between NHD and field measurements was -8.3 meters, and the bias was -2.5 

meters.  The mean stream length produced by the NHD method was 273.3 meters. 

 

The standard deviation of stream length between the NHD and field-measured values was 

82.6 m.  Comparatively, the standard deviation for the AERIAL PHOTO method was 

lower (14.0 m). 

 

Overall, when comparing methods to field-measured values, the AERIAL PHOTO 

method produced more accurate stream length estimates (Table 2). 

 

Table 2.  Summary of performance of stream length estimates.  Italics indicate best performance. 

 

Method n 
rs 

Statistic 
Spearman 

p 
Bias (m) SD of Differences (m) 

NHD 32 0.86 <0.0001 -2.5 82.6 

AERIAL PHOTO 32 0.98 <0.0001 4.7 14.0 
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Stream Slope 
 

The AERIAL PHOTO method produced stream length estimates that were closest to field 

measured values.  Therefore, GIS stream slope estimates presented here were calculated 

using stream length estimates from the AERIAL PHOTO method. 

 

Paired t-tests between stream slope estimates from each GIS method and field-measured 

values indicated no significant differences.  P-values ranged from 0.11 (Area Minimum 

1-Arc Second method) to 0.96 (TOPO method); n ranged from 26 (TOPO method) to 30 

(all NED-based methods).  Thus, although some GIS methods tended to over- or 

underestimate stream slope, the differences were not significantly different from zero. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 31 

TOPO Method  

Stream slope estimates from the TOPO method were calculated at 26 sites.  Estimates 

were not calculated at 5 sites, as downstream topographic line crossings were not 

available because of the proximity of those sites to a downstream lake or large river.  

The TOPO method was highly correlated (rs = 0.93) with field-measured values (Figure 

9).  The TOPO tended to underestimate field-measured slope; the bias was -0.002 %.  

Variability was low (i.e., precision was high) compared to other GIS estimates; the 

standard deviation of the difference between the TOPO estimates and field-measured 

values was 0.17.  Accuracy was high compared to other GIS methods; the mean absolute 

difference between TOPO estimates and field-measured values was 0.12%. 

 

Figure 9.  TOPO and Field-Measured stream slope.  The solid line is a line of best fit.  The dashed line is 

1:1. 
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DEM – 1-Arc Second NED Method 

 

Stream slope estimates for the 1-Arc Second NED method were calculated at 31 sites and 

were correlated (rs = 0.78) with field-measured values (Figure 10).  1-Arc Second NED 

estimates overestimated field-measured slope; the bias was +0.071%.  Variability was 

high compared to other GIS estimates; the standard deviation of the difference between 

the 1-Arc Second NED estimates and the field measured values was 0.44.  Accuracy was 

low compared to other GIS methods; the mean absolute difference between the 1-Arc 

Second NED estimates and field-measured values was 0.24%. 

 

Figure 10.  1-Arc Second NED and Field-Measured stream slope.  The solid line is a line of best fit.  The 

dashed line is 1:1 
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1/3-Arc Second NED Method 

 

Stream slope estimates from the 1/3-Arc Second NED method were calculated at 31 sites 

and were correlated (rs = 0.59) with field-measured values (Figure 11).  1/3-Arc Second 

NED estimates overestimated field-measured slope; the bias was 0.061%.  Variability 

was high compared to other GIS estimates; the standard deviation of the difference 

between the 1/3-Arc Second NED estimates and the field-measured value was 0.40.  

Accuracy was low compared to other GIS methods; the mean absolute difference 

between the 1/3-Arc Second NED estimates and field-measured values was 0.23%. 

 

 

Figure 11.  1/3-Arc Second NED and Field-Measured stream slope.  The solid line is a line of best fit.  The 

dashed line is 1:1 
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LiDAR Method 

Stream slope estimates from the LiDAR method were calculated at 30 sites, as LiDAR 

data were not available at one site.  Estimates were correlated (rs = 0.74) with field-

measured values (Figure 12).  LiDAR estimates tended to slightly underestimate field-

measured slope; the bias was -0.001%.  Variability was low compared to other GIS 

estimates; the standard deviation of the difference between the LiDAR estimates and the 

field measured values was 0.17. Accuracy was high compared to other GIS methods; the 

mean absolute difference between the LiDAR estimates and field-measured values was 

0.12%. 

 

 

Figure 12.  LiDAR and Field-Measured stream slope. The solid line is a line of best fit.  The dashed line is 

1:1 
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Interpolate 1-Arc Second NED Method 

Stream slope estimates for the Interpolate 1-Arc Second NED method were calculated at 

31 sites and were correlated (rs = 0.71) with field-measured values (Figure 13).  This 

method underestimated field-measured slope; the bias was -0.007%.  Variability was 

moderate compared to other GIS estimates; the standard deviation of the difference 

between the Interpolate 1-Arc Second NED estimates and the field-measured values was 

0.33.  Accuracy was low compared to other GIS methods; the mean absolute difference 

between the Interpolate 1-Arc Second NED estimates and field-measured values was 

0.19%. 

 

Figure 13.  Interpolate 1-Arc Second NED and Field-Measured stream slope.  The solid line is a line of 

best fit.  The dashed line is 1:1 
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Interpolate 1/3-Arc Second NED Method 

Stream slope estimates from the Interpolate 1/3-Arc Second NED method were 

calculated at 31 sites and were correlated (rs = 0.58) with field-measured values (Figure 

14).  This method overestimated field-measured slope; the bias was +0.046%.  Variability 

was high compared to other GIS estimates; the standard deviation of the difference 

between the Interpolate 1/3-Arc Second NED estimates and the field--measured values 

was 0.39.  Accuracy was low compared to other GIS methods; the mean absolute 

difference between the Interpolate 1/3-Arc Second NED estimates and field-measured 

values was 0.22%. 

 

 

Figure 14.  Interpolate 1/3-Arc Second NED and Field-Measured stream slope.  The solid line is a line of 

best fit.  The dashed line is 1:1 
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Area Minimum 1-Arc Second NED Method 

Stream slope estimates from the Area Minimum 1-Arc Second NED method were 

calculated at 31 sites and were correlated (rs = 0.72) with field-measured values (Figure 

15).  This method tended to overestimate field-measured slope; the bias was +0.110%.  

