
ABSTRACT

COLSON, THOMAS PAYTON. STREAM NETWORK DELINEATION FROM HIGH-RESOLUTION
DIGITAL ELEVATION MODELS. (Under the direction of Professor James D. Gregory.)

Effective environmental management requires an accurate inventory of the resources to

be managed. Decision makers often lack the technical expertise necessary to understand the limi-

tations of environmental data. The State of North Carolina is re-surveying elevations using Light

Detection and Ranging to re-delineate �oodplains. These data allow analysts to predict �ood in-

undation extents of design storms in order to better manage �ood-prone terrain. Conversely, many

environmental management functions in North Carolina, such as calculating stream length for hy-

drologic modeling and riparian buffer protection, rely upon outdated paper maps such as the USGS

topographic map series for the determination of the location of stream “blue lines”. These car-

tographic products are inadequate for use in headwater stream mapping when compared to �eld

observations yet no better data source has been found to achieve the accuracy needed for local site

planning. This research evaluated the horizontal accuracyand completeness of currently available

stream maps compared to stream networks derived from DEMs obtained from the USGS, the North

Carolina Floodplain Mapping Program, and interpolated from LiDAR bare-earth elevation points.

A unique system combining software and hardware was developed to map headwater catchments

with global positioning systems and was used to perform �elddata collection at nine catchments

distributed across four physiographic regions. A method ofdetermining the horizontal accuracy

of stream lines shown on maps was developed and used to show that stream networks delineated

using high-resolution, interpolated DEMs are more accurately positioned than those on previously

published maps or stream networks delineated from currently available DEMs.
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1.1 Background

The current regulatory environment in the State of North Carolina recognizes a stream for

planning and administrative purposes only if it exists on a United States Geological Survey (USGS)

1:24,000 scale topographic map or a Natural Resource Conservation Service (NRCS) county soil

survey map. These maps are outdated and often inaccurate yetstate agencies rely on them to con-

duct planning and operations concerning the locations of streams and their potential impact on

infrastructure improvements in the state. Beginning in 2000, the North Carolina Floodplain Map-

ping Program (NCFMP) acquired Light Detection and Ranging (LiDAR) data and with these data

created 6.10 m resolution digital elevation models (DEMs),surface water lines, and �ood hazard

zones. However, the ability of NCFMP surface water lines to depict the location of headwater

streams accurately has not been quantitatively measured. Numerous methods exist for the delin-

eation of stream networks from Digital Elevation Models (DEMs). However there is little research

that utilizes the high-accuracy and high-resolution characteristics of LiDAR-based DEMs to com-

pare stream mapping techniques. High-resolution DEMs suchas those created with LiDAR data

often contain micro-topographic features such as roads anddetention ponds that were not consid-

ered during the development of relic stream delineation techniques which are intended for use with

coarser-resolution data.

1.2 Research Approach

A detailed review of current literature established the valuable functions performed by

headwater streams and examples of threats to those functions, establishing a need for more accurate

stream maps. In order to further justify the need for better stream maps, almost 50 years of research

on inadequacies in stream maps was summarized. The digital stream mapping analyses focused on

the topography and stream networks of a series of small watersheds in four physiographic subre-
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gions of North Carolina in order to evaluate the feasibilityand accuracy of the mapping methodolo-

gies across geologic, geomorphologic, and climatic variability. The digital mapping methods were

tailored to landscape characteristics of the sampled physiographic subregions and extensive �eld

data were collected to validate mapping methods and products.

1.2.1 Objective 1: Collect Field Data

In each study watershed, the stream networks were surveyed beginning at the mouth and

walking every stream reach encountered to the intermittentorigin. Survey data were collected with

real-time differential global positioning system (GPS) with sub-meter accuracy. The coordinates of

speci�c locations were surveyed using the State Plane Coordinate System (feet):

� Mouth of the watershed

� All tributary junctions

� Random points along stream reaches between tributary junctions to record major changes in

direction and the location of the channel

� All stream origins and all transitions among stream types (e.g. intermittent to perennial)

A photographic record of all origins was obtained with a digital camera: two (or more, if appro-

priate) photos at each location, upstream and downstream views. A �eld notebook was kept for

each study watershed to record notes on character of the stream network and the characteristics of

stream origins and stream type transitions. Stream originswere determined using the latest version

of the North Carolina Division of Water Quality (NCDWQ) Stream Identi�cation Form Version 3.1

(NCDWQ, 2005). A digital version of the NCDWQ Stream Identi�cation Form was created using

ESRI Arc Pad. This digital form was accessed on a hand held computer connected to the Global

Positioning System (GPS). Code built into the form allowed for the automatic tabulation of stream

“points” and determined the stream type appropriately.
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1.2.2 Objective 2: Determine Extent of Accuracy of Available Stream Maps

Streams depicted on USGS, NRCS, NCFMP, and local county mapswere assessed using

a measure of horizontal accuracy and network completeness.Data used to access these relationships

were collected during the GPS survey, and points surveyed within stream channels were attributed

with distance from each associated stream map dataset.

1.2.3 Objective 3: Evaluate Sources of DEMs

Grid based DEMs were interpolated from LiDAR elevation points using the Australian

National University Digital Elevation Model (ANUDEM) software (Hutchinson, 1989). This ex-

tension for ArcMap combines the ef�ciency of Inverse Distance Weighted (IDW) and Spline inter-

polation techniques with the accuracy of Kriging methods (Hutchinson, 1993). The program allows

the user to specify the vertical standard error of the input data to minimize error in the output DEMs

(Hutchinson and Dowling, 1991). Three “versions” of LiDAR DEMs were interpolated, at 1.52,

3.05, and 6.10 m resolution. DEMs were also obtained from theUSGS (10 m resolution) and the

NCFMP (6.10 m resolution).

1.2.4 Objective 4: Stream Extraction Evaluation

Multiple software tools incorporating various stream extraction algorithms were compre-

hensively compared. The signi�cant variables in these models are thresholds of contributing area

and �ow direction algorithms. The analysis of pre-processing steps focused on �ve methods of re-

moving artifact depressions in the DEMs. Stream extractionwas performed using two off the shelf

tools:

� Arc Hydro (ArcView): Arc Hydro is a geographic information system (GIS) data model

which combines terrain preprocessing tools with watershedanalysis tools to facilitate a very
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simple “point and click” interface for the delineation of watersheds and stream networks using

grid DEMs as the only source of input (Maidment, 2002).

� TAUDEM (ArcView): Terrain Analysis Using Digital Elevation Models (TAUDEM) is a

more comprehensive watershed delineation and stream extraction utility that allows the user

to specify parameters such as type of �ow direction algorithm to use and method of stream

delineation (contributing area threshold, grid order threshold, area and slope threshold, area

and length threshold) (Tarboton, 1997).

The locations of stream channels predicted via model outputwere compared to the stream networks

surveyed in the nine study watersheds. Modeled stream networks were compared to surveyed stream

networks by creating buffers around the modeled streams andclassifying surveyed points that fell

within 1.52, 3.05, 4.57, 6.10, 7.62, 9.14, 10.67, 12.19, 13.72, 15.24, 16.76, 18.29, 19.81, 21.34,

22.86, 24.38, and 304.80 m buffers around modeled stream networks. The minimum distance,

3.05 meters, represents the theoretical limit of the accuracy of the standard LiDAR DEMs provided

publicly by NCFMP at 6.10 m pixel cell resolution (3.05 m on either side of the stream line, drawn

through the center of the pixel).

1.3 Study Sites

Nine study watersheds were selected from each of three physiographic subregions of the

Mountains, Piedmont and Coastal Plain of North Carolina. The soil systems in North Carolina

(Daniels et al., 1999) and the Environmental Protection Agency (EPA) Level IV Ecoregions of

North Carolina (Grif�th et al. , 2002) were used to select study areas that re�ect the variation in

landscape characteristics across the state. For this feasibility study, four subregions have been se-

lected that represent the intersection of a soil system and an ecoregion in order to utilize both of

those classi�cation systems.
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� Carolina Slate Belt Soil System and Carolina Slate Belt Level IV Ecoregion

� Felsic Crystalline Soil System and Northern Outer PiedmontLevel IV Ecoregion

� Middle Coastal Plain Soil System and Rolling Coastal Plain Level IV Ecoregion

� Low and Intermediate Mountain Soil System and Eastern Blue Ridge Foothills Level IV

Ecoregion

Selection of the study watersheds was based on the availability of LiDAR data, the availability of

control monuments, the representation of diverse stream environments from multiple physiographic

regions, and accessibility of the sites for surveying and �eld data collection. The research focused

predominantly on rural landscapes to determine the feasibility of the mapping approaches in stream

networks that have not been dramatically altered by urbanization. Ideally, the physiographic sub-

regions and study watersheds within subregions should havebeen randomly selected. However,

practical considerations of access to the streams, presence of control monuments, land ownership,

etc. required manual selection of study watersheds. Each study watershed was large enough to

ensure that:

� The main stream of the watershed and its principal tributaries were depicted on the USGS

1:24,000 scale topographic map and the USGS 1:24,000 scale hydrographic digital line graph

(DLG).

� The watershed had a planimetric area of approximately 400-500 ha.

The research focused on automatically mapping accurate �ne-scale topographic variation, the over-

all stream network, and the headwaters streams of the streamnetwork (e.g., the �rst and second

order streams wherever they occur). First order streams arethose that begin near a watershed di-

vide and join to form second order streams, both types of streams that are often not depicted on the

USGS 1:24,000 scale maps. However, many �rst and second order streams discharge directly to 4th
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or higher order streams and many of these streams also are noton the maps. The �rst order streams

are those that meet the de�nitions of intermittent or perennial streams contained in the NC river

basin riparian buffer rules (15A NCAC 02B.0233;http://h2o.enr.state.nc.us/admin/rules/rb040103.

pdf ). The NCDWQ Stream Identi�cation Methodology was used to determine the locations of the

origins of �rst order streams and stream transitions from intermittent to perennial: Identi�cation

Methods for the Origins of Intermittent and Perennial Streams (NCDWQ, 2005).
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2.1 Headwater Streams: De�nitions and Functions

Headwater streams are the primary sources of water in a drainage network (Stanford,

1996). Headwater stream networks serve as a critical hydrologiclink between the surrounding

landscape and the larger, connecting stream out�ows withina watershed. These networks drain

extensive surface areas within the watershed that are not directly in contact with higher order stream

channels. These ”headwaters” join together many times forming a continuous hydrologic network

consisting of streams, rivers, ponds, lakes, and wetlands.

The literal headwaters of any watershed are the subsurface and overland �ow of water dur-

ing (and often after) a precipitation event. As runoff waterproceeds downslope, it begins to carve

out barely discernible ephemeral channels. The location ofthese temporary stormwater channels is

in�uenced by the topography of the landscape. Groundwater is not an input to ephemeral streams

except to those draining wetlands, and they lack the biological, hydrological, and physical charac-

teristics commonly associated with the continuous presence of �owing water. Ephemeral channels

often transition to intermittent streams, which convey water not only during a storm event but also

have base�ow during wetter conditions. Groundwater discharge serves as the predominant source

of water input to these channels, however, they frequently dry up during the drier seasons when the

groundwater table retreats below the level of the streambed. When groundwater �ow is consistent

enough to support the continuous �ow of water year round, thestream is then de�ned as perennial

(Harman and Jennings, 1999; OEPA, 2005).

2.2 Field Identi�cation of Streams

There is a unique stream identi�cation method for each research activity involving streams.

Classi�cation schemes can be based upon taxonomic surveys,biotic diversity, vegetation surveys, or

substrate classi�cation, just to name a few. This discussion is limited to the classi�cation methods
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used to determine intermittent and perennial �owing streams (�ow regime) for regulatory condi-

tions. Many government agencies differentiate between intermittent and perennial stream�ow when

applying best management practices (BMPs) to land-management strategies. The assumption is that

as stream�ow duration increases, so does the potential for non-point pollution input and transport

by the stream. Correct identi�cation of perennial streams then becomes a critical step in applying

BMPs.

Many decision makers rely upon United States Geological Survey (USGS) topographic

map “blue lines” for determination of �ow regime. Perennialstreams are represented by solid

blue lines and dashed blue lines are used for intermittent streams. Many government agencies

rely solely on this map. Use of blue lines on a USGS topographic map has consistently been

shown to be inaccurate for site speci�c application (Sveca et al., 2005). United States Geological

Survey cartographic standards for the depictions of streams on topographic maps state that: 1) all

perennial streams, regardless of length, 2) intermittent streams at least 609.6 m (2000 ft) long, and

3) headwater drainages terminate 304.8 m (1000 ft) from the drainage divide (USGS 1980). A West

Virginia study showed that the USGS maps identi�ed 12 headwater catchments as intermittent,

whereas �eld observations identi�ed 36 (Paybins, 2002).

A sampling of hydrology literature also suggests some discrepancy in the de�nition of

intermittent and perennial �ow regimes.Hedman and Osterkamp(1982) state that perennial streams

have a measurable discharge 80% of the time whereas intermittent streams have discharge 10-80%

of the time. Hewlett (1982) de�ned perennial streams as having water “present” more than 90%

of the time. When faced with the challenge of �ow regime for regulatory purposes, water quality

managers have 171 documented hydrologic indices to choose from (Olden and Poff, 2003). State

forest services �ow regime de�nitions (Table2.1) re�ect the lack of consistency in �ow regime

classi�cation methods. While the distinction between “part of the time” and “all of the time” is

obvious to the layman, the legal complications of proper applicability are numerous.
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Table 2.1: Various state forestry agency �ow regime de�nitions.
Agency Perennial Intermittent Citation
North Carolina Di-
vision of Forest Re-
sources

Flowing water 90%
of the time

Flowing water 30
to 90% of the time

(NCDFR, 2006)

Kentucky Forest
Service

Holds water
throughout the year

Holds water during
wet season

(Stringer and Perk-
ings, 2001)

Tennessee Forest
Service

Flowing water year
round

Flowing water 40
to 90% of the time

(TDA, 2003)

South Carolina
Forestry Commis-
sion

Continuously �ow-
ing water most
years

Flowing water
from headwater
source for portion
of year

(SCFC, 2006)

Texas Forest Ser-
vice

Flowing water 90%
of the time

Flowing water 30
to 90% of the time

(TFS, 2000)

The USGS has developed a linear regression formula for Massachusetts that accounts for

drainage area, drainage density, geology, and basin slope to determine the likelihood of a stream

�owing perennially or intermittently (Bent and Arch�eld, 2002). Hansen(2001) agreed that deci-

sion makers should not rely on topographic map blue lines, which he found to depict only 14-21%

of the entire stream network, and developed a method for the �eld determination of intermittent and

perennial �ow using a combination of geomorphologic and biological indicators.

Drainage area is also another common metric used to differentiate between intermittent

and perennial �ow regimes. In the Southern Appalachians, intermittent �ow usually occurs when

drainage area reaches 4.9 ha (11 ac) and transitions to perennial �ow when drainage area reaches 7.7

ha (19 ac) (Rivenbark and Jackson, 2004). The Commonwealth of Massachusetts uses a combined

map/area approach to establish variable breakpoints between intermittent and perennial �ow: 1) if

it's perennial on the USGS topographic map, it's classi�ed as perennial, 2) if it's intermittent or

not shown on the USGS topographic map it's classi�ed as perennial if the drainage area is at least

259 ha; or if the drainage area is at least 130 ha and predicteddischarge is 0.0002 CMS using the

USGS StreamStats method; or if the drainage area is at least 130 ha and the sur�cial geology of the
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drainage area contains 75% or more strati�ed drift deposits, and 3) if no �ow is observed for four

days the stream is classi�ed as intermittent.

Only a few regulatory agencies combine map-based hydrologycharacteristics with de-

tailed �eld observations to differentiate between intermittent and perennial �ow regimes. These

agencies have con�rmed that USGS and Natural Resource Conservation Service (NRCS) blue lines

depicted on paper maps do not accurately re�ect intermittent and perennial transitions. Field indi-

cators of hydrological, physical, and biological conditions within the stream are used to determine

the likelihood of a stream �owing intermittently or perennially.