Variability was high compared to other GIS estimates; the standard deviation of the 

difference between the Area Minimum 1-Arc Second NED estimates and the field 

measured values was 0.37.  Accuracy was low compared to other GIS methods; the mean 

absolute difference between the Area Minimum 1-Arc Second NED estimates and field-

measured values was 0.22%. 

 

 

Figure 15.  Area Minimum 1-Arc Second NED and Field-Measured stream slope.  The solid line is a line 

of best fit.  The dashed line is 1:1 
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Area Minimum LiDAR Method 

Stream slope estimates from the Area Minimum LiDAR method were calculated at 30 

sites and were correlated (rs = 0.78) with field-measured values (Figure 16).  This method 

tended to slightly overestimate field-measured slope; the bias was +0.019%.  Variability 

was very low compared to other GIS estimates; the standard deviation of the difference 

between the Area Minimum LiDAR estimates and the field measured values was 0.12.  

Accuracy was very high compared to other GIS methods; the mean absolute difference 

between the Area Minimum LiDAR estimates and field-measured values was 0.08%. 

 

 

Figure 16.  Area Minimum LiDAR and Field-Measured stream slope.  The solid line is a line of best fit.  

The dashed line is 1:1 
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HYDRO Method 

After processing a 1-Arc Second NED DEM using the Agree tool, additional analysis was 

not conducted.  It was anticipated that the HYDRO method would increase slope estimate 

accuracy by creating a more hydrologically correct DEM surface.  Unfortunately, errors 

remained in the DEM after processing.  Details are provided in the Discussion section. 

 

Stream Slope Summary 

 

P-values from the Spearman’s Rank test indicated that all GIS methods produced 

estimates that were statistically correlated with field-measured values.  All p-values were 

<0.001.  Other results suggest differences in the abilities of the different GIS methods to 

accurately estimate stream slope.  Table 3 presents a summary of the various statistics for 

each GIS slope estimate and the field measured value.  Bold and italic values indicate 

highest performance in their category.   
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Table 3.  Summary of GIS slope estimate performance, compared to field-measured values.  Italics indicate 

best performance.   

 

Method n 
rs 

Statistic 
Spearman 

p-value 
Bias (%) 

SD of 
Differences 

Mean Absolute 
Difference (%) 

TOPO 26 0.93 <0.0001 -0.002 0.17 0.12 

  
     

  

DEM 
     

  

1 Arc Sec. NED 31 0.78 <0.0001 0.071 0.44 0.24 

0.33 Arc Sec. 
NED 

31 0.59 0.0005 0.061 0.40 0.23 

LiDAR 30 0.74 <0.0001 -0.006 0.16 0.12 

  
     

  

DEM - 
Interpolate      

  

1 Arc Sec. NED 31 0.71 <0.0001 -0.007 0.33 0.19 

0.33 Arc Sec. 
NED 

31 0.58 0.0006 0.046 0.39 0.22 

  
     

  

DEM - Area 
Min.      

  

1 Arc Sec. NED 31 0.72 <0.0001 0.110 0.37 0.22 

LiDAR 30 0.78 <0.0001 0.013 0.12 0.08 

 

 

 

Results for Sites with Low Slope 

 

Analysis of low slope sites was done using the top 4 best performing methods used 

previously: TOPO, 1-Arc Sec. NED, LiDAR, and LiDAR AREA MIN (Figure 17). 
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Figure 17.  Estimates of slopes (<0.3%) using TOPO, 1-arc second NED, LiDAR, and AREA MINIMUM 

LiDAR methods, plotted with field-measured values. In each plot, the solid line indicates the line of best 

fit, and the dashed line is 1:1. 

 
 

Table 4.  Summary of GIS slope estimate at low slope (<0.3%) sites.  Italics indicate best performance.  

 

Method n 
rs 

Statistic 
Bias (%) 

SD of 
Differences 

SD of 
Differences    

(as %) 

TOPO 16 0.71 0.004 0.07 61.7 

DEM       

1 Arc Sec. NED 21 0.73 0.011 0.11 124.9 

LiDAR 20 0.41 0.013 0.10 110.5 

        

AREA MIN. DEM       

LiDAR 20 0.56 0.014 0.06 102.4 
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GIS estimates from low slope sites had lower correlation statistics than their whole-

dataset counterparts (Table 4).   The 1-Arc Second NED method produced the highest rs-

value, but this method also had high variability, and produced many estimates at or near 

0.  Overall, all GIS methods were less capable of estimating field-measured values at low 

slope sites.   

 

Causes of GIS Estimate Error 

To identify variables that contribute to error in GIS slope estimates, physical stream 

characteristics were regressed with error in GIS slope estimates.  R
2
 and p-values for each 

linear regression are presented in Table 5.  Significant p-values (alpha = 0.05) indicate a 

relationship between the error variable and GIS slope estimate error.  Higher R
2
 values 

indicate a higher amount of variance in error in slope estimates can be explained by the 

error variable.  

 

1/3-Arc Second slope estimates were not regressed with error variables due to their poor 

performance with field-measured values.
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Table 5.  Summary of regression results between GIS slope estimate error and possible error variables.  

Bold/italics indicate significance (alpha = 0.05). 

 

GIS 
Method 

 
 
 
 

n 

Sinuosity 
Stream 
Cover 

Stream 
Width (n-

5*) 

Stream 
Length 

Stream 
Slope 

  
  R2 

p-
value 

R2 
p-

value 
R2 

p-
value 

R2 
p-

value 
R2 

p-
value 

TOPO 26 0.03 0.40 0.13 0.07 0.00 0.94 0.00 0.87 0.72 <0.01 

DEM                  

1-ArcSec. 
NED 

31 0.03 0.38 0.01 0.68 0.02 0.46 0.02 0.43 0.60 <0.01 

LiDAR 30 0.06 0.17 0.00 0.84 0.04 0.31 0.00 0.93 0.08 0.13 

DEM - 
Interpolate 

                 

1-ArcSec. 
NED 

31 0.03 0.32 0.03 0.36 0.00 0.92 0.04 0.28 0.49 <0.01 

DEM - 
Area Min. 

                 

1-ArcSec. 
NED 

31 0.01 0.66 0.05 0.24 0.01 0.58 0.04 0.28 0.57 <0.01 

LiDAR 30 0.05 0.25 0.01 0.70 0.03 0.39 0.06 0.19 0.05 0.24 

                        

 

Error variables were approximately normally distributed.  Stream slope was significantly 

associated with error in slope estimates for the TOPO and 1-Arc Second NED (raw, 

INTERPOLATE, and AREA MIN) methods.  All other possible sources of error did not 

have significant association with estimate error. 

 

Discussion 
 

The results of this study suggest that a GIS can be used to accurately estimate length and 

slope in low-slope regions.  Accuracy of GIS estimates, as compared to field-measured 
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values, varied among methods.  The TOPO and AREA MINIMUM LiDAR methods 

provided the most accurate GIS estimates of stream slope, compared to field-measured 

values.  Several possible sources of error in GIS estimates were evaluated, but few 

variables were significant or consistent among methods.  The relatively low sample size 

in this study may have masked possible relationships between error variables and GIS 

stream slope estimate error.  

Although the appropriate statistical tests (i.e., non-parametric) were used to assess the 

data, the slope dataset was strongly skewed to the low end.  To assess the potential 

implications of the skewed dataset on project goals and conclusions, analysis of a 

statewide stream database was conducted.  The Minnesota Pollution Control Agency 

(MPCA) collects data on streams around Minnesota as part of their biological monitoring 

program.  The resulting MPCA Biological Monitoring Database includes descriptive 

statistics of each site, including stream slope.  The MPCA has estimated stream slope at 

these sites using the TOPO method described in this study.  Some MPCA stream 

monitoring sites are selected randomly within a given watershed.  At these random sites 

around Minnesota, stream slope is strongly skewed to the low end of the range (Figure 

18; n = 694).  The 25
th

, 50
th 

(median), and 75
th

 percentile stream slopes in the MPCA 

dataset were 0.04, 0.10, and 0.24%, respectively.  Comparatively, the 25
th

, 50
th

, and 75
th

 

percentile stream slopes in this study were 0.05, 0.11, and 0.48%. The comparable values 

for the study sites used in this study and the MPCA sites suggests that conclusions drawn 

in this study on GIS estimates of stream slope are applicable within Minnesota, and likely 

in neighboring regions with a similar distribution of stream slope values.  
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Figure 18.  Histogram of stream slope values from random sites throughout Minnesota, USA. (Source: 

MPCA Biological Monitoring Database) 

 

Testing GIS methods using only the low-slope dataset provided an assessment of each 

method when applied in low-slope areas.  However, by limiting the dataset (n ~ 20), 

conclusions are somewhat weak. 

 

It is important to note that the goals of this study are generally to assess different GIS 

methods for estimating stream slope, and not to assess the accuracy of GIS datasets used 

in the methods.  This is an important consideration given the results.  Although the TOPO 

method may produce estimates of stream slope that are highly correlated with field-

measured values, this does not indicate that USGS topographic maps have higher 

horizontal or vertical accuracy compared to NED or LiDAR DEMs.  Rather, the inherent 

qualities in the TOPO method provide accurate stream slope estimates in a low-slope 

region. 
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Stream Length Review 
 

Both GIS methods produced stream length estimates that were strongly correlated with 

field-measured values.  The AERIAL PHOTO method produced estimates that were 

generally closer to field-measured values. Additionally, the AERIAL PHOTO method did 

not contain outliers, as in the NHD method.  Despite this, the NHD method retains some 

benefits - primarily automation - and thus may be utilized in some situations. 

 

As in past studies (Morisawa 1957; Mueller 1979; Isaak et al. 1999), the NHD method 

tended to underestimate stream length.  However, the effect on stream slope estimates 

would not be as pronounced in low slope systems, as in our study area, when utilizing the 

TOPO method.  The distance between topographic line / stream line crossings is greater 

in low slope areas; the elevation change is constant, and the distance between topographic 

lines varies.  Thus, the median stream length underestimate reported here (-8 meters) 

would not greatly affect the slope estimate.  For example, the median slope in our study 

was 0.11%.  At this slope, the distance on an NHD stream line between contours (with 10 

foot contour intervals) is 2,771 meters.  Subtracting 8 meters would change the slope 

value from 0.1100% to 0.1103%.  At higher slope sites, the effect of the NHD 

underestimate becomes more pronounced when using the TOPO method. 

 

The NHD method for estimating stream length does retain one distinct advantage over 

the AERIAL PHOTO method: The option for automation.  Since NHD stream lines are 

digitized, a user may develop an automated method to clip lines based on field GPS 
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endpoints.  Unfortunately, the automation itself would present some challenges, and may 

introduce additional error into the stream length estimate.  For example, field GPS points 

would likely not share topology with NHD stream lines.  To clip the NHD stream lines 

automatically would require the user to “snap” GPS endpoints to the NHD line at the 

nearest location.  Depending on the accuracy of the GPS device, the sinuosity of the 

stream, and the density of the stream network, this may result moving the endpoint to an 

unintended location, or even a different stream.  Automation would not be possible in 

most cases using the TOPO method, since distance between topographic lines requires 

manual measurement in GIS.  Future work to digitize topographic lines may present an 

opportunity for automation (Khotanzad and Zink 2003).   

 

Outliers in the NHD method were associated with significant changes to the stream 

channel inside the sample reach.  In one instance, a natural, meandered channel was 

ditched, resulting in an NHD overestimate of measured stream length.  In a second 

instance, a previously ditched channel was “re-meandered”, resulting in an NHD 

underestimate of measured stream length.  This highlights a major weakness of the NHD 

method: NHD lines are based on old maps (USGS topo quads).  In Minnesota, most 

USGS 1:24,000 topographic maps were produced in the 1960s-1970’s (Sanocki 2012).   

 

The AERIAL PHOTO method generally produced better estimates of stream length, 

compared to the NHD method.  The correlation coefficient was higher, and variability in 

errors was lower.  The AERIAL PHOTO method had two distinct advantages over the 
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NHD method.  First, new aerial photos are collected often.  In Minnesota, updated Farm 

Service Administration photos are available nearly every year.  Local entities (regional 

authorities, counties, and cities) may also collect aerial photographs frequently, and at 

higher resolution.  Thus, the method captures changes in channel pattern, and provides 

more accurate estimates of current channel length.  Second, by utilizing web-based GIS 

servers, as in this study, several different aerial photos can be utilized to assist digitizing.  

This was especially important in forested areas.  Poor stream channel definition under 

heavy forest or shrub canopy could introduce error during digitization (Murphy et al. 