The North Carolina Division of Water Quality (NCDWQ) has developed a �eld protocol

in which geomorphologic, hydrologic, and biologic �eld indicators of stream �ow are ranked as

1) “Strong,” 2) “Moderate,” 3) “Weak”' or 4) “Absent.” The presence and degree of development

of each indicator is assigned a numerical value (e.g. “Strong Headcut” would receive a 3, “Absent

Flowing Water” would receive a 0). Other indicators of perennial �ow in the protocol include

presence of �brous roots in the stream bed (indicates little�ow), hydric soils (indicates presence of

water for extended period) and headcuts (fast and erosive �ow). The sum of all the values is used to

assist the investigator in determining �ow regime, with a breakpoint value of at least 19 indicating

an intermittent stream and 30 points for a perennial stream (NCDWQ, 2005).

Fairfax County Virginia Public Works and Environmental Services has adapted the NCDWQ

methodology and established a point threshold of 25 as the recommended number of indicator points

that de�nes perennial stream �ow. Key determination methods in the Fairfax County Perennial

Stream Identi�cation Protocol include consideration of climatic conditions, presence of aquatic

species that depend on the year-round presence of water for survival, and ”local” knowledge of area

stream �ow trends (DPWES, 2006).

Both of the �eld identi�cation protocols discussed above rely on observational opinion to

evaluate the strength of the indicators, and much leeway is given to the investigator to determine
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when the number of points tallied does not conform to local knowledge. For example, both protocols

allow a stream to be classi�ed as perennial if a large number of perennial benthic invertebrate species

are found, even though the total number of indicator points does not suggest a perennial stream.

The key bene�ts of the two protocols, however, are their ability to establish a relative degree of

consistency in determinations of stream origins, the methods are easily implemented, and numerous

descriptive statistics can be compiled using the indicatorvalues.

2.3 Headwater Stream Sources

A series of headwater streams connected by one common out�owis considered a stream

network. First order channels drain into progressively larger second order channels, and so forth,

continuing to the drainage outlet. Stream networks are created by three sources of �ow; overland

�ow, inter�ow (rapid subsurface storm�ow in large pores), and groundwater discharge.

Overland �ow occurs when the total accumulation of rainfallhas exceeded soil in�ltration

capacity and depression storage capacity and the excess precipitation �ows over the surface downs-

lope (Horton, 1945). Moore and Larson(1979) identi�ed three stages of overland runoff dependent

upon depressional storage: (1) depressional storage only;(2) depressional storage with smaller de-

pressions �lling and contributing to some runoff; and (3) depressional storage capacity reached and

all precipitation throughout the watershed contributing to runoff.

Dunne and Leopold(1978) noted that Hortonian overland �ow seldom occurs in forested

watersheds given the high in�ltration capacities of forestsoils. In these well developed soils the

ability of the soil to in�ltrate water is much greater than common rainfall intensities. Therefore,

precipitation moves rapidly through the pro�le to stream channels as inter�ow. When runoff is

dominated by inter�ow, the source area of the stream�ow is the saturated zone adjacent to the

stream. That saturated zone expands as rainfall continues and contracts again as the rainfall ceases.
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Dubbed the variable source area (VSA) concept byHewlett and Hibbet(1967), this runoff model

holds true when there has been little human disturbance to the watershed. Often runoff processes

�t somewhat ambiguously between Hortonian and Variable Source Area when some disturbance or

land use change from predominantly forest has occurred in the watershed.

The water table below a hillslope curves toward a stream channel. Groundwater discharge

occurs where the water table intercepts the stream bed. Thiscomponent of below-surface �ow is

called “base�ow.” During a precipitation event the water table hydraulic gradient steepens, adding

subsurface �ow to the base�ow and increasing the rate of ground water discharge.Hursh(1936)

stated that subsurface �ow is the dominant source of stormwater �ow to a stream on hillslopes with

high hydrologic conductivity and shallow restrictive layers. This is further supported byBeven

(1981) who concluded that highly permeable soils and steep hydraulic gradients contribute greatly

to the transition of precipitation to subsurface �ow whereas cultivated lands and urban watersheds

are more likely to exhibit the characteristics of Hortonianoverland �ow.

2.4 Function of Headwater Streams

Undisturbed headwater stream networks exist in a natural state of dynamic equilibrium

Thorn and Welford(1994). When a stream network is in homeostatic balance, water andsedi-

ment inputs equal outputs and the characteristics of the network change slowly over geologic time

(Strahler, 1957; Hack, 1975). When that balance is upset the system will adjust itself tore-establish

the dynamic equilibrium (Ferguson, 1994). Streams and their connected �oodplains maintain �ow

paths to transport water and sediment, retain excess �oodwater, and provide habitat for a diverse

range of plant and animal species (Schiefer, 2005).
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2.4.1 Headwater Streams Form Channels

The point where Hortonian overland �ow becomes concentrated within de�nable stream

banks is known as a stream channel head (Dietrich and Dunne, 1993; Istanbulluoglu et al., 2002).

During a rainfall event, excess �ow accumulates at these heads and incises ephemeral rills and gul-

lies, which �ow to more stable intermittent channels, which�ow to permanent perennial channels.

This location has also been de�ned as the point where diffusive �ow transitions to incisive �ow

(Smith and Brether, 1972), where an erosion threshold has been exceeded (Horton, 1945), or when

the energy of overland �ow overcomes shear stress of the soilover which it �ows (Montgomery and

Foufoula-Georgiou, 1993).

The location of a channel head is by no means permanent. Channel erosion occurs at

a faster rate than hillslope erosion causing the channel head to advance upslope (Willgoose et al.,

1991). The inverse of channel head advancement occurs when colluvium from upslope accumulates

within the channelDietrich et al.(1987). Dynamic equilibrium is maintained with the upslope or

downslope shifting of the point of channel initiation.

2.4.2 Headwater Streams Move Sediment

Rainfall striking exposed soil in disturbed environments alters soil aggregates and con-

solidates the surface. This in turn reduces the ability of water to in�ltrate the soil (Guy, 1970).

The excess water collecting on the surface due to the reducedin�ltration and the kinetic energy of

raindrops dislodging soil particles combine to create sheet �ow. Sheet �ow eventually encounters

topographical restrictions and forms more powerful rills (cultivated �elds) and gully �ow (Foster,

1986). The force of water �owing through channels varies from little to none during a dry period

and erosive �ow during a storm event, capable of carrying larger and heavier particles or gravel from

upslope. Natural undisturbed streams are capable of transporting the entire sediment load supplied

by the watershed (Harman and Jennings, 1999). The source of that sediment load is both surface
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and channel erosion in agricultural or developing areas andis mainly channel erosion in undisturbed

forested areas.

In a meandering stream, particles are deposited on the inside of meander bends and form

depositional bars. Multiple sediment bars can accumulate and grow in size to form braided channels.

During high �ow, when the stream exceeds bankfull �ow, sediment can be deposited on either

side of the stream as levees, which over time form to restrictexcess �ow to within the channel.

High �ow can also cause bank failure, resulting in slumps within the channel and contributing to

the total sediment load carried downstream. Excessive bankfailures can in�uence the sinuosity

of a stream, changing a straight channel to a meandering one and causing stream meanders to

migrate often moving the horizontal position of the channelover great distances over time. When

dynamic equilibrium exists, the rate of bank failures compliments the formation of depositional bars,

allowing the path of the stream to meander across valley bottoms. Meanders add length to a stream

channel while decreasing its gradient and balance �ow energy and sediment transport (Schiefer,

2005).

Sur�cial runoff and soil transport within the watershed transport nutrients from upslope

terrestrial systems to aquatic systems further down in the watershed. Glomalin-related soil proteins

(GRSP) supply nutrients to soil through their molecular structure (Rillig , 2004). These proteins

enter the headwater network through leaching and erosion and potentially serve as a nutrient source

within aquatic food chains (Harner et al., 2004). Dissolved nutrients carried by runoff and organic

detritus carried by overland �ow also add nutrients and energy to the aquatic food chain.

2.4.3 Headwater Streams Host Unique Biota

Headwater streams are an important component of the aquatichabitat, as they transport

water, sediments, nutrients, organic matter, and woody debris to downstream reaches where they

in�uence productivity (Kiffney et al., 2000). A mature headwater ecosystem will “pass through” up
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to 66% of dissolved organic inputs to be exploited by downstream ecosystems (Fisher and Likens,

1973). Headwater stream ecosystems are primarily in�uenced by in-stream productivity and al-

lochthonous inputs of organic matter (Vannote et al., 1980). Total organic matter (TOM) consists of

coarse particulate organic matter (CPOM), �ne particulateorganic matter (FPOM), and dissolved

organic matter (DOM). Levels of CPOM and FPOM in headwater streams are directly related to

precipitation and discharge; they decrease during warmer seasons as processing by aquatic inverte-

brate results in higher DOM levels (Kiffney et al., 2000). Aquatic invertebrate consumption of plant

matter provides secondary food input for species within anddownstream of headwater networks

(Wallace et al., 1997).

By eliminating terrestrial food inputs to a headwater stream, Nakao et al.(1999) showed

that alterations to the headwater stream food web have a cascading effect on predatory �sh assem-

blages. Energy transfers from terrestrial biomass in headwater catchments is a critical component

of the food web in less productive environments downstream.Kawaguchi and Nakano(2001) in-

vestigated the concept of “top down” stream food webs where the distribution of headwater riparian

zones in�uences allochthonous prey inputs for �sh populations and that the spatial distribution of

�sh populations is subsequently related to the riparian zones in a “bottom up” fashion.

A single kilometer of salmon bearing stream in Alaska receives enough detritus from

upstream �sh-less headwaters to support up to 2000 �rst yearcoho salmon, making these headwaters

critical conduits of food for several trophic levels and supporting aquatic production in streams of

increasing order (Wip�i , 2005).

Stream ecology is not limited to the life found in water �owing within the con�nes of the

channel. A signi�cant portion of a stream ecosystem also occurs in the stream bed and the vege-

tated corridor surrounding the stream. The zone of transferbetween groundwater and streams was

�rst termed as “hyporheic” bySchwoerbel(1961). This de�nition was further expanded to include

variants of water transfer where groundwater supplies �ow to the stream and where stream�ow
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recharges the groundwater via the hyporheic zone (Vervier and Naiman, 1992). Hyporheic environ-

ments are intrinsically heterogeneous and their characteristics vary greatly from system to system

and within the same system (Brunke and Gonser, 1997). Biologic processes occurring within the

hyporheic zone in�uence groundwater chemistry and affect production in riparian vegetation (Stan-

ford and Ward 1993). The hyporheic zone also serves as a buffer for nutrients by nitrifying oxidized

ammonium to nitrate during aerobic conditions or denitrifying nitrate during anaerobic conditions

(Yates and Sheridan, 1983).

Various aquatic species make their home in the hyporheic zone; (1) hyporheobionts which

spend their entire life cycle in interstitial pores; (2) hyporeheophiles transitioning between perma-

nent habitats (Schwoerbel, 1961); and (3) insects that complete their larval stage within the hy-

porheic zone (Stanford and Ward, 1993). Stream insects will take refuge in the hyporheic zone

during deleterious events and it provides a stable environment for developing �sh embryos (Pugsley

and Hynes, 1986). In undisturbed streams invertebrate production within the hyporheic zone may

be as much as 65% of total production (Smock et al., 1992). Concentrations of dissolved oxygen

at varying depths and storm discharge scours greatly in�uence density and biomass of hyporheic

invertebrate production (Strommer and Smock, 1989).

Riparian zones are ecosystems containing “. . . complex assemblages of organisms and

their environment existing adjacent to and near �owing water.” (Lowrance et al., 1985). Riparian

zones serve as the link between terrestrial and aquatic ecosystems, in�uencing the �ux of water, air,

soil, and organisms between the two (Gregory et al., 1991). Riparian zones can contain as much as

100 times more biomass than other forested environments (Lindenmayer and Franklin, 2002).

Physical, soil, and vegetative processes within riparian zones coupled with the hydrologic

cycle and spatial relationships to other ecosystems position riparian zones to be the predominant

controller of stream water quality. Riparian zones controla variety of hydrologic processes. They

can provide short term storage of surface water thus reducing stream “�ashiness” and in�uencing
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the affects of �oodwater damage (Daily, 1997). Stream-side riparian Zones are an important source

of organic carbon, providing energy to sustain both terrestrial and aquatic food webs (Meyer and

Wallace, 2001). Riparian zones that are intermediately �ooded exhibit high degrees of plant species

richness and preserve genetic diversity (Pollock et al., 1998). Riparian zones also remove nutrients

from surface and subsurface �ow transitioning from upland sources to headwater streams (Peterjohn

and Correll, 1984). Trees in riparian zones have been found to assimilate 25% of the nitrogen tran-

sitioning the zone from agricultural �elds and it is widely known that riparian forests are nutrient

sinks (Correll and Weller, 1989; Yeakley et al., 1994). Heterogeneity of riparian vegetation compo-

sition insures food sources for aquatic insects, which in turn serve as food sources for downstream

�sh communities (Naiman et al., 2000).

The role of wood in a stream ecosystem is perhaps the most critical component of stream

ecology yet often receives little mention in discussions ofthe functions of headwater streams.

Coarse woody debris (CWD) accumulating from adjacent riparian zones has a signi�cant in�u-

ence on �uvial processes. Logs and sticks can stabilize banks, introduce �ow resistance, and aid

bar sedimentation (Hickin, 1984). Larger CWD (longer than active channel width) can force the ac-

cumulation of coarse woody debris (CWD) behind it and creates temporary pools rich with aquatic

life, contributing to habitat diversity and food sources (Gurnell et al., 1995). In the absence of

forested riparian zones the lack of woody debris results in adecrease in retention features that store

organic material for consumption by invertebrates (Hetrick et al., 1998). Nearly all woody debris

input into a stream comes from within 30m of the stream channel (Murphy and Koski, 1989). Dur-

ing �ow disturbances, woody debris dams have been shown to provide a more stable refuge than

stream substrate, leading to quicker recolonization of invertebrates after peak �ow events (Hax and

Golladay, 1998). In sand and mud dominated coastal plain streams, woody debris provides habitat

for 10 times as many invertebrates than those found in bottomsubstrate (Smock et al., 1985).
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2.5 Impacts of Disturbances to Stream Networks

Human alterations to the landscape often have unintentional but negative effects upon

stream health. Impervious surfaces covering soils lead to hydrologic alteration of the stream �ow

characteristics, development activities dislodge massive amounts of sediment which runs off into

drainage channels, and removal of riparian vegetation reduces the ecosystem's ability to �lter harm-

ful elements being introduced to the hydrologic cycle. Explosive population increases in the State

of North Carolina have led to rapid construction of “bedroomcommunities” at massive scales, and

economic interest groups often thwart legislative bodies when regulations are proposed that are

designed to counter the negative effects of population growth on water quality. Counties in the

Neuse River Basin experienced a 4.6% increase in populationfrom 1990 to 2000 (NCSD, 2004).

In 2005, the largest political lobby in North Carolina, the North Carolina Homebuilders Associa-

tion (NCHBA) considered as “major victories”: 1) defeatinglegislative initiatives for sedimentation

control, 2) defeating legislative initiatives that increase penalties for environmental rule violations,

and 3) defeating legislation that introduced stricter soilproperty considerations in septic system

design (NCHBA, 2005). Despite the vast body of indisputable knowledge detailing the effects of

urbanization on stream water quality, efforts to prevent the damage to headwater streams caused by

urbanization have been stymied by the political climate in North Carolina.

2.5.1 Impervious Surface (Hydrologic Alteration)

Impervious surface cover (ISC) decreases the ability of precipitation to in�ltrate through

the soil pro�le, therefore causing it to add to overland runoff and leading to increased peak �ow rates

and overall stream �ashiness. As more open land such as farmsand forested land cover is converted

to urban development, impervious surfaces (streets, rooftops, sidewalks) begin to remove natural

storage and retention features of the landscape, and are a major cause of physical changes that effect
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stream quality (Deacon et al., 2005). Impervious surfaces reduce the soil's ability to in�ltrate rainfall

and decrease overland �ow travel time to the drainage network. Using a distributed parameter runoff

model, urbanized watersheds have been found to generate �vetimes as much runoff volume and

sediment yield than forested watersheds (Corbett et al., 1997). The body of literature discussing the

effects of impervious surface on stream health is far too vast to cite each important peer reviewed

article, however Table2.5.1neatly summarizes the area breakpoints at which urbanization causes

degradation in water quality conditions.

Table 2.2: Effects of impervious surface on stream health.