2007); utilizing different photos, such as leaf-off or color infra-red, assisted the 

digitization process. 

 

Stream Slope Review 

TOPO Method 

The TOPO method for estimating stream slope produced estimates that were highly 

correlated with field-measured values.  Bias introduced by this method was the lowest 

among all GIS methods.  The standard deviation of differences was also very low; plotted 

points tended to be tightly clustered around the 1:1 line.  Compared to past studies (Isaak 

et al. 1999), the correlation between the TOPO method and the field-measured value was 

improved.  When regressing the TOPO method with field-measured values, Issak et al. 

(1999) found R
2
 = 0.74; in contrast, our study found R

2
 = 0.89.   
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There are two explanations for the differences in findings between this study and Issak at 

al. (1999).  First, the TOPO method consistently overestimated field-measured stream 

slope (Issak et al. 1999).  Underestimates of stream length was the primary factor cited. 

Issak et al (1999) used a method similar to our NHD method for measuring stream length.  

However, in this study, the TOPO method utilized stream length that was estimated from 

the AERIAL PHOTO method, which did not tend to underestimate stream length.  

Second, the region and stream slope ranges studied here (Midwest, median slope = 

0.11%) was much different than in the Rocky Mountains, where mean slope = 3.65% 

(Issak et al. 2009).  In this study, there was a significant relationship between error in the 

TOPO method and stream slope (p < 0.01, R
2
 = 0.72); as slope increased, the error 

between the TOPO estimate and the field-measured (i.e. “true”) value increased.  This 

may be explained by an increased reliance on the accuracy of stream length at higher 

slope sites.  Difference in elevation is constant in the TOPO methods, whereas the 

distance between topographic lines on a stream varies.  At very low slope sites, stream 

slope is not sensitive to error
2
 in estimates of stream length.  As stream slope increases, 

and the distance between topographic contour lines decreases, stream slope becomes 

more sensitive to error in stream length.  

 

The TOPO method performed well at low slope sites, generating the highest correlation 

statistic among all GIS methods.  This is best explained by an inherent quality of the 

method: negative slope estimates are not possible.  Bias in TOPO method using the low-

                                                 
2
 Error introduced by the GIS digitizer and/or error inherent to the map (i.e. the placement of the 

topographic line) 
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slope dataset was also low.  Overall, the TOPO method produced good estimates of 

stream slope, especially at sites with low-slope.  Despite some drawbacks (automation is 

difficult), this method is appropriate for researchers and managers working in regions 

with low-slope. 

 

1-Arc Second NED Method 

Stream slope estimates generated from the 1-Arc Second NED method generated the 

second highest correlation statistic (rs = 0.78).  However, bias and standard deviation of 

differences were high. 

 

The 1-Arc Second NED method produced nine stream slope estimates that were less than 

or equal to zero.  Since natural channels must have a positive slope, these estimates 

represent either 1) error in the method, or 2) error in the DEM.  Method error may best 

explained by the resolution of the dataset.  1-Arc Second NED DEMs have a roughly 30 

meter cell size.  The mean and maximum stream widths in the study area were 8 and 28 

meters, respectively. A 30 meter resolution dataset should not be expected to approximate 

stream elevation, especially when working with smaller streams, as in this study.  DEM 

error is best explained by longitudinal stream profiles extracted from the 1-Arc Second 

NED DEM (Figure 19). 
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Figure 19. Longitudinal stream profiles using a 1-Arc Second NED DEM.  LEFT: Raw elevations 

extracted from the DEM.  RIGHT: “Corrected” profiles using the Smooth 3D Line tool. 

 

 

“Bumps” in the raw 1-Arc Second NED profile (Figure 19, left) indicate errors in the 

stream channel DEM, which are responsible for the negative slope estimates generated by 

this method.  The GIS-based Arc Hydro toolset (ESRI 2011) provides means to smooth 

stream elevation profiles, forcing downstream elevations to be equal to, or less than 

upstream elevations (Figure 19, right). In this study, negative slopes were automatically 

changed to 0.001%.  In past studies (Neeson et al. 2008), negative slopes were converted 

to a positive slope by adding 0.025 to the entire dataset. 

 

As in past studies (Isaak et al. 1999; Davies et al. 2007; Neeson et al. 2008), we found 

both the 1-Arc Second NED and 1/3-Arc Second NED methods tended to overestimate 

stream slope, compared to field-measured values.  Past studies generally attributed the 

slope overestimate to an underestimate in stream length.  Since our stream length method 

did not tend to underestimate stream length, another factor must be considered.  Slope 
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overestimate seemed to be driven by higher error at high slope sites.  Indeed, there was a 

significant relationship between stream slope and error in the 1-Arc Second NED method 

(p < 0.01, R
2
 = 0.60).  This relationship may be explained by the region in which the high 

slope data were collected.  Many of the streams in the Lake Superior South watershed are 

entrenched, with high banks or canyon walls on either side of the stream.  It is possible 

that 1-Arc Second NED DEM cells in this area are more representative of high banks or 

canyon walls, and not stream surface.  

 

Based solely on the correlation statistic, the 1-Arc Second NED method produced good 

estimates of field-measured slope at low slope sites.  However, the method also produced 

comparatively high bias and standard deviation of differences (Table 4).  Nine of the 21 

estimates produced at low slope sites were less than or equal to 0. 

 

Overall, the 1-Arc Second NED method did not perform well compared to other GIS 

methods.  The method does retain some advantages, such as broad availability of data, 

and the option to fully automate the method.  However, managers and researchers should 

expect estimates to be biased, as well as a high degree of variability from field-measured 

values, including negative slope values.  

 

1/3-Arc Second NED Method 

The 1/3-Arc Second NED method generally produced poor estimates of field-measured 

stream slope.  The correlation statistic was low compared to other GIS estimates, and 
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both bias and standard deviation of differences were high.  As for the 1-Arc Second NED 

method, this method tended to overestimate stream slope.  This method also produced 10 

steam slope estimates that were less than or equal to 0.    

 

In contrast to previous studies (Neeson et al. 2008), the 1/3-Arc Second (approximately 

10 meter) NED DEMs produced poorer estimates than the 1-Arc Second (approximately 

30 meter) NED DEMs.  This difference may be partially explained in the source data 

used to develop 1/3-Arc Second NED DEMs.  Although distributed as 1/3-Arc Second 

(10 meter) DEMs, the data were derived from re-sampled 30 meter DEMs.  Elevation 

values in the 10 meter DEMs were estimated based on data in the 30 meter DEMs; no 

new elevation data were created from underlying data sources, such as tagged vector 

contours or more recent USGS 1:24,000 topographic maps (USGS 2011; Sanocki 2012).  

This issue likely contributed to the high number of slope estimates that were less than or 

equal to 0.  Neeson et al. (2008) did not reference the exact source of their 10 meter DEM 

and if their DEMs were based on new data sources, it may explain the improved 

performance.  However, other factors cannot be dismissed, such as the dataset with 

higher slope used in their study. 

 

LiDAR 

The LiDAR method produced intermediate estimates of field-measured stream slope.  

The correlation statistic compared well to other methods and both bias and standard 

deviation of differences were very low. 
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Some minor adjustments to the LiDAR method were needed during processing.  First, 

additional adjustments were needed for the reach endpoints.  When used with other GIS 

methods, error associated with the field GPS unit was did not pose problems when 

extracting elevation data.  Receiver-reported error (3-6 meters) typically did not affect the 

cell into which the endpoint fell when working with coarse DEMs (30- and 10-meter).  

However, when working with 1-meter DEMs derived from LiDAR, positional accuracy 

became more important.  Adjustments were made manually using aerial photos.  Using a 

high-accuracy GPS receiver, ideally with error less than half of the DEM cell size, would 

alleviate this potential source of error.  Alternatively, the AREA MINIMUM LiDAR 

method may be employed. 

 

As in the 1-Arc Second NED method, longitudinal stream profiles indicated errors in the 

LiDAR DEM (Figure 20).  Compared to the 1-Arc Second NED profile, errors (“bumps”) 

appear to be less frequent, and of lower magnitude, suggesting that LiDAR-derived 

DEMs may create a more hydrologically accurate representation of a stream channel. 
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Figure 20. A 3-dimentional rendering of longitudinal profile extracted from raw LiDAR data in the 

Mississippi River – Twin Cities watershed.  

 

Variability associated with LiDAR estimates, compared to field-measured values, was 

not explained by any of the possible error variables (Table 5); R
2
 values ranged from 

<0.01 to 0.08.   In one previous study, error in LiDAR-derived land surface slope 

increased as land slope increased (Hodgson et al. 2003).  Beyond the obvious difference 

in study subjects (landform vs stream), stream slope values in this study were much lower 

than land surface slopes in Hodgson et al. (2003). 

 

The LiDAR method has several disadvantages.  First, the availability of LiDAR data is 

relatively limited on national scale.  LiDAR data is available over approximately 28% of 

the United States according to the most recently published figure (Dewberry 2012).  This 

disadvantage will diminish over time, as additional data are collected and disseminated.  

Second, file sizes of DEMs produced from LiDAR data are large, and require significant 

computer processing capacity for rendering and manipulation.  File sizes for LiDAR 

DEMs used in this study, partitioned to county, were on average approximately 15GB. 
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Overall, this method performed reasonably well, especially compared to other DEM-

based GIS methods.  This finding is consistent with past studies that have demonstrated 

improved performance of LiDAR over traditionally-derived DEMs in hydrologic 

applications (Murphy et al. 2007).  Managers and researchers using the LiDAR method 

should expect stream slope estimates to be well correlated with field-measured values, 

with low bias and variability.  Automation should be possible, especially as computer 

processing power increases with time. 

 

INTERPOLATE – 1- and 1/3-Arc Second NED 

Results from interpolating elevation values from both the 1- and 1/3-Arc Second NED 

datasets indicate that this method does not improve accuracy of stream slope estimates, 

compared to field-measured values.  Correlation statistics were lower using the 

INTERPOLATE method for both NED datasets, compared to non-interpolated results.  

Bias and standard deviation of difference varied, but did not suggest significant 

improvement for reducing bias or variability.  Given the lack of improvement between 

this method and their “raw” counterparts, this method is not recommended for use with 1- 

and 1/3-Arc Second NED DEMs to estimate stream slope. 

 

AREA MINIMUM – 1-Arc Second NED 

The AREA MINIMUM – 1-Arc Second NED method did not increase accuracy of slope 

estimates, compared to the “raw” 1-Arc Second NED results; the correlation statistic 
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decreased, and both the bias and standard deviation of differences remained high.  The 

lack of improvement using the AREA MIN method with the 1-Arc Second NED data 

may be explained by the size of the DEM cells (approximately 30 meters).  The mean 

length of stream reach used in this study was 275 meters.  Elevation values from 

neighboring cells may not have best represented the elevation near the reach endpoints.   

Given the lack of improvement between this method and its “raw” counterpart, the 

AREA MINIMUM method is not recommended for use with 1-Arc Second NED DEM to 

estimate stream slope. 

 

AREA MINIMUM – LiDAR 

The AREA MINIMUM method using LiDAR-derived DEMs did improve the accuracy 

of stream slope estimates, compared to raw LiDAR DEMs.  The correlation statistic of 

the AREA MINIMUM - LIDAR method (rs = 0.78) was higher than the LiDAR method 

(rs = 0.74), and bias remained low.  Standard deviation of differences was lowest among 

all GIS methods, as was mean absolute error. 

 

The AREA MINIMUM - LiDAR method produced two statistical outliers.  If these 

points are removed from the dataset, Spearman’s correlation coefficient improves from 

0.72 to 0.84, bias decreases from 0.013 to 0.010, and standard deviation of differences 

decreases from 0.12 to 0.07.  Examining the possible causes of error in these outliers may 

provide clues for improving the AREA MINIMUM LiDAR method.  The first reach was 

located in the Snake River watershed, and flowed through very dense forest and shrubs.  
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The second reach was located on the Knife River, just upstream from its confluence with 

Lake Superior, in the Lake Superior South watershed. 

 

Figure 21. Slope estimate outliers from the AREA MINIMIM –LiDAR method.  LEFT: A stream reach 

flowing through dense shrubs in the Snake River Watershed.  RIGHT: A stream reach in the Lake Superior 

– South Watershed. 