Factor Response Reference
� 29% Urban Land Cover Lower Index of Bi-

otic Integrity (IBI)
Score

(Yoder et al., 2000)

4%� 15% Urban Land
Cover

Higher IBI Score (Yoder et al., 2000)

� 10% ISC Decline in �sh
communities

((Wang et al.,
2000))

� 12% Connected Imper-
viousness

After this threshold
minor increases in
urbanization trig-
ger sharp declines
in base�ow and
�sh community
quality

((Wang et al.,
2001)

� 16% Ubranization High correlation (r
= 0.832) between
electrolytic con-
ductivity and urban
land use

(Wang and Yin,
1997)

� 6% Impervious Area Sudden decrease in
taxa and EPT rich-
ness

(Morse et al., 2003)

Degree of ImperviousnessNegative correla-
tion to taxa and
EPT richness

(Walsh et al., 2001)

Continued on Next Page. . .
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Table 2.2 – Continued
Factor Response Reference
� 25% Urban Land Cover Loss of �sh species

in 2nd and 3rd or-
der streams

(Morgan and Cush-
man, 2005)

Urbanization Increase in nitro-
gen and phospho-
rus inputs by 200%

(Line et al., 2002)

Degree of ImperviousnessPositive correla-
tion to Dissolved
Organic Carbon,
Filterable Reac-
tive Phosphorus,
Total Phosphorus,
Ammonium

(Hatt et al., 2004)

Impervious Area =
11.1%, 6.2%

300% and 42%
Increase in peak
discharge, respec-
tively

(Burns et al., 2005)

Degree of Imperviousness� 10% Stream
Health Protected;
10% - 20% Stream
Health Impacted;
� 30% Stream
Health Degraded

(Arnold and Gib-
bons, 1996)

� 10% Effective Impervi-
ous Area

Notable accumula-
tion of physical and
biological effects
on stream habitat

(Booth and Jack-
son, 1997)

Watershed Impervious-
ness 10% - 30%

Impacted at 10%,
severely impacted
after 30%

(Klein, 1979)

Urbanization Densities of �sh
eggs and larvae
inversely propor-
tional to urban land
use

(Limburg and
Schmidt, 1990)

Continued on Next Page. . .
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Table 2.2 – Continued
Factor Response Reference
Watershed Impervious-
ness 5% - 10%

Steepest rate of
degradation to
water quality;
however qual-
ity continues to
decline as ICS
increases

(May et al., 1997)

Increase in urbanization
from 9% to 37%

Increase in total
runoff by 4% each
of 27 years

(White and Greer,
2005)

Increase in urbanization
from 17% to 49%

Sharp decline in
macroinvertebrate
richness

2.5.2 Sedimentation

A watershed in a natural state will produce sediment via sheet, rill and gully erosion

(Schiefer, 2005). This combines with particles eroding from stream banks and beds to constitute

total solids load. During periods of high �ow, greater amounts of sediment and larger particles

are carried further downstream. During periods of high �ow,sediment and particles are deposited

on the substrata and form depositional features such as barsor alluvial deposits within or near the

stream channel and connected �oodplain.

Human impacts to the landscape such as agriculture and urbanization upset this natural

balance and result in a disproportionate amount of sedimententering the stream network (Beschta

and Jackson, 1979; McDonnell and Pickett, 1990; Delong and Brusven, 1998). It has been estimated

that up to a 30 cm thickness of the entire surface of Neuse River uplands have been eroded due to

human impacts over the last 300 years (Phillips, 1997). This in turn imperils the delicate ecosystem
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that depends upon the stream network maintaining its dynamic equilibrium. Sources of sediment

in the stream network can be categorized as (1) channel sources originating from streambeds and

banks and (2) non-channel sources originating from catchment slopes and erodible soils (Coldwell,

1957; Grimshaw and Lewin, 1980).

Road networks can contribute excessive runoff during high intensity storm events leading

to rapid movement of soil, sediment, and organic matter downsteep stream channels (Jones et al.,

2000). Road construction has been correlated to erosion in steeplandscapes (Swanson and Dryness,

1975) and the presence of a road drainage network in a catchment increases the length of the channel

network and alters the erosional process (Montgomery, 1994).

Burkhead and Jelks(2001) found that the decreasing rate of spawns and ripe eggs spawned

in spawning tricolor shiners (Cyprinella Trichoistia) wasdirectly proportional to the concentration

of suspended sediments within the stream channel (Lloyd et al., 1987). It has been found that

excessive suspended sediment leads to a decrease in �sh species requiring clean rif�e pools for

spawning (Sutherland et al., 2002). The same study, taking place in the Little Tennessee River

Basin, North Carolina, also found that benthic crevice and gravel spawners become wiped out when

a threshold of between 10 and 20% non-forested land cover is achieved, which results in a distinct

increase in suspended sediment.

A positive relationship also exists between amount of land in agriculture and stream sed-

iment load (Walser and Bart, 1999). The same relationship applies to a decrease in �sh species

that rely on course substrates. It is important to note, however, that this study found that greater

order stream reaches are more susceptible to these phenomena than headwater streams due to the

nature of many species to take refuge downstream during periods of disturbance. Using the biotic

assessment protocol developed byKarr (1981) past research suggests that the total percentage of

agriculture land use can account for 50% of the variance in index of biotic integrity (IBI) scores and

high intensity agriculture results in lethal stressors to the stream habitat (Allan et al., 1997).
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Excess sediment in water has been shown to effect �sh speciesby: 1) clogging gills at

lethal concentrations (Bruton, 1985); 2) degrading the spawning habitat and stunting juvenile growth

(Chapman, 1988); 3) modifying migratory habits of �sh (Alabaster and Lloyd, 1980); 4) reducing

habitat for insectivores via reduced primary production due to increased turbidity (Doeg and Koehn,

1994); and 5) affecting the ability of visual feeders to pursue prey (Ryan, 1991). Reduction of

interstitial space caused by depositional sediment accumulation in headwater streams also increases

the mortality rates of some salamander species (Lowe et al., 2004) and reduces the amount of refuge

that adult salamanders can seek from predators. Sedimentation also has been shown to affect the

quality of food consumed by snails (McIntyre et al., 2005), however this same research concluded

that excess sedimentation alone is not immediately lethal to snail populations as previously stated

by Armitage and Fong(2004).

Biologic activity within the hyporheic zone within stream ecosystems is controlled by

permeability of the bed substrate. Suspended sediment deposited during low �ow periods intrudes

porous spaces within the stream bed and degrades bed permeability. This process is referred to as

colmation (Ibisch and Borchardt, 2002). Silt accumulation in interstitial pores consequently reduces

refugial space for invertebrates which in turn leads to a reduction in burrowing and feeding activity

in streambed sediments (Hancock, 2002). In a survey of interstitial only fauna, 22 taxa were found in

the interstitial habitat (Mary and Marmonier, 2000). It has been suggested that the lack of these taxa

within the hyporheic zone, which are sensitive to elevatingsilt levels, indicates that degradation of

water quality in the form of excess runoff is occurring upstream from the stressed habitat (Govedich

et al., 1996).

Organic and inorganic particulate matter in dissolved formincreases turbidity within the

water present in a stream channel (Henley et al., 2000). Increased turbidity decreases the ability of

light to penetrate through water and can lead to a reduction in phytoplankton production (Hoetzel

and Croome, 1994). The decreased levels of phytoplankton translates to simultaneous decreases in
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zooplankton and has a cascading effect on the entire food web(Daviescolley et al., 1992).

Poorly managed agriculture operations have been attributed to 67% of the sources of

sedimentation into stream networks and this can be linked tonegative impacts to stream biota (Lenat,

1984). It has been suggested in a recent study that high concentrations of suspended sediments are

not lethal to some aquatic insect species, but rather the disappearance of invertebrates from impacted

reaches can be attributed to the tendency of most species to avoid areas of high suspended solids or

changes to the food web due to contaminant introduction to the stream network (Suren et al., 2005).

2.5.3 Nutrient Loading

Pollution entering watersheds is classi�ed as either pointor non-point sources. Point

sources are generally single source locations such as sewertreatment plants, regulated mining op-

erations, storm sewers outfalls, and construction sites. Non-point sources consist of the sum of all

input �owing over a large land surface such as a cultivated �eld or an urban development, septic

system leaching, atmospheric deposition, or logging activities (Carpenter et al., 1998). Non-point

sources are usually the dominant sources of phosphorus and nitrogen inputs into rivers (Newman,

1995). Non-point sources of nitrogen have also been positively correlated to population density and

increased by as much as 20 fold from pre-industrial times (Howarth et al., 1996). With most point

sources of nutrients now subject to discharge permitting requirements, agriculture operations have

been targeted as the dominant source of input of nutrients into freshwater systems (Sharpley et al.,

1994). The main cause of this non-point source is that a surplus ofnutrients are often applied to agri-

cultural lands, where fertilization applications far exceed production needs (Beaton et al., 1995). In

a comparison of global phosphorus uptake ef�ciency,Isermann(1990) found that the average plant

uptake ef�ciency in the United States was 56%, among the lowest among the nations surveyed.Is-

ermannalso found that on average, 18% of nitrogen applied as fertilizer is removed through plant

production processes leaving the excess to leach to ground and surface waters. The importance of
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maintaining vegetated buffer strips around stream channels for the purpose of intercepting excess

nutrients is highlighted byOsborne and Kovacic(1993), who, in a review of 21 vegetated buffer

strip studies, found that buffers of 0-50 m in width removed 40 - 100% of nitrate and phosphorus

applied upslope of the riparian buffers.

In urbanized catchments, N loading can be 45% higher than that of a forested catchment

(Wollheim et al., 2005). Some studies suggest that highly-urbanized catchments (greater than 35%

impervious surface) in the Neuse River Basin contribute more N to streams than do predominantly

agricultural catchments (Lunetta et al., 2005). Seven percent of the Neuse River Basin is covered

with managed turf grass (Osmond and Hardy, 2004). Osmond and Hardy(2004) illustrated some

rather surprising trends regarding N sources to the Neuse River:

� Cary, NC had the smallest average turf area per household yethad the highest rate of lawn

care service use.

� Lawn care services applied on average 50 kg/ha more fertilizer than homeowner self applica-

tion.

� Cary residents had the lowest average of removing fertilizer pellets from impervious surfaces

after application.

� Two times as much fertilizer is applied to crops in the Neuse Basin as is applied to all of the

turf grass in the entire state.

One conclusion that can be drawn from the above is that there is a socio-economic link to

increased water quality degradation. Eutrophication caused by nitrogen and phosphorus is the most

common water quality imperilment in the United States (USEPA, 1990; Smith, 1998). The U.S. En-

vironmental Protection Agency further states that eutrophication impairs 50% of the lake area and

60% of river reaches in the United States (USEPA, 1996), making it the most prevalent pollution
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issue in coastal estuaries (NRC, 1993). The National Research Council (NRC) has also published

�ndings that trace sources of contamination to agricultureoperations, development, acid rain, strip

mining, and invasive species (NRC, 1992). Eutrophication leads to algae blooms which consume

oxygen as they decompose and lead to anoxic conditions (Anderson, 1997). These blooms poison

shell�sh rendering them harmful to human consumption and have been linked to increased mortality

rates in marine species off the Atlantic coast (Anderson, 1997; Burkholder et al., 1992). Nitrogen

inputs to headwaters in the Neuse River basin in North Carolina have been shown to increase phy-

toplankton biomass and a correlated increase in p�esteria zoospores which has been directly linked

to algal blooms and �sh kills in the Neuse River Estuary (Pickney et al., 1998). Increased phy-

toplankton biomass decreases light penetration thus reducing the ability of photosynthetic oxygen

production to balance oxygen consumption (Meyercordt and Meyer-Reil, 1999). Small changes in

this penetration depth have catastrophic consequences on aquatic communities in shallow estuaries

such as the Neuse River (Fear et al., 2004).

2.6 Stream Management Regulatory Programs

As a result of the multitude of documented impacts to stream health discussed above,

and the unfavorable regulatory pressures mentioned in the same paragraph, regulations do exist

at the federal and state levels that attempt to minimize the impact of human alterations to stream

health. Legal criteria for the de�nition of a “stream” were discussed in section 2.2 and are not

repeated here. The research theme of this project is identi�cation of headwater streams to assist

the decision making process, henceforth, a review of water regulations is appropriate. This section

identi�es some of the most common regulations that regulatewater quality with speci�c application

to headwater streams.
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2.6.1 Federal Regulation

A common term associated with water regulations is “Waters of the United States.” The

United States Supreme Court �rst interpreted US jurisdiction over navigable waters by deciding

that any water that has been capable in the past of transporting water borne commerce is subject

to federal authority (United States v. the Steamer Montello, 1874). The United States Congress

later established jurisdiction over headwater streams in Section 10 of the Rivers and Harbors Act

of 1899 with the use of “. . . any navigable water of the United States” (Rivers and Harbors Act,

1899). The Rivers and Harbors act further exerts jurisdiction on these waters by stating that no

navigable channel may be altered without a permit. The term “navigable” has been subject to much

interpretation and the de�nition is clari�ed in 33 CFR Part 329 Section 329.4: “Navigable waters of

the United States are those waters that are subject to the ebband �ow of the tide and/or are presently

used, or have been used in the past, or may be susceptible for use to transport of interstate or foreign

commerce”. The Refuse Act of 1899 further exerted control over degradation of U.S waters by

outlawing the discharge of any material into a navigable water or “. . . tributary of any navigable

water” (Refuse act, 1899). The Refuse Act of 1899, however, was largely unenforced until Richard

Nixon signed Executive Order 11574 (revoked by Ronald Reagan in 1986, Executive Order 12553),

which gave the U.S. Army Corps of Engineers (USACE) authority over the Refuse Act Permit

Program which permitted discharges into navigable waters and their tributaries. Water pollution

was �rst signi�cantly addressed by Congress through the Federal Water Pollution Control Act of

1972 which was intended to “. . . restore and maintain the chemical, physical, and biological integrity

of the Nation's waters” (33 USCx1251(a)). Later known as the Clean Water Act, it contained major

provisions for the establishment of the National PollutantDischarge Elimination System (NPDES)

(33 U.S.C. 1342x402), reiterated USACE authority over permitting of the discharge of dredge and

�ll material into navigable waters (USC 1344x404), and established regulatory authority over water

quality impacts to wetlands (33 USC 1341x401)
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2.6.2 North Carolina Regulation

In 1996 signi�cant declines in water quality in the Neuse River Basin were becoming

apparent. North Carolina Division of Water Quality (NCDWQ)studies concluded that non-point

pollution sources were responsible for three fourths of thenitrogen loading to the Neuse River with

agricultural sources being the largest contributor (NCDWQ, 2005, 1996b) and led to the adoption

of House Bill 1339 (1996). This led to the creation of the Neuse River Riparian Buffer Rule (15A

NCAC 2B .0233) which establishes a 9 m (30 ft) protection zone(Zone 1) around all perennial

and intermittent streams, lakes, ponds, and estuaries in the Neuse River Basin, and a second 6

m (20 ft) protection zone (Zone 2) starting at the end of Zone 1(15A NCAC 2B .0233 (4)). The

same legislation established clear legal de�nition of whatis considered an intermittent and perennial

stream : “'Intermittent stream' means a well-de�ned channel that contains water for only part of

the year, typically during winter and spring when the aquatic bed is below the water table. The

�ow may be heavily supplemented by stormwater runoff. An intermittent stream often lacks the

biological and hydrological characteristics commonly associated with the conveyance of water”

(15A NCAC 2B .0233 (2)(g)) and “'Perennial stream' means a well-de�ned channel that contains

water year round during a year of normal rainfall with the aquatic bed located below the water

table for most of the year. Groundwater is the primary sourceof water for a perennial stream, but

it also carries stormwater runoff. A perennial stream exhibits the typical biological, hydrological,

and physical characteristics commonly associated with thecontinuous conveyance of water”(15A

NCAC 2B .0233 (2)(i)).
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3.1 Abstract

Headwater streams are small emergent channels which function to drain large areas within

watersheds and serve as the primary source for watershed drainage networks. These headwater

streams are the most susceptible to water quality degradation because their space-�lling properties

connect them to the largest portion of land surfaces and theycan be easily altered by ditching,

re-routing, or road crossings. The identi�cation of headwater stream locations is of particular im-

portance to natural resource management activities. Many regulatory agencies must rely on the

accuracy of watershed inventory maps to determine the applicability of water quality protection

measures. Paper maps and their digital equivalents often miss up to 80% of the headwater network

in some regions. Consequently, many headwater streams are not eligible for some form of protection

due to their not being mapped. Research has shown that hydrologic analyses are highly sensitive to

uncertainty in published stream locations.
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3.2 Introduction

Headwater streams, the �rst through third order segments inwatershed stream networks,

are a critical element in watershed management. Headwater stream networks serve as a hydrologic

link between the surrounding landscape and the larger, connecting stream out�ows within a water-

shed (Stanford, 1996). Small �rst order streams, often draining areas as little as 3-4 ha, cumulatively

drain up to 85% of a watershed area (McGlynn and Seibert, 2002; Peterson et al., 2001). Vegetated

riparian buffer zones are most effective at intercepting pollutants when applied to headwater streams

(Angier et al., 2005). As key elements of the food chain in stream networks, headwater streams host

unique aquatic species (Vannote et al., 1980).