 

In the Snake River example (Figure 21, left), the elevation of the downstream point was 

higher than the upstream point, resulting in a negative slope estimate.  This result was 

also observed using the raw LiDAR method; adding the AREA MINIMUM procedure 

did not improve the result.  When examining the LiDAR DEM near the downstream 

endpoint, it became evident that elevations did not vary greatly throughout the 

forest/shrub area.  It’s possible that the LiDAR was not able to penetrate the dense 

canopy around the downstream endpoint, and provide estimates of the water surface 
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below.  Indeed, LiDAR data were collected in May of 2011, during “leaf out” period.  

This illustrates one possible limitation of using LiDAR for estimating stream elevation: 

Very dense vegetative canopy may block LiDAR measurements.  The regression between 

slope estimate error and stream cover (Table 5) indicates that dense vegetative canopy is 

not consistently associated with LiDAR slope estimate error.  The stream cover variable 

was averaged over the length of the reach, meaning that certain transects within the reach 

may have very different cover characteristics.  The importance of stream cover as an 

error variable may only apply if cover is measured directly above the reach endpoints; 

such data were not collected in this study. 

 

In the Lake Superior South watershed (Figure 21, right), the downstream endpoint fell 

inside an elevation zone that was close to Lake Superior and classified as the elevation of 

Lake Superior.  To correct varying elevations across lentic water bodies, LiDAR 

elevations are commonly enforced using a known elevation of the lentic system.  This 

illustrates a second possible limitation of using LiDAR for estimating stream elevations: 

When a reach endpoint is in close proximity to a lentic system, the elevation of the point 

may be influenced by the elevation of the lentic system.  This could occur through a 

natural process, such as a hydraulic backup of water into the lotic system, or as a result of 

the elevation enforcement during DEM processing.  USGS flow records from the Knife 

River at Two Harbors (USGS gage 04015330), which was adjacent to our study reach, 

indicate medium- to low-flow conditions during the LiDAR data collection, suggesting 

that the error was associated with DEM elevation enforcement, and not hydraulic backup. 
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Two additional limitations of the AREA MINIMUM LiDAR method are known. First, as 

with the LiDAR method, data availability may limit implementation of this method.  

Second, significant computing power is required to run the Focal Minimum Statistics tool 

with LiDAR datasets.  In this study, the Focal Minimum method was employed manually 

(i.e., by clicking on cells within the two-cell buffer).  Thus, in this study, automation was 

not possible.  As computing power increases, this limitation will abate. 

The AREA MINIMUM – LiDAR method used a 2 DEM cell buffer (i.e. 5 X 5 window) 

to identify low elevation values around the reach endpoint.  Others employing this 

method should consider varying the Focal Statistics window based on LiDAR DEM cell 

size and the accuracy of the field GPS used to collect reach endpoints (Figure 22).  If the 

Focal Statistics window is held constant, and the cell size of the DEM decreases, the 

radius around the reach endpoint in which the low elevation is sought, decreases.  To 

maintain a constant search radius, a larger Focal Statistics window is needed.  

Alternatively, as the accuracy of the GPS increases, a smaller Focal Statistics window 

may suffice, and could avoid selecting an elevation that does not represent the stream at 

the reach endpoint 
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.  

Figure 22.  A conceptual model for optimizing the AREA MINIMUM LiDAR method based on DEM cell 

size and field GPS accuracy. 

 

The AREA MINIMUM LiDAR method performed reasonably well using the low slope 

dataset.  Although Spearman’s correlation coefficients were intermediate compared to 

other methods, bias and standard deviation of differences were low.  The correlation 

statistic for this method and field-measured values was high (rs = 0.77).  Bias and 

standard deviation of differences was low.  Applying the AREA MINIMUM method to 

LiDAR data did increase the accuracy of stream slope estimates, compared to the “raw” 

LiDAR method.  Managers and research should expect this method to produce good 

estimates of stream slope compared to field-measured values.  Although automation of 

this method may currently be limited by computing power, future applications of this 

method could easily be automated.   
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HYDRO Method 

The HYDRO method was anticipated to remove errors in the DEM, as in Figure 19.  

Specifically, negative slope values and statistical outliers associated with “bumps” in a 

stream longitudinal profile would be corrected, and thus closer to field-measured slope 

values, as described in Wissmar et al. (2009).  Unfortunately, errors remained in 

longitudinal profiles of the DEM conditioned in the HYDRO method (Figure 23).  

Achieving results similar to Wissmar et al. (2009) was unlikely, given the different 

source data used to produce the 30 meter DEMs.  Additionally, the slope range used in 

Wissmar et al. (2009) was much higher than the slope range in this study.   

 

DEM processing time using the HYDRO method was significant, even when evaluating 

smaller watersheds.  Thus, the HYDRO method is not recommended for estimating 

stream slope in low-slope regions. 

 

Figure 23. A 3-dimentional rendering of two longitudinal stream profiles.  The top line represents a stream 

profile extracted from a raw 1-Arc Second NED DEM.  The lower line represents a profile extracted from a 

1-Arc Second NED DEM that had been conditioned using the HYDRO method. 
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Error Variables 

Error variables evaluated in this study were selected because of suspected relationships 

with error in GIS stream slope estimates.  Sinuosity was selected as a variable because 

previous research (Isaak et al. 1999; Neeson et al. 2008) suggested that stream length was 

often underestimated, thus overestimating slope, due to the inability of GIS to fully 

capture stream sinuosity.  Error in GIS estimates should increase in increasing stream 

sinuosity if this was the case in our study, but an increase was not observed.  Stream 

Cover was theorized to be related to GIS slope error, through two mechanisms: First, 

dense tree cover over a stream would limit accurate digitization of stream lengths.  

Second, LiDAR lasers may not be able to penetrate dense vegetation.  Although the latter 

mechanism may have been observed in an AREA MINIMUM – LiDAR outlier (Figure 

21), Stream Cover was not consistently related to error in stream slope estimates.  Stream 

Width was selected because of questions about the ability of various DEMs to accurately 

represent stream surface elevation.  Theoretically, the surface elevation in wider streams 

would be better represented by DEMs, especially when using LiDAR.  In one study, 

LiDAR was an effective tool for identifying stream channels (James et al. 2007), 

suggesting that “bare-earth” LiDAR models are able to approximate stream elevations.  

In this study, stream width was not associated with error in stream slope estimates.  

Stream Length was assumed to affect stream slope estimates in the same way as Stream 

Width.  In our study, reach length was determined by stream width.  Width was not 
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associated with GIS slope estimate error.  Stream Slope was theorized to have a 

relationship with TOPO stream slope estimates, due the changing importance of stream 

width measurements on USGS 1:24,000 topographic quads.  A relationship between 

Stream Slope and GIS slope estimate error was observed in the TOPO method.  

 

With the exception of stream slope, consistent sources of error in GIS stream slope 

estimates were not identified; correction factors are not available.  Errors in GIS 

estimates of stream slope are likely more variable and based on site-specific factors. 

 

Future Research 

Several possibilities exist for future research in the use of GIS to estimate stream slope.  

First, an optimization procedure should be developed for AREA MINIMUM LiDAR 

method.  Finding the optimal Focal Statistics window might depend on the cell size of the 

LiDAR DEM and the accuracy of the field GPS used to collect endpoint data.  

Comparing results of different optimization schemes with field-measured slope values 

would quantify improvements in slope estimate accuracy.  Given the significant 

computing power needed for processing LiDAR DEMs with the Focal Statistics window, 

this idea may need to wait for advancements in computing power.  Second, a variation of 

the HYDRO method should be considered.  Currently available Arc Hydro software 

allows for the creation of 3D lines based on underlying DEMs.  The software also 

provides an option for “smoothing” the 3D line in the direction of flow (illustrated in 

Figure 19).  Digitized stream lines (using the AERIAL PHOTO method) could be 
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converted to 3D lines using LiDAR or new
3
 1/3-Arc Second NED as elevation source 

data.  The 3D line could be smoothed using Arc Hydro.  The resulting elevations in the 

smoothed 3D line would, theoretically, be free of errors illustrated in Figures 19, 20, and 

23.  Elevations extracted from the 3D line near each reach endpoint may provide an 

improvement in stream slope accuracy, compared to field-measured values.     

 

Conclusions 
 

A GIS can be used to accurately estimate both stream length and stream slope in a low-

slope region.  Several GIS methods for estimating stream slope were evaluated; accuracy 

varied greatly among methods. 

 

In this study, the AERIAL PHOTO method produced the best estimates of stream length.  

Although requiring manual delineation, the stream length estimates were significantly 

correlated with field-measured values.  Accuracy and precision of AERIAL PHOTO 

estimates was high.  Estimates produced by this method did not include outliers. 

 

The TOPO and AREA MINIMUM LiDAR methods produced the most accurate and 

precise estimates of stream slope.  The TOPO method is relatively simple and easy to 

use, but requires manual measurements in GIS.  Users should be cautious when 

employing this method in areas of slope > 0.4 %, as estimate error was found to increase 

with stream slope.  The AREA MINIMUM LiDAR method is more complex, and 

                                                 
3
 i.e. produced using tagged vector contours or updated 1:24,000 USGS topographic maps 
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requires significant computing power, but could be fully automated.  Outliers were 

detected in this method, and users are cautioned against employing the method in areas 

with very dense tree canopy, or in close proximity to downstream lentic systems.   Both 

the TOPO and AREA MINIMUM LiDAR method will produce steam slope estimates 

suitable for research and management related to macroinvertebrate and fish assemblages 

and distribution (Hawkins et al. 1982; Fausch 1989; Bozek and Hubert 1992; Carter et al. 

1996; Adams et al. 2000; Isaak and Hubert 2000; Pess et al. 2002; Argent et al. 2003; 

Rich Jr. et al. 2003; Walters et al. 2003; Wang et al. 2003; Van Sickle et al. 2006; 

Wissmar et al. 2009) and geomorphic classification (Schumm 1977; Simon 1989; Rosgen 

1994). 

 

Although the 1- and 1/3-Arc Second NED methods data were correlated with field-

measured values, variability was high.  Processing NED DEMs using INTERPOLATE, 

AREA MINIMUM, and HYDRO methods did not improve stream slope estimates.  

Based on this research, using coarse resolution DEMs (30- and 10 meter) to estimate 

stream slope is not recommended in regions with low-slopes. 

 

Error in GIS estimates of stream slope was not associated with stream sinuosity, cover, 

width, or length.  Error in some GIS estimates was positively associated with stream 

slope (i.e. as slope increased, error increased).  Overall, error in GIS-derived slope 

estimates appears to be driven my multiple factors that are often site-specific.  Thus, 

correction factors for GIS stream slope estimates are not available. 
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Practical Application: Stream Power 

This section will provide an example of one practical application of GIS-derived stream 

slope estimates. Stream slope is used to estimate another important stream variable: 

stream power.  Stream power is a measurement of a stream’s capacity for work.  Work is 

expended through friction against the stream bed and banks, and through the transport of 

sediment (Gore 1996).  Thus, stream power is important to understanding the dynamics 

of in-stream erosion, distribution of suspended sediment, and sediment deposition. The 

distribution and deposition of sediment have a broad influence on lotic biota (Vannote et 

al. 1980; Wood and Armitage 1997).  More specifically, fine sediment has been identified 

as a key variable for predicting Index of Biotic Integrity (IBI) scores for fish in 

Minnesota (Ulrich et al. 2012).   

 

Stream power can be defined differently, depending on the units in which it is calculated 

(Rhoads 1987; Gordon et al. 2004).  The most common definition is based on a 

calculation in per unit length: 

Wt = pgQS 

where p is the density of water (~ 999.7 kg/m
3
 at 10C), g is the acceleration due to 

gravity (~9.8 m/s
2
), Q is flow (m

3
/s), S is stream slope (unit-less), and Wt is stream power 

per unit length (watts/m).  This definition is referred to as total stream power.  Total 

stream power is perhaps the most commonly used measure of stream power, and is useful 
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for studies of channel process (Reinfelds et al. 2004).  Stream power can also be defined 

per unit mass: 

     Wu = pVS 

where V is velocity (m/s) and Wu is stream power per unit mass (watts/kg).  This 

definition of stream power will be referred to as unit stream power.  By including 

velocity in the calculation, unit stream power emphasizes the importance of the effects of 

kinetic stream energy in transporting sediment (Yang 1972).   Finally, stream power may 

be defined per unit area of channel bed: 

     Wm = Wt / w 

where w is the mean bankfull width of the stream and Wm is stream power per unit area 

(watts/m
2
). This definition is referred to as mean stream power.  Mean stream power is 

sometimes favored in studies related to channel processes (Reinfelds et al. 2004), and has 

been directly linked to macroinvertebrate distributions (Statzner and Higler 2006). 