Decision makers have historically relied on United States Geological Survey (USGS)

1:24,000 scale topographic maps for information on stream networks for planning, management,

and regulatory programs related to streams. In North Carolina, riparian buffer protection rules for

the Neuse and Tar-Pamlico River Basins specify that a streamis subject to the rules if it is shown

on either the most recent version of the USGS 1:24,000 scale (7.5 minute) quadrangle topographic

maps or the United States Department of Agriculture (USDA),Natural Resources Conservation Ser-

vice (NRCS) soil survey maps (15A NCAC .02B .0233). The Stateof North Carolina also relies

upon USGS maps to determine the location of impaired streamsthat must be monitored in accor-

dance with sections 305(b) and 303(d) of the Clean Water Act (CWA) (NCDENR, 2006). For civil

engineering applications, effective use of hydrologic prediction models is dependent upon the ac-

curate calculation of �ow metrics such as runoff volume and peak �ow. Accurate determination of

density and length of the drainage network is directly related to prediction accuracy of hydrograph

variables such as discharge volume and peak �ow rate. The total stream length has been found to be

the most sensitive model input in the estimation of watershed discharge and sediment load (Gregory

and Ovenden, 1979).
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Accuracy of current paper stream maps and their digital derivatives raises questions about

the effectiveness of planning and regulatory programs designed to protect the key ecological func-

tions of those streams. The limited detail of current maps depicting headwater streams: (1) places

an inordinate burden on regulatory agencies and the regulated community to conduct joint �eld

checks of stream locations and origins, (2) adds uncertainty in monitoring and assessment efforts

to identify sources of non-point source pollution and the routes taken by polluted runoff through

stream networks, (3) adds uncertainty to the calculation ofsurface geomorphic parameters such as

drainage density, relief, and catchment area, and (4) results in additional costs for state departments

of transportation and other agencies in planning and implementation of construction projects due to

the need to conduct detailed site and route assessments where maps are not accurate.

This paper reviews the research literature on accuracy of headwater stream networks de-

picted on maps used by regulatory agencies and provides examples of errors in stream mapping. We

discuss selected examples of stream mapping accuracy and its impact on watershed assessments.

Lastly, we discuss the need for developing and implementingsystems of digital stream maps that

are more accurate and effectively utilized in watershed assessment and management than current

paper maps.

3.2.1 Headwater Stream Channel Representation on Topographic Maps

Research over the past 50 years has found that small-scale paper and digital represen-

tations of headwater streams were not suited for use in determining numbers of stream segments,

lengths, and their locations. Results reported in the literature include comparisons of stream maps

to �eld surveys and comparisons of stream maps of the same area with different scales.

Morisawa(1957) compared topographic blue lines on USGS paper maps with stream

networks derived from �eld surveys, aerial photography, and map contour line crenulation analysis

in northern Pennsylvania. Her results showed little statistical difference between �eld-surveyed
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stream networks and those derived from contour line analysis on the topographic maps. However,

there were differences in extent and location between �eld-surveyed streams and those displayed on

the maps. Map omission errors were mainly under-representation of streams present on the ground.

Morisawa suggested that the use of topographic maps is not appropriate for quantitative hydrologic

analysis.

Under-representation of stream quantities and lengths is not limited to USGS topographic

maps. In a study of 1:25,000 and 1:2,500 scale British Ordinance Survey maps compared to �eld

observed streams,Werritty (1972) also found that the delineation of stream networks using the con-

tour crenulation method proved to be unreliable when applied to the British Lowlands. The larger

scale map (1:2,500 scale) was accurate in low order stream segments shown versus the number en-

countered in the �eld, yet the 1:25,000 scale map was particularly de�cient in �rst order streams

shown. Using 1:25,000 scale Australian topographic maps,Bren(1995) also found that small-scale

maps did not suf�ciently represent the true stream network.Cartographic smoothing or displace-

ment of streams occurred to such an extent as to make the maps unsuitable for the determination of

potential riparian buffers.

Within the Chattooga River watershed in western North Carolina, a study of stream type

classi�cation consistency was performed with the intent ofcorrectly determining the extent to

which cartographic blue lines correctly represented ephemeral, intermittent, and perennial streams

(Hansen, 2001). In that study, 78% of the stream sections and 59% of the stream lengths surveyed

were �rst order, and the total stream network length for the study area was 4670 km. Analysis of

the USGS topographic maps showed that the 1:24,000 scale blue line network was 970 km in length

(1/5th of observed network), and the 1:100,000 scale network was 650 km in total stream length

(1/7th of observed network). The implication contained in this work is that most �rst, second, and

third order streams are not represented on topographic maps. Omissions of headwater streams from

these maps greatly limit the accuracy of resource planning initiatives directed toward protection of
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riparian and stream ecological functions.

In comparing �eld-derived stream lengths to those on USGS topographic maps, work in

Oregon showed that the �eld survey method estimated stream lengths to be six percent longer than

map based estimates (Firman and Jacobs, 2002). In one eastern Kansas region,Heine et al.(2004)

found that USGS topographic map blue lines under-represented the true stream network by 64%.

The map showed the study catchment to be �rst order, when in fact it was a third order basin. In

a characterization of headwater catchments in West Virginia, the USGS topographic map depicted

12 catchments as having intermittent streams where in actuality, 36 catchments had intermittent

or perennial streams (Paybins, 2002). In the U.S., 75% of the streams are classi�ed as headwater

streams yet 80% of these streams are estimated to be undocumented (Fritz et al., 2004).

Werritty (1972) suggested that three sources of map error can lead to inaccurate represen-

tation of stream networks: (1) omission of exterior links changes the topology of the entire network,

(2) upstream or downstream change in the location of the source (origin) causes link lengths to vary,

and (3) inclusion of links that do not exist in reality changes the topology of the entire network.

Schneider(1961), in a review of Morisawa's work, pointed out that Morisawa's stream

network comparisons were done at two map scales, 1:24,000 and 1:62,500, which created dif�cul-

ties in making comparisons with actual stream networks. He used her data to compute drainage

density indices, utilizing a different type of statisticalanalysis (ANOVA).Schneider(1961) demon-

strated that little correlation existed between drainage densities computed from map blue lines or

contour crenulations and those calculated using �eld-observed network lengths. In later research,

Morisawa investigated the validity of Horton's laws applied to drainage networks in the Pennsyl-

vania Appalachian Plateau (Horton, 1945). Accurate results were only obtained by laborious �eld

surveying of streams and resulted in the con�rmation of Horton's laws governing horizontal aspects

of geomorphic characteristics of stream networks (Morisawa, 1962).

Coffman et al.(1972) used locally produced, detailed drainage maps to test the theory
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that stream order cannot increase until some threshold number of segment lengths and numbers

has been reached. That theoretical relationship was con�rmed by analysis of the large scale maps

produced for the study.Coffman et al.(1972) demonstrated that mass produced, generalized carto-

graphic products, such as the USGS topographic map series, are unsuitable for any type of detailed

geomorphic analysis. In another situation where streams were locally surveyed in southern Indiana,

Coats(1972) demonstrated that a 1:600 scale map showed 16 distinct �rstorder streams whereas

the USGS topographic map showed only one. Furthermore, the study showed that USGS maps

rarely depict �rst order channels and seldom depict second order channels.Coats(1972) also noted

that locally surveyed stream lengths are three to �ve times longer and drainage densities 20 to 66%

larger than those derived from the USGS maps.

In a similar geomorphic characterization of a watershed in the San Dimas Experimental

Forest in California, blue lines on a USGS 1:24,000 scale topographic map were compared to �eld-

surveyed streams (Maxwell, 1960). In one catchment, eight �rst order channels were surveyed

whereas the USGS map depicted only one �rst order channel. The USGS map incorrectly positioned

�rst and second order channels. The author commented that much of the �eld mapping seemed to

have been accomplished without the surveyor leaving the ridge crests.

Bauer(1980) characterized headwater streams as “. . . the building blocks of the water-

shed and deliver in sum the greatest amount of runoff and in most cases also the sediment of the

system.” He also concluded that �nding the true length of �rst order streams was problematic, as

the true drainage network is not depicted on 1:24,000 scale maps which often completely omit �rst

order streams. Calculation of drainage densities will varybased on the scale of the map used from

which channel lengths are obtained (Gregory and Gardiner, 1975).

In analyzing the effects of map scale on hydrologic models,Miller et al. (1999) showed

obvious differences between 1:12,000 scale, 1:24,000 scale, and 1:62,500 scale maps in the mea-

surement of number of streams, stream order, and network complexity. In a detailed analysis of map-
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based and �eld-surveyed geomorphometric measures,Mark (1983) compared seven �eld-measured

variables to 13 map-measured variables such as basin area, relief, slope gradient, and stream length.

Few correlations between map-and �eld-based measurementsexisted that explained more than 50%

of the variance between the indices calculated from the two data sources. Mark attributed this result

to the fact that most drainage basins depicted on maps have been cartographically generalized and

that they often contain more �uvial channels than shown.

In a comparison of stream lengths measured from various map sources, the problem of

determining the length and source of headwater streams has been identi�ed as the most challenging

to geomorphologists (Mueller, 1979). Montgomery and Foufoula-Georgiou(1993) found that the

USGS topographic map depicted only two �rst order channels where seven actually existed in a

watershed near San Francisco. They also concluded that appropriate parameters for determining the

upslope extent of headwater networks can only be determinedby �eld measurement.

The discrepancy between existing and mapped streams was also highlighted by research

conducted at the USDA Forest Service, Coweeta Hydrologic Laboratory in western North Carolina.

The USGS 1:24,000 scale maps show 24 km of streams within the Coweeta Laboratory property,

whereas a more detailed, locally produced 1:7,200 scale mapshows 56 km of streams. Conse-

quently, 185 papers on small watershed research at this facility have focused on streams that were

not represented on government maps (Meyer et al., 2005). Meyer et al.(2005) point out two factors

that may lead to the poor representation of headwater channels, the extreme variability in state and

federal de�nitions for the classi�cation of intermittent streams and the fact that little societal value

has been placed on the functions of these streams. In mountain regions of North Carolina, 1:24,000

scale USGS topographic maps show few headwater streams, often only depicting 30% of the true

headwater network (Flebbe et al., 1996).

There has been little quantitative investigation into the accuracy of published of stream

maps compared to ground truth survey data. Thus, there is no direct measure of uncertainty as-
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sociated with various blue line products (Smith and Hermann, 2006). Despite their high number,

Smith and Hermann(2006) assert that headwater streams are the least mapped and thisde�ciency is

related to loose de�nitions of channel origins. Even when USGS blue lines are extended with aerial

photography, there is commonly no ground-truthing to substantiate those efforts.

3.2.2 Stream Representation Standards

The determinant factor in the accuracy of stream networks shown on maps is the im-

plementation of standards that determine when and where a stream is included in the published

product. Standards used in producing the current map products vary among cartographic agencies

and among cartographers within agencies. The literature onthis topic indicates that these products

were not intended for use in assessing the true extent of low order, headwater stream networks.

In a comprehensive review of stream mapping standards used by various U.S. agencies,

signi�cant differences were found in the standards by whichboth perennial and intermittent streams

are drawn on maps (Drummond, 1974). Drummond(1974) noted that USGS standards claim to

include all perennial and intermittent streams yet the headwaters must terminate 304.80 m (1,000 ft)

downstream from the drainage divide and only intermittent streams greater than 609.6 m (2,000 ft)

in length were considered. The USDA Soil Conservation Service (SCS) (now NRCS) limited both

stream types to 6.35 mm (0.25 in) of map length. The U.S. Department of Interior (USDI) Bureau

of Land Management (BLM) limited intermittent streams to 0.80 km (0.5 mi) or greater in length

on published maps.Drummond(1974) further suggested that BLM maps generally only include

every other intermittent stream in areas with high stream density, and that large scale topographic

maps should be used with caution in stream research.

There are no published �ndings on the accuracy and usefulness of streams depicted on

USDA NRCS soil survey maps. However current standards for including streams on soil survey

maps state that any stream type be included if longer than 12.70 mm (0.5 in) at 1:12,000 or 1:24,000
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scale (USDA, 2005).

Procedures for USGS cartographers that guide the inclusionof streams on topographic

maps state speci�cally that: (1) “all perennial streams arepublished regardless of length,” (2) “All

intermittent streams are published that are longer than 609.6 m (2000 ft),” and (3) “In general, head-

water drainage shown on the published map should terminate no higher than about 304.8 m (1,000

ft) from the divide, or at the upper con�uence of streams, whichever appears most appropriate.”

(USGS, 1980).

Stream network depiction standards for USGS and USDA ForestService Single Edition

Quadrangle Maps state that a stream or river shall only be shown if greater than 762 m (2500 ft) in

length or if it is known to be perennial in an arid region (USGS, 2003). The same guidelines state

that if the origin of a stream or river feature is closer than 304.80 m (1000 ft) from the drainage

divide, the map origin must terminate 304.80 m (1000 ft) fromthe drainage divide.

3.2.3 Impact of Cartographic Generalization

Cartographic generalizations used to represent complex real-world features, such as stream

channels, introduce a certain amount of error on published maps. Generalization of map features,

such as stream blue lines, can profoundly reduce the accuracy of mapped streams, further reduc-

ing their usefulness in implementations of regulatory policies and hydrologic model assessments

(Veregin, 2000).

Also contributing to under-representation of stream networks is cartographic feature dis-

placement in order to prevent overlap of symbols and/or labels (Mcmaster, 1987b). Other factors

in�uencing cartographic line generalization included simpli�cation, smoothing, and enhancement.

A fair amount of variation exists in the generalization of mapped streams among various cartog-

raphers involved in manual creation of map lines. Such variation can be attributed to differences

in skills, working conditions, hand-eye coordination, andgeographic knowledge of the area (Mc-
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master, 1987a). Mcmaster(1987a) stated, “Even the most skilled manual cartographers wouldhave

trouble precisely replicating their results from one day tothe next.” In the process of digitizing paper

maps with mechanical instruments such as digitizing tables, Jenks(1981) identi�ed two forms of

error that lead to inaccuracies in the data: (1) psychological error which stems from the operator's

ability to consistently reproduce the same results, and (2)physiological error which describes the

tendency of the operator to experience muscle spasms and twitches which cause the digitized line

to be displaced laterally.

3.2.4 Digital Stream Maps

To meet the increasing demand for digital map products, a vast effort is underway to scan

blue lines from printed 1:24,000 scale topographic maps andcomplete a high resolution stream net-

work as part of the National Hydrography Dataset (NHD). The NHD is a combination of the USGS

digital line graph (DLG) hydrography and reach attributes contained in the U.S. Environmental

Protection Agency (USEPA) Reach File Version 3 (RF3) dataset (USGS, 2001a). The USGS DLG

hydrography is the digital representation of streams, rivers, and water bodies found on USGS paper

topographic maps. The origin of a stream or river included inthe NHD is where the feature be-

comes most evident as a channel, yet no guidance is suggestedfor the cartographic technician as to

what constitutes “evidence” of a channel (USGS, 1999). Classi�cation of perennial and intermittent

streams included in 1:24,000 scale topographic maps and DLGs often rely on information obtained

from local sources (USGS, 2002). The NHD was originally produced at 1:100,000 scale and an

on-going effort is underway to incorporate the continentalUS at 1:24,000 scale.