 

GIS-derived estimates of stream slope may be used to calculate stream power.  Several 

methods exist for calculating the remaining stream power variables, bankfull flow, 

velocity, and width.  Two examples are presented here.  Stream power was calculated at 

the bankfull flow event, as this event is most influential in “generally doing work that 

results in the average morphological characteristics of channels” (Dunne and Leopold 

1978). 
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Example 1: Total Stream Power Using USGS Regressions 

In this example, GIS-derived estimates of stream slope are used to estimate total stream 

power.  Estimates of bankfull flow are needed to calculate total stream power.  In the 

United States bankfull flow is generally equivalent to the 1.5 year recurrence interval 

flow (Q1.5 )(Simon et al. 2004).  In Minnesota, equations for estimating Q1.5 are dependent 

on watershed and channel characteristics
4
 (Lorenz et al 2010).  Thus, the delineation of a 

watershed upstream of any given study reach is required, along with calculations of 

various watershed and channel characteristics.  In Minnesota, watershed delineation, 

watershed characteristics, and the calculation of Q1.5 using the Lorenz et al. (2012) 

equations is possible via StreamStats (USGS 2012b). 

 

Streamstats (USGS 2012b) was used to calculate Q1.5  at each site used in this study.  Q1.5 

was then used with field-measured slope to calculate total stream power.  Total stream 

power ranged from 1 to 4188 watts/m.  Total stream power was also calculated using GIS 

slope estimates from the TOPO and AREA MINIMUM LiDAR methods.  Paired t-tests 

were performed between total stream power estimates using field-measured stream slope 

values and total stream power estimates using TOPO and AREA MINIMUM LiDAR 

slope methods.  Total stream power estimates using field-measured stream slope values 

were not significantly different from total stream power estimates using TOPO slope 

estimates (n = 24, p = 0.42).  Likewise, total stream power estimates using field-

measured stream slope values were not significantly different from total stream power 

                                                 
4
 Stream slope in the Lorenz et at. (2010) equations refer to the slope of the watershed; this is not analogous 

to stream slope presented in this study 
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estimates using AREA MINIMUM LiDAR slope estimates (n = 27, p = 0.25).  However, 

differences between total power derived from field-measured stream slope and total 

power derived from GIS slope estimates did, in some cases, differ up to 300%.   

 

This exercise indicates that TOPO and AREA MINIMUM LiDAR stream slope estimates 

can be used to estimate total stream power.  Error in GIS-derived stream slope estimates 

may contribute to significant error in estimates of total stream power.  Published error in 

Q1.5  flow estimates is also considerable, ranging from 38 to 64% (Lorenz et al. 2010).  

This range in values suggests that although total stream power may be estimated using a 

GIS, estimates may have considerable error.  Error is contributed by both GIS estimates 

of stream slope, and regression estimates of Q1.5 flow. 

 

Example 2: Unit and Mean Stream Power Using Regional Curves 

In this example GIS-derived stream slope estimates are used to estimate unit and mean 

stream power.  An analysis was conducted using the MPCA’s Biological Monitoring 

Database, which is the product of a biological monitoring program.  Statewide, over 

3,700 stream sites have been surveyed.  Data collected include fish and invertebrate 

samples, habitat characteristics, benthic sediment characterization, channel 

characteristics, and watershed area.  Methods used to collect habitat variables are 

described in MPCA (2002).  Stream slope was estimated by the MPCA using the GIS 

TOPO method described here. 
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Estimating unit and mean stream power at bankfull flow requires estimates of mean 

channel velocity and bankfull width.  Such estimates are provided in Minnesota by 

regional hydraulic geometry curves.  Regional curves have been developed for both 

stream cross-sectional area (Magner and Brooks 2007), Q1.5 flow, and bankfull width 

(Magner, unpublished).  Each curve is based on watershed drainage area.  

 

Estimates of cross-sectional area, flow, and bankfull width derived from regional curves 

(Magner and Brooks, 2007; Magner, unpublished) were combined with MPCA estimates 

of drainage area and stream slope to produce unit and mean stream power estimates.  Unit 

and mean stream power were regressed with maximum depth of fine sediments (MPCA 

2002) to assess the role of stream power in local sediment characteristics.  In some 

instances an individual MPCA stream reach was surveyed more than once; at these sites 

the mean maximum depth of fine sediments was calculated.  Regressions were partitioned 

by regions of the state equivalent to regions defined by Magner and Brooks (2007) and 

Magner (unpublished).  Regressions for a region in Southwestern Minnesota (Figure 24) 

are presented as examples. 
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Figure 24.  Study region in southwestern Minnesota used to calculate unit and mean stream power. 

 

 

Maximum depth of fine sediments was negatively associated with both mean and unit 

stream power (Figure 25).  R
2
 values for mean and unit stream power were 0.38 and 0.31, 

respectively (n = 356 for both). Both variables were approximately normally distributed.   
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Figure 25.  Regressions for maximum depth of fine sediment in relation to mean stream power (top) and 

unit stream power (bottom).  Solid lines are best fit. 

 

These regressions provide empirical evidence of an association between unit and mean 

stream power and fine sediment dynamics.  As power increases and the capacity of the 

channel to move sediment increases, fine sediments are transported through the stream 
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reach.  Reaches with lower power do not effectively transport fine sediments, and thus 

are prone to fine sediment deposition.   

 

Stream power and sediment regressions developed for other regions of Minnesota did not 

show as strong an association, suggesting that factors other than stream power control 

fine sediment dynamics. This was especially true in regions with higher stream power 

and more dynamic geology, such as the karst region in Southeastern Minnesota.  

Additionally, stream power was not normally distributed in these regions, potentially 

influencing the regression analysis. 

 

Stream Power Summary 

Using GIS-derived estimates of stream slope provide researchers and managers with 

another tool for remotely estimating important channel characteristics.  Stream power 

estimates provided here are meant to highlight one possible application of GIS-derived 

stream slope estimates.  Both GIS estimates of stream slope and regression estimates of 

Q1.5 flow may contribute to error in stream power estimates.  However, remotely 

estimating stream power at many sites may have great utility to researchers and 

managers.  The example presented here indicates that depth of fine sediments in stream 

channels is negatively associated with stream power. 
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