The NHD also contains various types of stream mapping errors. In a comparison of

1:100,000 scale and 1:24,000 scale NHD �owlines from 20 sub-basins in 18 states, the 1:24,000

scale product was found to contain about three times more linear reaches than the 1:100,000 scale

datasets for the same sub-basins (Andrews et al., 2002). The key improvement noted of the 1:24,000



60

scale data over the 1:100,000 scale was the increased representation of stream sinuosity.Veisze

et al.(1997) cited numerous errors in the 1:100,000 scale DLG and RF3 representations of channel

networks. These include: (1) omission of headwater streamsand reach segments, (2) inconsistencies

across map boundaries, and (3) inconsistencies in the depiction of arti�cial �ow paths through water

bodies.

Vector stream layers from the NHD are often used to conditiondigital elevation models

(DEMs) in order to enforce known �ow paths in the terrain surface. However, this procedure has

been shown to introduce errors when the 1:100,000 or 1:24,000 scale NHD �owlines are used with

DEMs produced at different scales and resolutions (Saunders, 1999). This problem has become

more prevalent as DEMs with higher accuracies and resolutions are being produced with elevation

data collected by airborne remote sensing platforms. However, the resolution and accuracy of the

NHD has remained �xed.

An example of a common error in depicting �rst order streams on USGS topographic

maps can be found in western North Carolina. Borderless digital mosaics of 1:24,000 scale USGS

topographic maps, by county, can be obtained from the N.C. Department of Transportation Geo-

graphic Information System (GIS) distribution center (http://www.ncdot.org/it/gis/). The digital

format allows GIS software examination of the continuity ofstream blue lines as they cross quad-

rangle boundaries. Common errors associated with these maps typically involve stream blue lines

at map boundaries as shown in an example in Transylvania County, NC (Figure3.1). The northern

quadrangle (Shining Rock) shows three �rst order streams originating from Brushy Mountain, how-

ever, the streams abruptly terminate at the boundary of the southern quadrangle (Rosman). Along

the entire north/south boundary of the two map sheets, 12 streams are terminated in this manner,

some of them third order at the point of termination. Streamscrossing the south, east, and west

map quadrangle borders (Rosman) did not exhibit this tendency. This type of omission error, found

on USGS maps throughout North Carolina, may be attributed either to differences in map publi-

http://www.ncdot.org/it/gis/
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cation dates or different cartographers working on adjacent quadrangles, using different mapping

techniques (Plastino et al., 2000).

Figure 3.1: Stream omission error on USGS topographic maps,Shining Rock (North) and Rosman
(South) Quadrangle, NC.

3.2.5 Calculation of Hydrologic Indices Using Blue Lines

Accurate representation of channel networks is fundamental to reliable hydrologic analy-

ses. Many different types of watershed hydrologic and waterquality prediction models are designed

to use stream network parameters that are derived from current inaccurate digital mapping products.

In a characterization of hydrologic response time based upon varying degrees of input

parameter scale,Mohamoud(2004) stated that channel length is positively correlated to travel time,
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with longer channel networks exhibiting longer times of concentration and recession periods.

Of particular interest to decision makers is the calculation in ungauged watersheds of

stream discharge parameters, such as peak discharge volumes and times, to assist with the design of

infrastructure projects or the development of Total Maximum Daily Loads (TMDLs). The USEPA

software system for runoff and water quality prediction, Better Assessment Science Integrating

Point and Nonpoint Sources (BASINS) (USEPA, 2001), contains two watershed hydrologic and

water quality models to assist in the development of TMDLs: (1) Hydrological Simulation Pro-

gram: FORTRAN (HSPF) (Donigian, Jr. et al., 1984), and (2) The Soil and Water Assessment

Tool (SWAT) (Arnold et al., 1993). One of the major inputs for BASINS is reach length, often

obtained from the NHD. SWAT has been found to be sensitive to channel length which is used

in the calculation of travel time (channel length divided byvelocity) (Yen and Lee, 1997; Spruill

et al., 2000). With regard to the development of TMDLs, SWAT has been shown to be sensitive

to sediment transport parameters which are linked to reach length. Uncertainty in the true length

of the stream network therefore contributes to uncertaintyin TMDL development (Benaman and

Shoemaker, 2004). Variations in channel slope and drainage density, both derived from channel

length, in�uence sediment yield predictions in SWAT (Jha et al., 2002). In calibrating fecal col-

iform transport models, researchers have suggested that uncertainty in hydrologic parameters such

as the source of reach length may alter model prediction (Paul et al., 2004).

Many widely used hydrograph prediction models are derived from unit hydrograph (UH)

theory, based upon gauged watersheds (Sherman, 1932). The UH theory has been further re�ned

to produce hydrographs for un-gauged watersheds based on catchment geomorphology (Snyder,

1938; Gray, 1961). Clark (1945) developed a space-time rainfall component to the UH resulting

in what is known today as the instantaneous unit hydrograph (IUH) (Chow, 1964). Rodriguez-

Iturbe and Valdes(1979) added a geomorphologic component to the computation of theIUH by

relating Hortonian indices (Horton, 1945) to IUH output, an approach popularly referred to as the
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geomorphologic instantaneous unit hydrograph (GIUH) (Gupta et al., 1980). Input parameters for

the GIUH which depend on the accurate determination of stream length and order from available

data sources include: (1) length of longest stream (Nash, 1957, 1959, 1960), (2) travel time in higher

order channels to determine �rst order channel travel time (Rodiriguez-Iturbe et al., 1982), and (3)

channel network structure (Rinaldo et al., 1993).

Gandol� and Bischetti(1996) showed that the source of stream data used for the calcu-

lation of link and Hortonian-based indices, which serve as exponents in the calculation of GIUH,

had a signi�cant effect on the output of the GIUH. The GIUHs derived from DEM generated and

�eld-observed stream networks were relatively similar, but the model results differed signi�cantly

when using stream networks derived from aerial photo interpretation and map blue lines.Gandol�

and Bischetti(1996) demonstrated that signi�cant differences exist in network geometries of stream

networks obtained from different sources, and that these differences introduce signi�cant effects

on geomorphological indices used in the calculation of unithydrographs. Furthermore, it was dis-

covered in this particular research that blue lines on a 1:24,000 scale USGS map had the greatest

number of channel omissions.Yen and Lee(1997) proposed that in the absence of highly accu-

rate and detailed source data it is dif�cult to estimate the degree of uncertainty in GIUH output.

Kumar et al.(2002) found that stream �ow peak values derived from the Clark GIUH model were

most sensitive to length of the highest order stream and concluded that stream lengths must be more

precisely determined in order to produce reliable �ood hydrographs.

Water surface slope (WSS) is a controlling factor in stream energy and many aquatic

metrics are linked to WSS (Knighton, 1998). In the calculation of WSS using �eld surveying tools,

USGS topographic maps and map wheels, and GIS,Isaak et al.(1999) determined that both the

GIS and map wheel methods overestimated WSS when compared toactual values obtained using a

surveying level. Both the GIS and map versions of the stream network underestimated stream length

consequently increasing the values for WSS. In a review of drainage network indices used in the
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determination of runoff predictions,Wharton(1994) summarized the problem of sources of channel

network data used in runoff models and stated that differences exist in channel representation based

upon the source of the data, the standards by which stream �owregimes are de�ned, and the scale

at which the data is published.

W SS = sin( x)h/r100 (3.1)

x = clinometer reading in degrees;

h = straight line distance; and

r = reach length.

When using the USGS blue lines to determine application of Best Management Practices (BMP)

in riparian zones in eastern Kentucky,Sveca et al.(2005) have shown that errors in USGS stream

classi�cation can lead to either costly implementations ofBMPs where they are not needed or no

BMPs being applied where they are most needed.Schuller et al.(2001) found that when developing

stream buffer plans, locations of streams to be potentiallybuffered can only be determined by �eld

survey as 1:24,000 scale topographic map blue lines do not show all perennial and intermittent

channels, nor do they accurately portray the transition between the two �ow regimes.

In an attempt to determine the linear extent of functionallysigni�cant headwater streams

in Ohio, researchers found that the U.S. Environmental Protection Agency (EPA) reported 70,677

km of streams in Ohio whereas the Ohio EPA listed 185,074 km ofheadwater streams derived

from soil survey maps (Rankin, 2005). The author pointed out that Ohio has the ”most extensive

biological database on streams and rivers in the United States.” With Ohio cataloging some streams

with drainage areas as small as 776 ha, it is obvious that there is some discontinuity among states in

both classi�cation of streams targeted for protection and impaired streams required to be reported

in accordance with sections 303(b) and 303(d) of the CWA.

In targeting areas to establish potential buffer zones for water quality improvement, satel-
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lite data acquisition can be used to classify sources of erosion in riparian corridors. Critical to

the data processing reduction and the identi�cation of potential riparian zones is the inclusion of

stream network location data.Christianson et al.(2005) found that NHD blue lines for all of Major

County, Oklahoma, incorrectly classi�ed all streams as perennial and that aerial photography and

locally produced map analyses were required to accurately depict the stream network used in the

prediction of adversely impacted riparian corridors. Research completed within the city of Raleigh,

North Carolina found that USGS 1:24,000 scale maps are not suitable for riparian buffer analyses

(Halley, 2002).

3.3 Conclusion

Published stream maps have been shown to be problematic whenused in analysis consid-

ering the true extent of headwater stream networks. They have been shown to under-represent low

order stream position and length, a possible result of map publication standards and discontinuity

between maps belonging to a single series. Therefore, the use of these maps can hinder the decision-

making process in natural resource management due to the uncertainty associated with model output

such as riparian buffer locations and peak �ow rates, and using stream layers as input data that do

not depict the true channel network. Watershed management decisions area further complicated by

the number of watershed hydrologic models currently available that use stream length and location

in the landscape as an input variable. It is important to notethat accuracy in hydrologic models is

not uniquely dependent upon accurate representation of thestream network for results to replicate

observed conditions. Other map inputs can be the source of uncertainty in model predictions such as

the spatial uncertainty in the mapped boundaries of soil mapping units, measures of relief, distribu-

tion (or lack thereof) of rain gauges, and determination of initial conditions. But it is clear that some

of the more widely used hydrologic models (SWAT, BASINS, GIUH) are sensitive to incorrect data
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on channel geometry (stream length, order, and associated indices). Such inaccuracies can result in

signi�cant tweaking of these models during the calibrationprocess, possibly introducing undetected

errors in other outputs.

Due to the spatial variability of watershed characteristics, distributed hydrologic models

are the most commonly used in hydrologic engineering. Thesemodels require detailed representa-

tion of the watershed drainage structure (Turcotte et al., 2001). Suitable stream network location

data can be obtained from the delineation of drainage networks using DEMs. A great deal of re-

search has investigated the suitability of DEM-derived drainage networks for use in geomorphology

and hydrology (O'Callaghan and Mark, 1984; Jenson and Domingue, 1988; Tarboton et al., 1991;

Wharton, 1994; Jones, 2002). Increasingly, DEMs have become the sole source of channello-

cation information for hydrologic models such as SWAT (Chaubey et al., 2005), and HEC-HMS

(Knebl et al., 2005). Several tools have been developed for the sole purpose of extracting channel

location from DEMs with a variety of de�nable parameters governing �ow routing and channel

initiation (Tarboton, 2005). DEMs are now produced with better technology, accuracy, and reso-

lution (Hodgson et al., 2003; Wang and Liu, 2006). Light detection and ranging (LIDAR) DEMs

available for North Carolina (NCFMP, 2003) are providing researchers and administrators unprece-

dented accuracy in the representation of topographical features that govern channel formation and

the delineation of stream channel networks (Mouton, 2005).

A recent Supreme Court decision (Rapanos v. United States, No. 04-1034) established

that the United States Army Corps of Engineers can exercise jurisdiction over a wetland under the

provisions of paragraph 404 of the CWA, (42 U.S.C. paragraph1344), only if that wetland has a

”signi�cant nexus” to a navigable water. Nexus was de�ned tobe relatively permanently �owing

(perennial) waters and that the Corps has no jurisdiction over ephemeral or intermittent waters.

The rami�cations of this decision will be staggering to those tasked with the preservation of water

quality in the United States. Omission of headwater streamsfrom government produced maps have
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made an impossible task of determining the true extent of waters impacted by this decision, as many

headwater, and likely intermittent streams are not shown onany maps.

DEM-generated stream networks are not currently used for regulatory purposes in North

Carolina. Disparity exists among methods for determining terrain characteristics such as �ow direc-

tion (Gallant and Wilson, 1996) and the determination of channel origin from DEMs (Gandol� and

Bischetti, 1997). However, stream networks automatically delineated fromDEMs are now com-

monly used in many hydrologic models as a replacement of map blue line inputs. Consequently,

despite the recent advance in the acquisition of terrain data and its incorporation into hydrologic

models, stream management decisions continue to rely on small scale maps which are inappropriate

for use in situations where detailed representation of the stream network is required. To this effect,

efforts are now being made to quantify the ability of LIDAR technology to accurately depict stream

channels. Further investigation is in process as part of this project to build upon the knowledge base

of �ow direction and channel initiation methods in order to make their use acceptable to regulatory

agencies in lieu of paper maps or their digital equivalent.
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Chapter 4

Mobile GIS
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4.1 Abstract

Riparian buffer protection rules for select river basins inNorth Carolina require �eld iden-

ti�cation of intermittent and perennial stream origins. Stream evaluations by consultants and state

agencies utilize geomorphologic, hydrologic, and biologic indicators in a point-ranking format. In-

formation pertaining to origin location and characteristics is recorded on paper but rarely entered

into a computer. This study applied modern geographic information technology to create an ef�-

cient system for recording, analyzing, and presenting stream types and locations for riparian buffer

applications. The mobile GIS application for �eld data input was developed by integrating GPS

and touch-screen hand-held computer systems. Spatial and attribute data from the mobile applica-

tion were then integrated with a geodatabase maintained on an Oracle database. Advantages of this

mobile hydrologic information system allow for the transfer of geographic data directly from the

hand-held application using broadband wireless technology. These systems also reduce the time and

cost of data input, storage, and transfers between collecting agencies and the public. Additionally,

the database schema for storage of stream origin and stream network features are compatible with

the Arc Hydro and the NHD geodatabase models.
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4.2 Introduction

Stream “blue lines” depicted on United States Geological Survey (USGS) topographic

maps, are used to identify the locations of stream channels and are widely used in regulatory and

planning purposes. However, exclusion of a high proportionof �rst and second order streams, along

with the reduced positional accuracy of smaller streams on these maps limits the effectiveness of

these sources in determining stream locations, types, and origins for planning and regulatory pur-

poses. Historic work by (Morisawa, 1957) and (Mark, 1983) concluded that the majority of �rst

and second order channels are not found on topographic maps and suggested that the map “blue

lines” of smaller streams positions are highly subjected tocartographic generalizations and drafting

errors when compared to �eld veri�cations.Heine et al.(2004) compared automated geographic in-

formation systems (GIS) stream mapping approaches and discovered that USGS topographic maps

underrepresented streams when compared to digital stream extraction methods.

Poor map accuracy of headwater stream networks affects management decisions which

depend upon stream location and classi�cation. Quali�ed personnel must conduct site visits to lo-

cate, classify, and document the streams. Intermittent andperennial stream origins and �ow regime

transitions are usually marked for further surveying. However the exact locations of these streams

are often not digitally recorded during agency surveys as a result of time, cost, and labor limita-

tions. The North Carolina Division of Water Quality (NCDWQ)conducts an estimated 600 stream

origin and type determinations each year. Few determinations are recorded with global positioning

systems (GPS) for developing relationships with other spatial layers (geology, soils, slope, land use,

etc.). As a result, it is often dif�cult to perform statistical analyses on important catchment factors

that in�uence the location of these unmapped streams. Such data are needed to establish channel

initiation thresholds for stream networks extracted from digital elevation models (DEM). These data

are especially needed for the investigation of the variations of �rst order catchment and stream ori-
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gins across physiographic provinces, as having an accuratenumber of streams and their locations is

critical in determining local and regional in�uences on channel formation processes.

Three stream types (ephemeral, intermittent, and perennial) have typically been de�ned in

accordance with annual �ow duration or �ow duration plus water sources (Hansen, 2001). However,

only the perennial and intermittent stream types are currently identi�ed by the stream identi�cation

standards for the National Hydrography Dataset (NHD). Perennial streams contain water throughout

the year, except for periods of extreme drought. Intermittent streams contain water for only part of

the year, but for more than just after rainstorms and at snowmelt events (USGS, 2000). For purposes

of Clean Water Act Section 404 permits, the U.S. Army Corps ofEngineers de�nes intermittent and

perennial streams in terms of �ow duration and groundwater contribution to �ow (USACE, 2002).

For application of riparian buffer rules, the North Carolina Division of Water Quality (NCDWQ)

developed de�nitions for all three stream types in relationto the geomorphologic, hydrologic, and

biologic characteristics of the channel (NCDWQ, 2005).

Various methods have been utilized by private, state, and federal agencies for the deter-

mination of intermittent and perennial stream origins. TheUSGS in Massachusetts used a logistic

regression procedure to predict the probability of a streambeing perennial or intermittent based

on drainage area, drainage density, mean basin slope, percent of strati�ed drift deposits, and basin

location (Bent and Arch�eld, 2002). Sveca et al.(2005) made the distinction between perennial and

intermittent �ow based on calculated values of watershed area, width-to-depth ratio, entrenchment

ratio, and stream channel slope gradient. However a uni�ed method for determining intermittent

and perennial stream origins still does not exist. In a studyin the Northwest Cascades mountains,

most headwater streams were considered to be intermittent if they lay within 100 m of the channel

head, and a 21 acre drainage area represented a minimum threshold for a perennial stream (Veld-

huisen, 2004). In the Southern Appalachians,Rivenbark and Jackson(2004) used drainage area

and channel width to de�ne perennial �ow. In North Carolina,NCDWQ and other state agencies
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currently utilize a methodology with 29 ranked indicators covering geomorphologic, hydrologic,

and biologic characteristics to assist in the �eld identi�cation of intermittent and perennial stream

origins. In addition, the state of North Carolina uses the assessment of benthic macroinvertebrates

as an option for identifying perennial stream origins (NCDWQ, 2005).

Advances in computing technology have provided a number of solutions to the challenge

of locating, classifying, and digitally mapping headwaterstreams. Geographic Information Systems

have been utilized to predict and generate locations of stream networks with a high degree of re-

liability in the accuracy of these data sets when using them as part of impact assessment models

(Clarke, 2004). Still newer advances, such as digital elevation models derived from Light Detec-

tion and Ranging (LIDAR) data, provide high-resolution topographic representations which further

increases the accuracy of modeled stream networks (Restrepo and Waisanen, 2004). The availabil-

ity of low-cost Personal Digital Assistants (PDA) and smallfootprint GPS receivers has led to a

variety of hand-held mobile GIS-enabled platforms that canrecord positional information, as well

as integrate various spatial attributes witnessed and veri�ed while the investigator is still in the

�eld. Recent applications in mobile GIS have ranged from: (1) developing a hand-held platform

to locate airport pavement distress (Huang et al., 2005), (2) delineating lithostratigraphic structures

in the �eld (Briner et al., 1999), (3) publishing spatial data to �eld devices utilizing wireless net-

works (Vivoni and Camilli, 2003; Casademont et al., 2004) (4) viewing satellite imagery of real

time position while in transition across the terrain (Dobson, 2001), (5) writing positional data to

digital photographs (Spinellis, 2003), (6) supporting archeological surveys (Ancona et al., 1999),

(7) teaching students scienti�c �eld procedures (Armstrong and Bennett, 2005), and (8) guiding

blind pedestrians (Golledge et al., 1998).

As mobile technology permeates the scienti�c community, some traditional limitations

have been alleviated while new ones must still be overcome. For example, as wireless hardware

achieves exponential gains in output power, battery technology has not kept pace with wireless
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power consumption (Simunic, 2005). Physical constraints such as battery life, combined withthe

effects of environmental conditions such as rain and heat limit the usefulness of mobile devices

in harsh and remote locations (Fong et al, 2003). However, the convenience of having a mobile,

�eld-ready solution outweighs these limitations.

Spatial data collected with heterogeneous mobile platforms can be shared easily among

decision makers and server platforms, highlighting the issue of semantic interoperability of data

schema (Harvey et al., 1999). Development of a mobile GIS platforms requires a comprehensive

understanding of the data to be collected and the semantics of how the data will be used (Pundt,

2002). These constraints have been satis�ed in a mobile GIS platform supporting geological �eld

mapping (Brodaric, 2004). The FieldLog application developed byBrodaric(2004) utilizes a design

that incorporates interoperability between the user interface on the mobile device and the database.

Such standardization allows for easy use of the mobile system and the ability to perform data anal-

yses without the need to modify data dictionaries. Integration between remote devices and central

data storage via communication protocols allows for the ability to implement real time situation

monitoring, which enhances the response time during disaster management scenarios (Erharuyi and

Fairbairn, 2003).

A mobile stream identi�cation system was designed in this study to facilitate ground truth

surveying of headwater stream networks and the developmentof digital stream mapping methods.

However, this system is also well suited for routine stream determinations for planning and regu-

latory purposes. For stream network mapping, the system records point locations and descriptive

data for various elements of a stream network. The client side architecture of the mobile GIS incor-

porates the 29 characteristics used by NCDWQ to identify andclassify stream origins in the �eld.

Spatial information, collected and entered in the �eld, canthen be wirelessly transmitted or manu-

ally uploaded to an enterprise database system. Information collected with this system can then be

used to develop methods for determining channel initiationthresholds necessary for automatically
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generating stream networks across North Carolina. Furthermore, this system may also be used to

collect other pertinent data pertaining to stream networks(e.g. locations of channels, con�uences,

culverts, etc.) to asses the horizontal accuracy of automatically generated stream networks.

4.3 System Design

The principle requirement of the stream identi�cation mobile GIS is that information

pertaining to the 29 NCDWQ indicators of stream origin type can be written to a shape�le along

with a unique identi�er. The hardware component consists ofa Hewlett Packard 5150 hand-held

computer running MS Windows Pocket PC 2003. ESRI's ArcPad 7 was installed and con�gured

to interface with an external GPS. The ArcPad program servesas a scaled-down version of ESRI's

ArcMap desktop GIS and is speci�cally designed to run on mobile devices with minimal hardware

requirements. ArcPad additionally allows for basic editing of spatial data and basic map functions.

The computer is contained within a ruggedized and waterproof case. This system was originally

designed to interface with a mapping grade Leica GS50 GPS system via a serial data cable; however,

the 5150 has also been successfully deployed with GPS units that output the standard National

Marine Electronics Association (NMEA) GPS transmission protocol via Bluetooth wireless or a

serial port (e.g. Trimble GeoXT).

During the course of this study the hand-held computer was also interfaced with several

recreational type GPS units (such as Garmin and Magellan), which are capable of mapping grade

precision (Hill et al., 2001). However, various serial port receptacles among models bydifferent

manufacturers required a separate cable for each device. Through trial and error it was discovered

that it was best to attach a stand-alone Bluetooth transmitter to the GPS device, thus eliminating the

need to maintain lengthy cables which also proved cumbersome while operating in rough environ-

mental conditions.
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To improve GPS performance in dif�cult operating environments (steep terrain, dense

brush, and tree canopies) typical of stream surveying, antenna cables were constructed using high

quality cabling and connectors which reduced some of the signal loss. Mounting the GPS antenna on

an extendable �berglass poles allowed for a better “view” ofthe satellite constellation. The mapping

grade GPS system, enclosed in a backpack and a Bluetooth antenna to send standard NMEA signals

to the hand-held device, allowed for the positioning of the GPS device at a stationary location. The

stream assessor could then move throughout the stream origin area observing and recording stream

attributes on the hand-held device while the GPS unit continued to transmit position data to the

PDA.

To make stream type and origin determinations for riparian buffer rule applications, NCDWQ

employees utilize a form to assign values to each of 29 geomorphologic, hydrologic, and biologic

characteristics of the stream segment being surveyed (Table 4.1). The sum of the points are used to

assist the evaluator in making stream type determinations where a minimum of 19 points represents

an intermittent stream and a minimum of 30 points representsa perennial stream.

Table 4.1: North Carolina Division of Water Quality Stream Iden-
ti�cation Form. Version 3.1

Date: Project: Latitude:
Evaluator: Site: Longitude:
Total Points:
Stream is at least intermittent
if � 19 or perennial if� 30

County: Other e.g. Quad Name:

A. Geomorphology (Subtotal = ) Absent Weak Moderate Strong
1. Continuous bed and bank 0 1 2 3
2. Sinuosity 0 1 2 3
3. In-channel structure: rif�e-pool se-
quence

0 1 2 3

4. Soil texture or stream substrate sorting 0 1 2 3
5. Active/relic �oodplain 0 1 2 3
6. Depositional bars or benches 0 1 2 3
Continued on Next Page. . .
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Table4.1 – Continued
A. Geomorphology Absent Weak Moderate Strong
7. Braided channel 0 1 2 3
8. Recent alluvial deposits 0 1 2 3
9. Natural levees 0 1 2 3
10. Headcuts 0 1 2 3
11. Grade controls 0 0.5 1 1.5
12. Natural valley and drainage way 0 0.5 1 1.5
13. Second or greater order channel on
existingUSGS or NRCS map or other doc-
umented evidence.

No = 0 Yes = 3

Man-made ditches are not rated; see discussions in manual
B. Hydrology (Subtotal = ) Absent Weak Moderate Strong
14. Groundwater �ow/discharge 0 1 2 3
15. Water in channel and> 48 hrs since
rain,or
Water in channel – dry or growing season

0 1 2 3

16. Leaf litter 1.5 1 0.5 0
17. Sediment on plants 0 0.5 1 1.5
18. Organic debris lines or piles (wrack
lines)

0 0.5 1 1.5

19. Hydric soils (redoximorphic features)
present?

No = 0 Yes = 1.5

C. Biology (Subtotal = ) Absent Weak Moderate Strong
20. Fibrous roots in channel 3 2 1 0
21. Rooted plants in channel 3 2 1 0
22. Cray�sh 0 0.5 1 1.5
23. Bivalves 0 1 2 3
24. Fish 0 0.5 1 1.5
25. Amphibians 0 0.5 1 1.5
26. Macrobenthos (note diversity and abun-
dance)

0 0.5 1 1.5

27. Filamentous algae; periphyton 0 1 2 3
28. Iron oxidizing bacteria/fungus. 0 0.5 1 1.5
29. Wetland plants in streambed FAC=0.5 FACW=0.75 OBL=1.5 SAV=2.0 Other=0

The NCDWQ stream identi�cation method was used to develop a digital template for the

mobile stream identi�cation system. Using ESRI's ArcPad Application Builder software, a graphic
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interface was created to include each of the NCDWQ stream characteristics. To assist ease of use in

the �eld, a drop down menu was also incorporated into the interface to allow users the convenience

of selecting “Absent,” “Weak,” “Moderate,” or “Strong” rankings of each characteristic indicating

the presence and degree of feature development. In some cases, the choices of “Yes” and “No” were

used if the indicator is ranked only by whether it is present or not. Each choice was mapped to a

numeric value which ranged in ascending or descending order. For example, the “Strong” presence

of �brous roots in the stream channel indicates lack of perennial �ow and therefore is assigned 0

points. Inversely, the “Strong” presence of head-cuts is anindicator of perennial �ow and receives

a value of 3.

Once the user has assigned values to each of the 29 stream identi�cation indicators, a

Visual Basic script calculates the total points of all indicators and returns the stream origin type to

another �eld. The user could then specify whether the streamcould be classi�ed as a natural stream,

a modi�ed channel or a drainage ditch, and if the origin transition type was from an ephemeral

stream, a wetland or a storm water out�ow. The PDA's stylus isthen used to input additional

information pertaining to the site, such as county name, anda unique identi�er for the point labeled

“Reach Code.” To guarantee that the reach code entered was numbered one higher than the last,

code was inserted into the application that automatically incremented the reach code each time

the form is opened. A time and date stamp was also written to the shape�le for the purpose of

matching stream origin locations to digital pictures takenat each site. This feature is signi�cant

when conducting a multi-day survey involving dozens of stream origins. ArcPad 7 included an

extension for adding position information to the digital photo, which reduced the amount of time

required to match digital photographs to their respective origins. Coordinates for the stream origin

are recorded in NAD 1983 State Plane North Carolina FIPS 3200(feet). With a position update rate

set to 2 seconds on the GPS receiver, ArcPad was con�gured to use an average of 90 points for the

“Point in Channel” feature class and 180 points for the “Stream Origin” feature class. The feature
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coordinates are computed as the average of all positions. Ifan attempt was made to close the feature

before the default averaging value had been reached, the user is noti�ed by a warning that position

determination is not complete.

Additionally, GPS signal quality information, such as the number of satellites observed

during the logging interval, Position Dilution of Precision (PDOP), Horizontal Dilution Of Precision

(HDOP) values, and type of GPS �x (uncorrected, differentially corrected, real time kinematic) are

recorded. All stream attributes including the value for each indicator were stored in a shape�le on

a Secure Digital (SD) card. Observations concerning the characteristics of the stream origin such

as terrain type, dominant landforms, vegetative cover, andaquatic insect assemblages could also be

recorded with the notebook application built into the PDA. Application screens available during the

digital classi�cation process are depicted in Figure4.1.
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Figure 4.1: Stream ID application: (a) topographic map background, (b) attributing stream origin
features, (c) determining origin type, and (d) labeled stream origin.

An additional feature class necessary to complement the surveying of headwater stream

networks was con�gured to be used with the mobile application. In order to assess the hori-
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zontal accuracy of current map products as well as digitallyproduced ones, it was necessary to

record point features pertaining to the location and character of the stream network in the feature

class “StreamPoint.” Table4.2 summarizes features recorded with the mobile GIS. As with the

“StreamOrigin” feature class, the auto-increment code was reused to automatically populate the

reach code �eld each time the form was opened. Reach codes forstream points were coded so

that study site and day of survey could be ascertained from the number. The same code that was

used to record GPS signal information for stream origins wasutilized and all stream point data was

recorded as a shape�le on the SD card.

Table 4.2: Stream Point Attribute Types
Attribute Name Coded Value
Point in channel 91000
Watershed mouth 91003
NGS benchmark 91009
Bridge 31800
Connector 33400
Dam/weir earthen 34305
Dam/weir non-earthen 34306
Playa 36100
Flume 36200
Gaging station 36700
Gate 36900
Lock chamber 39800
Rapids 43100
Reef 43400
Rock 44100
Spillway 45500
Submerged stream 46100
Wall 48300
Culvert 36500
Point in Drainage ditch 91001
Con�uence 91006
Pond outlet 91002
Beaver dam 34307
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The shape�les stored on the SD card were imported into identical feature classes in an

ESRI SDE geodatabase incorporated into an Oracle 9i enterprise database. The “StreamOrigin”

and “StreamPoint” feature classes exist within the “StreamSurveys” feature dataset, which au-

tomatically assigns a default spatial reference to all dataloaded within that feature dataset. The

database schema was developed with Computer Aided SoftwareEngineering (CASE) tools using

the methodology developed byColson et al.(2006). One advantage of using CASE tools to develop

the database schema was the ability to de�ne attributes onceand use those de�nitions for multiple

features. Class inheritance allowed for the de�nition of attributes common to both features, for

example, time and date, without having to repeat the creation of those attributes for each feature

class.

Many of the attributes have coded value domains which enabled the ability to edit at-

tributes using drop-down menu choices within ArcMap, provided that a review of the digital pho-

tographs dictated such changes. A further advantage of the coded domains is that attribute values

are de�ned by the developer during the requirements analysis stage of the design process and en-

force the rule that only certain choices are presented to theuser for any attribute value. This design

greatly minimizes the risk of erroneous data entry. Using the Arc Hydro extension, a unique iden-

ti�er (HydroID) was assigned to each origin feature and local topographic variables were recorded,

such as drainage area and average slope gradient. The HydroID �eld also allowed surveyed loca-

tions (points) to be related to vector features generated bythe Arc Hydro tool. Additional attributes

were stored in the geodatabase such as project name, local environment variables taken from geo-

logic and soil layers, and yearly average rainfall. Statistical software packages, such as SAS and R,

were then con�gured to access the Oracle database to performmultivariate or principal component

analyses to determine which environmental variables most in�uence the intermittent and perennial

stream origins.

Comprehensive metadata were developed for each feature class, with detailed descriptions
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for each attribute and the possible choices for each coded value domain, as well as instructions for

classifying each of the stream origin indicators. Includedin the metadata are also speci�c software

parameters used during the GPS data post-processing steps.

An additional real time wireless server connection was developed to complement the mo-

bile nature of the hardware. This connection utilizes broadband wireless connectivity and, through

ArcGIS Server, writes attribute updates directly to the Oracle database. Upon completion of the

data input form, a Visual Basic script assembles a URL string. The URL consists of a domain

corresponding to an ARCGIS server page as a post request. TheURL string includes all the �eld

names from the stream identi�cation form and values. Each �eld name and value pair are separated

by the character ”$” and the �eld name is separated from its paired value by the ”” character. For

example, a “Weak Headcut” is represented as “$HEADCUT$1”. The script can further be used to

initialize the URL through any existing network connection. Upon successful transmission of the

post request, the ArcGIS Server page establishes a connection to an ArcSDE feature class and the

URL string is then parsed to a one-dimensional array. The server page then loops through this array

and utilizes the split method again on each cell splitting onthe ” ” character. This yields two strings

per array cell, a �eld name, and a value for the �eld. With the existing connection to the feature

class, the server page will populate each �eld in the Oracle database with the corresponding value

and repeat the loop until the array is exhausted. Utilizing this method, �eld surveyors can update

database records without having to physically return to an of�ce location. Further con�guration

would allow instantaneous access to the spatial information via a web server, which would allow

the immediate transfer of data to public or private users.
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4.4 System Application

Over an 18 month period, 9 watersheds ranging from 40 to 600 ha, and representing 4

different physiographic sub-regions in NC, were surveyed using the mobile GIS application. More

than 69 km of stream channels were were accessed via foot, four wheel drive, and boat. Table4.3

summarizes the number of origins identi�ed among Level IV EPA Ecoregion (Grif�th et al. , 2002)

and North Carolina Soil System (Daniels et al., 1999).

Table 4.3: Distribution of surveyed stream origins among physio-
graphic sub-regions of NC

Soil System
Ecoregion Carolina

Slate Belt
Felsic
Crystalline

Low and
Inter-
mediate
Mountain

Middle
Coastal
Plain

Grand To-
tal

Carolina
Slate Belt

77 77

Eastern
Blue Ridge
Foothills

28 16 44

Northern
Outer
Piedmont

22 22

Rolling
Coastal
Plain

28 28

Grand To-
tal

77 50 16 28 171

Future research is necessary to investigate the GPS stream origin data to determine the

effectiveness of incorporating variables such as hypsometric integral, source drainage area shape
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indexes, and topographic attributes such as slope and aspect, which are all derived using the drainage

boundary delineated from the origin points. Most of the datawere collected using a Leica System

500 GPS with a real time beacon and were post processed to resolve ambiguties in the computed

GPS position solutions. The remaining data were collected with a Trimble GeoXT loaded with

Trimble Shape Correct and post processed using Trimble GPS Path�nder Of�ce. Table4.4 gives

the overall PDOP, HDOP, and estimated horizontal accuracy of all points surveyed.

Table 4.4: GPS accuracy estimates
Attribute Average

PDOP
Average
HDOP

Average
Horizontal
Accuracy

Standard
Deviation

Stream Origin 4.29 2.51 .501 m .36 m
Stream Point 4.32 3.91 .521 m .44 m

Sixty-three of 171 stream origins and 395 of 2000 stream channel points did not contain

any GPS signal accuracy information. This was the result of adocumented software failure within

Trimble GPS Correct to record the GPS information within theshape�le on the hand-held at in-

termittent intervals. This error did not prevent the post-processing of the GPS data using Trimble

GPS Path�nder Of�ce. However, this software failure did inhibit the ability to make speci�c claims

about the overall estimated accuracy of the GPS coordinatesfor the entire dataset.

“Point in Channel” was the most common feature type recorded, with a point being logged

approximately every 20-40 m of channel length, with denser points being logged on highly sinu-

ous channels to represent major direction changes. The “Dam/Weir Beaver” attribute led to several

beaver ponds being thoroughly investigated with a long poleto �nd the relic stream channel. Na-

tional Geodetic Survey Benchmarks were used to compare the accuracy of the GPS unit to local

benchmarks. Wherever a culvert was encountered, regardless of size, both the upstream and down-

stream ends were surveyed with the GPS. During generation ofstream networks using DEMs for
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another phase of this research project, lines representingculverts were hydrologically enforced onto

the original DEM in order to support �ow continuity through these features (Kenny and Matthews,

2005).

The mobile GIS proved most useful as a host for displaying geographic data such as dig-

itized USGS topographic maps or aerial photography. Field users were able to locate their relative

positions in the watershed with ease by adding these raster layers as background data in ArcPad.

Also, vector reference layers such as property boundaries,roads, known stream locations, and soil

mapping units were also used to provide positional awareness of the �eld surveyors. A routine was

established where the application code and relevant rasterand vector layers were assembled in the

of�ce and stored on a SD card and a CD-ROM. A laptop computer permanently mounted in the

project vehicle provided a mechanism to reload the hand-held device in the event of a system failure

and also served as a means to upload and view survey results each day.

Stream surveys were often accomplished with two personnel,each equipped with the

stream identi�cation application, and a portable radio. Each surveyor would “leapfrog” the other

while navigating the stream channel, advancing by roughly equal intervals within the stream chan-

nel. When using the Bluetooth equipped GPS units, it was possible to temporarily con�gure the

PDA to receive a GPS signal or transfer data from the other GPSunit. This was particularly useful

in challenging �eld environments when exact location was dif�cult to ascertain with the GPS. Often

one surveyor was sent to higher ground (e.g. a tree) to get a GPS �x with one unit while another

utilized the Blue tooth signal to establish present location on the second unit.

This stream identi�cation application developed for ArcPad has been tested on numerous

mobile computing devices including tablet PCs, ruggedizedlaptop computers, and proprietary GPS

devices that use Pocket PC or Windows CE. When using GPS devices that do not receive real time

position correction through a beacon receiver, such as Trimble GEO XM, the ArcPad extension

Trimble GPS Correct is used to differentially correct the shape�le on a workstation. The digital
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stream identi�cation form has also been replicated as a proprietary Trimble and Leica data dictio-

nary. Users who cannot accommodate ArcPad in �scal operating budgets can still bene�t from the

features of a standardized interface for recording stream attributes. However, additional operations

are necessary for uploading the GPS data to the Oracle geodatabase which may prove to be more

technically challenging than the procedures described here.

Field surveys of stream networks with GPS present some of themost dif�cult operating

environments for GPS hardware. Streams exist predominantly in the bottoms of valleys, often with

steep, long slopes blocking a signi�cant portion of the horizon and thereby reducing the number

of satellites visible to the GPS unit. GPS accuracy has been shown to improve while moving from

valley to ridge survey positions (Deckert and Bolstad, 1996). “Field Season” in academia most often

take place during the summer months, which also represents the peak vegetative growing season and

therefore a time of maximum canopy cover. While manufacturer's documentation claims that GPS

performance is not in�uenced by leaf cover, studies suggestthat positional accuracy is negatively

in�uenced by high forest cover (Piedallu and Gegout, 2005), and that an increase in tree basal area

in forested areas leads to a decrease in GPS position accuracy (Naesset, 1999).

While holding a GPS receiver or in a backpack con�guration and simultaneously logging

a point, it is often dif�cult for the user to remain perfectlymotionless. This problem is magni�ed by

the logging time which can be three to �ve minutes under idealsatellite geometry, or much longer

when the satellite signal is intermittent. Consequently, the motion introduced by the user can cause

the GPS to loose satellite lock or introduce minor errors into the position computation. By extending

the hardware to include a hand-held computer connected to the GPS via cable or Bluetooth, it

became possible to leave the GPS entirely stationary allowing the freedom of movement at the

survey point. This feature became extremely useful in mountain sites where the time required to log

a satisfactory number of points for position averaging often was 30 minutes or more.
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4.5 Conclusion

With the aid of the mobile GIS a tremendous amount of information was obtained for each

stream origin in a data format that is compatible with administrative protocols set forth by North

Carolina state regulatory agencies. During preliminary surveys using the system it was discovered

that additional attributes needed to be added to the schema,such as “Contributing Area” and “Basin

Relief”. The use of the Oracle geodatabase as a central repository for project data provided an

advantage to make changes to the database schema at one location and distributed to users system-

wide. Attribute �elds mimicked output from Arc Hydro tools that are used to generate values for

those attributes. Immediately after the uploading of dailysurvey data, DWQ project managers were

able to review the information from remote locations and usethe data for multiple projects.

The ArcPad application provides the advantage of working onany computing device ca-

pable of running ArcPad 6.x or higher. The application is available for download athttp://arcscripts.

esri.com/details.asp?dbid=13735.In this study, 171 stream origins have been surveyed using this

platform with plans for approximately 400 more utilizing teams of private consultants. The mobile

GIS discussed here demonstrates how signi�cant resources,predominantly time and labor expenses,

can be saved by forward engineering many time intensive tasks. These tasks include paper record

keeping, and delivery of results into a portable client-server architecture that accomplishes all facets

of a stream survey from collection of �eld data to classi�cation and presentation of survey data by

various levels of decision makers and the general public.

The system architecture presented here can be easily adaptable to any data collection

scenario. With simple modi�cation of attribute labels and page layouts, this application could be

modi�ed to perform data collection functions such as water quality sampling, timber surveying,

public utilities inventories, and soil sampling. During emergency situations GPS data pertaining to

the location of disaster victims or dangerous areas could beseamlessly transmitted to emergency

http://arcscripts.esri.com/details.asp?dbid=13735.
http://arcscripts.esri.com/details.asp?dbid=13735.
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management personnel using Bluetooth or broadband wireless technology. Advances in wireless

technology are introducing the concept of Location Based Services (LBS). Stream identi�cation

application could bene�t from the type of application behavior that activates data entry pages as a

user approaches a stream or provides synthesized speech directions to previously mapped stream

features.

One major drawback to the system is cost. The steep per-seat cost of ArcPad puts com-

prehensive deployment of this application out of reach of budget restricted regulatory agencies.

Further re�nement of this application should include porting it to Linux-based hand-helds as well

as standardizing mobile GIS architecture for open source platforms.

Additional hindrances encountered throughout the deployment of this system revolved

around the fragility and performance of the hardware. The �eld surveyors were often hours away

from vehicles with laptop computers after frequently occurring system failures which required a

reload of the �eld background data. As previously mentioned, data cables were the most sensitive

component, and on average, a set of antenna and data cables lasted for �ve days of �eldwork.

Batteries presented another challenge, with the Leica GPS system requiring the storage of six ten-

ounce camcorder batteries. Additional batteries posed another problem in that they required toting

into the �eld, usually somewhere in the surveyors' backpackand adding a signi�cant amount of

additional weight, in addition to extra PDA batteries, radio, digital camera, cellular phone, etc.

Tripcevich, N.(2004) pointed out that “. . . scientists are bringing miniature computer labs into the

�eld and will have to tackle scripting and network problems.” The stylus used to interface with

the PDA touch screen was dif�cult to manipulate with gloved hands and often ended up lost in the

bottom of a stream. The �eld solution to that problem was easily recti�ed by using a twig. However

this adaptation resulted in permanently scratching the PDAscreens, as well as making the screens

hard to read. Despite variable brightness and contrast settings, the small screen of the hand-held

computer was often dif�cult to read in sunlight. These drawbacks, however, do not detract from the
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overall usefulness of the system when compared to the alternative, a soggy notebook.

4.6 Acknowledgements

The results reported here are part of an ongoing study “Development of LIDAR and GIS

Methods for Mapping Headwaters Streams in North Carolina,”P. I. James D. Gregory. The re-

search is a cooperative effort with the Plans and Policy Unit, Wetlands and Stormwater Branch, NC

Division of Water Quality, NC Department of Environment andNatural Resources. We gratefully

acknowledge the support of unit supervisor, John Dorney andstaff members Steve Kroeger and

Periann Russell. Funding support is provided by the NC Department of Environment and Natural

Resources and the North Carolina Agricultural Research Service, NC State University.

4.7 References Cited

Ancona, M., Dodero, G., Gianuzzi, V., 1999. RAMSES: A mobilecomputing system for �eld ar-

chaeology. In: Gellersen, H.-W. (Ed.), 1st international symposium on Handheld and Ubiquitous

Computing. Vol. 1707 of Lecture Notes In Computer Science. Springer-Verlag, London, United

Kingdom, Karlsruhe, Germany, pp. 222–233.

Armstrong, M. P., Bennett, D. A., 2005. A manifesto on mobilecomputing in geographic education.

Professional Geographer 57 (4), 506–515.

Bent, G. C., Arch�eld, S. A., 2002. A logistic regression equation for estimating the probability

of a stream �owing perennially in Massachusetts. Water Resource Investigation Report 02-4043,

United States Geological Survey.



100

Briner, A. P., Kronenberg, H., Mazurek, M., Horn, H., Engi, M., Peters, T., 1999. Fieldbook and

geodatabase: tools for �eld data acquisition and analysis.Computers & Geosciences 25 (10),

1101–1111.

Brodaric, B., 2004. The design of gsc �eldlog: Ontology-based software for computer aided geo-

logical �eld mapping. Computers & Geosciences 30 (1), 5–20.

Casademont, J., Lopez-Aguilera, E., Paradells, J., Rojas,A., Calveras, A., Barcelo, F., Cotrina, J.,

2004. Wireless technology applied to GIS. Computers & Geosciences 30 (6), 671.

Clarke, K. C., 2004. Mobile mapping and geographic information systems. Cartography and Geo-

graphic Information Science 31 (3), 131–136.

Colson, T. P., 2005. An integrated spatial and attribute data structure to support National Park Ser-

vice management. M.S. Thesis, North Carolina State University, Raleigh, NC.

Daniels, R. B., Buol, S. W., Kleiss, H. J.,Ditzler, C. A., 1999. Soil Systems in North Carolina. Soil

Science Depatrment Technical Bulletin 314, North CarolinaState University.

Deckert, C. and Bolstad, P. V., 1996. Forest canopy, terrain, and distance effects on global position-

ing system point accuracy. Photogrammetric Engineering And Remote Sensing 62 (3), 317–321

Dobson, J. E., 2001. Fieldwork in a digital world. Geographical Review 91 (1-2), 430–440.

Erharuyi, N., Fairbairn, D., 2003. Mobile geographic information handling technologies to support

disaster management. Geography 88, 312–318.

Fong, B. and Rapajic, P. B. and Hong, G. Y. and Fong, A. C. M., 2003. Factors causing uncertainties

in outdoor wireless wearable communications. Pervasive Computing, IEEE 2 (2), 16-19.



101

Golledge, R. G., Klatzky, R. L., Loomis, J. M., Speigle, J., Tietz, J., 1998. A geographical infor-

mation system for a GPS based personal guidance system. International Journal of Geographical

Information Science 12 (7), 727–749.

Grif�th, G. E. and Omernik, J. M. and Comstock, J. A. and Schafale, M. P. and McNab, W. H. and

Lenat, D. R. and MacPherson, T. F. and Glover, J. B. and Shelburne, V. B., 2002. Ecoregions of

North Carolina and South Carolina,(color poster with map, descriptive text, summary tables, and

photographs). Reston, Virginia. U.S Geological Survey.

Hansen, W. F., 2001. Identifying stream types and management implications. Forest Ecology and

Management 143 (1-3), 39–46.

Harvey, F., Kuhn, W., Pundt, H., Bishr, Y., Riedemann, C., 1999. Semantic interoperability: A

central issue for sharing geographic information. Annals of Regional Science 33 (2), 213–232.

Heine, R. A., Lant, C. L., Sengupta, R. R., 2004. Developmentand comparison of approaches for

automated mapping of stream channel networks. Annals of theAssociation of American Geog-

raphers 94 (3), 477–490.

Hill, C. J., Moore, T., Dumville, M., 2001. Carrier phase surveying with Garmin handheld GPS

receivers. Survey Review 36 (280), 135–141.

Huang, B., Xie, C. L., Li, H. G., 2005. Mobile gis with enhanced performance for pavement distress

data collection and management. Photogrammetric Engineering And Remote Sensing 71 (4),

443–451.

Kenny, F., Matthews, B., 2005. A methodology for aligning raster �ow direction data with pho-

togrammetrically mapped hydrology. Computers & Geosciences 31 (6), 768–779.

Mark, D. M., 1983. Relations between �eld-surveyed channelnetworks and map-based geomor-



102

phometric measures, Inez, Kentucky. Annals of the Association of American Geographers 73 (3),

358–372.

Morisawa, M., 1957. Accuracy of determination of stream lengths from topographics maps. Trans-

actions, American Geophysical Union 38, 86–88.

Naesset, E., 1999. Point accuracy of combined pseudorange and carrier phase differential GPS under

forest canopy. Canadian Journal of Forest Research 29 (5), 547–553.

North Carolina Division of Water Quality(NCDWQ), 2005. Indenti�cation methods for the origins

of intermittent and perennial streams, version 3.1[Online]. Available athttp://h2o.enr.state.nc.us/

ncwetlands/documents/NCStreamID Manual.pdf. Accessed on June 20 2006.

Piedallu, C., Gegout, J. C., 2005. Effects of forest environment and survey protocol on GPS accu-

racy. Photogrammetric Engineering and Remote Sensing 71 (9), 1071–1078.

Pundt, H., 2002. Field data collection with mobile GIS: Dependencies between semantics and data

quality. Geoinformatica 6 (4), 363–380.

Restrepo, M., Waisanen, P., 2004. Strategies for stream classi�cation using GIS. In: Proceedings of

the 24th Annual ESRI International User Conference. San Diego, California.

Rivenbark, B. L., Jackson, C. R., 2004. Average discharge, perennial �ow initiation, and channel

initiation - small Southern Appalachian basins. Journal ofthe American Water Resources Asso-

ciation 40 (3), 639–646.

Simunic, T., 2005. Power saving techniques for wireless LANS. In: Wehn, N., Benini, L. (Eds.),

Conference on Design, Automation and Test in Europe. IEEE Computer Society,Washington, D.

C, Munich, Germany, pp. 96–97.

http://h2o.enr.state.nc.us/ncwetlands/documents/NC_Stream_ID_Manual.pdf
http://h2o.enr.state.nc.us/ncwetlands/documents/NC_Stream_ID_Manual.pdf


103

Spinellis, D. D., 2003. Position-annotated photographs: Ageotemporal web. Pervasive Computing,

IEEE 2 (2), 72–79.

Sveca, J., Kolka, R., Stringer, J., 2005. De�ning perennial, intermittent, and ephemeral channels

in Eastern Kentucky: Application to forestry best management practices. Forest Ecology and

Management 214 (1-3), 170–182.

Tripcevich, N., 2004. Flexibility by Design: How Mobile GISMeets the Needs of Archaeological

Survey. Cartography and Geographic Information Science 31(3), 137–151.

U.S Army Corps of Engineers (USACE), 2002. Text of 2002 nationwide permit de�nitions [On-

line]. Available at http://www.usace.army.mil/inet/functions/cw/cecwo/reg/2002nwpsdef.pdf.

Accessed on May 5 2006.

U.S. Geological Survey (USGS), 2000. The National Hydrography Dataset. Concepts and Contents

[Online]. Available athttp://nhd.usgs.gov/chapter1/index.html. Accessed on March 12 2006.

Veldhuisen, C., 2000 2004. Summary of headwater perennial stream surveys in the Skagit and

neighboring basins: 2001 - 2003.Forest and Fish Program, Skagit System Cooperative.

Vivoni, E. R., Camilli, R., 2003. Real-time streaming of environmental �eld data. Computers &

Geosciences 29 (4), 457–468.

http://www.usace.army.mil/inet/functions/cw/cecwo/reg/ 2002nwps_def.pdf
http://nhd.usgs.gov/chapter1/index.html


104

Chapter 5

Accuracy and Completeness of Stream

Maps
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5.1 Abstract

Headwater streams permeate the landscape more than any other natural aquatic feature

and therefore are at the most risk to deleterious effects of human impacts. Decision makers com-

monly rely upon printed paper maps to make regulatory decisions which include determining if the

stream in fact exists and the potential placement of protective riparian buffers around the known

location of the stream. However, current stream maps do not show a sizable portion of headwater

streams known to exist. The planimetric accuracy and completeness of paper maps, recently de-

veloped �oodplain maps, and county GIS data were assessed bya detailed ground survey of nine

watersheds. A combination of aerial photography and digital stream mapping techniques have been

found to be superior in representing stream network position and extent compared to existing digital

streams based on paper maps.
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5.2 Introduction

Headwater stream networks serve as a critical hydrologic link between the surrounding

landscape and the larger, connecting stream out�ows withina watershed (Stanford, 1996). Small

�rst order streams can represent up to 85% of the drainage network (Peterson et al., 2001) and often

drain a signi�cant portion of the watershed area (McGLynn and Seibert, 2002). Various government

agencies tasked with implementing water quality protection initiatives typically rely on US Geolog-

ical Survey (USGS) 1:24,000 scale topographic maps to determine the location of these headwater

streams for planning purposes. In North Carolina, the waterquality protection legislation applicable

within the Neuse and Tar-Pamlico River Basins speci�es that15 m wide (50 ft) vegetated riparian

buffers must be maintained around a stream “... if the feature is approximately shown on either the

most recent version of the soil survey map prepared by the Natural Resources Conservation Service

of the United States Department of Agriculture or the most recent version of the 1:24,000 scale (7.5

minute) quadrangle topographic maps prepared by the UnitedStates Geologic Survey” (15A NCAC

.02B .0233).

The determinant factor in the accuracy at which maps reliably depict headwater stream

networks are the standards that determine when and where a stream is included in the published

product. In a comprehensive review of various U.S. mapping agencies' map standards, signif-

icant differences were found to exist in the standards by which both perennial and intermittent

streams were “drawn” on maps (Drummond, 1974). Drummond(1974) also noted that United

States Geological Survey (USGS) standards for topographicmaps include all perennial and inter-

mittent streams yet the headwaters must terminate 304.8 m (1000 ft) downstream from the drainage

divide and only intermittent streams greater than 609.6 m (2000 ft) in length are considered. Appar-

ently, these rules are contradictory as they exclude streams that start close to the drainage divide, a

common feature in mountain regions, and many intermittent streams.
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For hydrologic modeling applications, density of the drainage network directly in�uences

predicted hydrograph variables such as peak stream �ow. Thelength of the drainage network de-

rived from maps has been found to be the most sensitive component in the estimation of stream

discharge and sediment load (Gregory and Ovenden, 1979). Several studies indicate, that in spite of

their widespread use, USGS topographic maps do not include adequate representation of headwater

streams for hydrologic analysis (Morisawa, 1957; Coffman et al., 1972), and their use for regulatory

purposes can lead to inadequate implementation of best management practices (BMP)

As digital map products increasingly replace paper maps, a vast effort is underway to

scan blue lines from 1:24,000-scale topographic maps and complete a high resolution digital stream

network as part of the National Hydrography Dataset (NHD) (Simley, 2003). The well documented

problems with the blue lines on USGS topographic maps raise questions about this approach.

The NHD is a combination of digital line graph (DLG) hydrography data and reach at-

tributes from the U.S. Environmental Protection Agency (USEPA) Reach File Version 3 (RF3)

(USGS, 2001a). The hydrography DLG data contained within the NHD is obtained by scanning

USGS topographic maps, and is available at the 1:100,000 scale nation-wide. However, some

have found the 1:100,000 scale NHD to be insuf�cient for manyapplications because many low-

order streams are not shown at that scale and some states havecollaborated with the USGS to scan

1:24,000 scale USGS topographic maps to create a 1:24,000 scale hydrology DLG dataset for in-

corporation into the NHD (NCGIA, 2006).

The USGS acknowledges that there are inconsistencies in stream mapping standards that

are apparent when comparing two adjacent topographic map quadrangles, yet con�rms that these

inconsistencies are reproduced in the digital scans of the maps (USGS, 2000). Positional accuracy

of streams depicted in the DLG dataset (source of the NHD) should be “. . . con�dently positioned

within 0.02”, at map scale, of the true ground position (12.19 m on the ground at 1:24,000 scale)”

(USGS, 2001b).
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The guideline for locating the origins of streams or rivers included in the NHD are dif-

ferent from the rules applied to topographic maps as described above. The location of a �rst order

stream origin is placed on the map when the feature becomes most evident as a channel (USGS,

1999). However, no guidance is provided for a cartographic technician as to what constitutes “ev-

idence” of a channel. Classi�cation of perennial and intermittent features included in 1:24,000

scale topographic maps and digital line graphs (DLG) often rely on information obtained from local

personnel and no scienti�c judgment is used for the determination (USGS, 2002).

An example of the problems with representation of streams depicted on USGS maps is

shown in Figure5.1. The USGS topographic map (Raleigh West) shows one �rst order stream

�owing uphill across a slope face and across an unimproved road, when in fact the stream �ows

in a direction 90-degrees from that depicted on the map. Ironically, the road leads to the USGS

North Carolina Water Science Center less than one mile away.This type of discrepancy and others

can be found on USGS topographic maps throughout North Carolina where often, blue lines do not

continue between USGS map sheets, many often terminating abruptly at the map border.
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Figure 5.1: Stream location error on USGS topographic map.

Although the drawbacks in using USGS topographic maps and their digital equivalent

in water resource management have been studied, the suitability of other types of maps depicting

surface waters has not been fully investigated. This study aims to �ll in the information gap and

quantify the quality of various NC stream data products in terms of their representation of low

order streams and their suitability for watershed management activities. Stream maps analyzed in

this research include the high-resolution NHD, Natural Resource Conservation Service (NRCS) soil

maps, stream features contained in county GIS databases, and North Carolina Floodplain Mapping

Program (NCFMP) surface water lines derived from LiDAR elevation data.
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5.3 Methods

Ground truth data on headwater stream networks were collected to test the accuracy of

streams depicted on the 1:24,000 scale NHD (1:100,000 scalefor Wayne County study site), sev-

eral NC county GIS databases, NRCS soil survey maps, and surface water lines produced by the

NCFMP. The accuracy of cartographic stream representations was analyzed for 8 watersheds in the

Neuse River Basin and 1 in the Catawba River Basin in North Carolina with drainage areas be-

tween 40 and 360 ha. Study site locations were selected to include a diverse set of Level IV EPA

Ecoregions and North Carolina Soil Systems among the four major physiographic regions in NC,

the Coastal Plain, Piedmont, Slate Belt, and Mountains (Daniels and Ditzler, 1999; Grif�th et al. ,

2002). The blue lines on the four types of maps were compared to �eld surveyed streams in terms

of horizontal accuracy and network characterization usinggeographic information systems (GIS)

analysis. Locations of study sites relative to EPA Level IV Ecoregion are shown in Figure5.2.
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Figure 5.2: Locations of study catchments relative to EPA Level IV Ecoregion.

5.3.1 Data Acquisition

With the exception of streams shown on NRCS soil maps, the tested blue line data were

available in digital form from public data sources published on the Internet. Soil map streams

required georeferencing of paper maps and manual digitization. The ground truth data were acquired

by direct �eld surveys with a global positioning system (GPS).
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5.3.2 GPS Stream Survey

Intermittent and perennial streams at each study watershedwere surveyed with mapping

grade GPS by starting at the mouth of the watershed and point features were recorded along the

thalweg and at each con�uence, direction change, and hydrologic control (e.g. beaver dam, culvert),

with an average linear spacing of 30.48 m between GPS-surveyed stream point features. A total of

2000 stream channel points were recorded using the mobile geographic information system (GIS)

developed byColson et al.(2006). In addition to the data representing horizontal stream locations,

the locations of 171 intermittent and perennial stream origins were determined in accordance with

the NC Division of Water Quality (NCDWQ) protocol for streamorigin identi�cation and stream

type classi�cation (NCDWQ, 2005). The �eld survey was conducted throughout 2005 and the �rst

half of 2006, a period of below-normal rainfall.

In order to create a stream line map from the measured point data, a line feature class

was created in ArcMap by connecting the GPS points, resulting in a digital stream network with

headwater segments beginning at the surveyed stream origins. Attribute consistency was achieved

by adding a �eld “SegmentID” to the GPS data dictionary which allowed the �eld surveyor to

assign a unique identi�er to each stream segment, eliminating the possibility of a manually digitized

stream line being connected to the wrong GPS point. Average differentially corrected horizontal

accuracy (estimated) for the entire GPS data set was 0.6 m.

5.3.3 National Hydrography Dataset Flowlines

The most widely used stream data set included in our test was the NHD �owlines based on

the scanned USGS 1:24,000 topographic maps. NHD geodatabases for the 8 digit hydrologic units

in which the study sites occur (Table5.1) were downloaded fromftp://nhdftp.usgs.gov/SubRegions

.

ftp://nhdftp.usgs.gov/SubRegions
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Table 5.1: NHD 8-Digit Hydrologic Unit Codes

HUC 8 Code HUC 8 Name

03020201 Upper Neuse. North Carolina.
03020202 Middle Neuse. North Carolina
03050101 Upper Catawba. North Carolina, South Carolina.

5.3.4 North Carolina Floodplain Mapping Program Surface Water Lines

As part of the effort to accurately delineate �oodplains in North Carolina using DEMs

derived from statewide LiDAR surveys, selected surface waters were mapped by the NCFMP to

provide three-dimensional breaklines for the hydrologic modeling applications that determine po-

tential �ood extent. The locations of these surface waters were derived from 1:12,000 scale aerial

photography and LiDAR elevation data and were downloaded from http://www.nc�oodmaps.com.

The criterion used by NCFMP for determining the origin of a surface water line was when a critical-

drainage area has been reached (259 ha in rural areas, 130 ha in urban areas). When two streams

are found originating within the critical-drainage area region, the stream that is assumed to have the

greatest effect on drainage is mapped (Nagy, 2004).

5.3.5 NRCS Soil Map Stream Lines

NRCS soil maps are best known for their representation of soil mapping units, however,

they also contain a wealth of other spatial information, including aerial photography obtained at

the time of the survey and locations of stream networks derived from �eld observation and aerial

photography. While a digital version of soil mapping units exists for each county in North Carolina,

no stream networks were captured during the map digitization process. A new soil survey book was

obtained from the NRCS of�ce for the relevant counties, and the fold-out soil map containing each

study site was scanned at 300 dots per inch (dpi) on a wide format scanner normally used for the

http://www.ncfloodmaps.com.
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scanning of aerial photographs (Figure5.3).

0 125 250 375 50062.5
Meters ¯

Figure 5.3: Scanned soil map showing locations of the streamnetwork at Schenck Forest in Raleigh,
NC.
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The scanned images were geo-referenced using Erdas Imagineand more recent USGS

aerial photography obtained fromhttp://seamless.usgs.gov.Stream networks were then digitized

from the georeferenced maps using ArcMap. The horizontal error of the georeferencing procedure

ranged between a RMSE of 1.29 m for the White Mountain study site and a RMSE of 13 m for the

Wake county study sites.

5.3.6 County Data

Stream network data were also produced and maintained by some counties in which study

sites were located. These datasets were obtained from each county's GIS of�ce via download

through a web interface.

1. Wake County (Falls Lake, Schenck, Umstead study sites): Downloaded from http://www.

wakegov.com/gis/gisdigitaldata.htm.Metadata for this stream layer indicate that it was cre-

ated in year 2000 using aerial photography (1:1200 scale) and 0.60 m interval contours de-

rived from stereo photography mass-points. The origin of a stream in this dataset was deter-

mined by the point where the feature was no longer visible on the aerial photograph.

2. Johnston County study site: Downloaded fromhttp://www.johnstonnc.com/. The entire

Johnston County hydrology data set was provided by the NC Center for Geographic Informa-

tion and Analysis (NCCGIA), which produced the data from scanned USGS 1:24,000 scale

topographic maps.

3. Wayne County study site: Downloaded fromhttp://maps.waynegov.com/viewer.htm. This

stream dataset was also described as the 1:24,000 scale hydrology dataset provided by the

NCCGIA. Metadata from the NCCGIA states that the data is a copy of the USGS 1:24,000

scale DLG hydrology layer that may have been supplemented with additional water features

classi�ed by the state.

http://seamless.usgs.gov.
http://www.wakegov.com/gis/gisdigitaldata.htm.
http://www.wakegov.com/gis/gisdigitaldata.htm.
http://www.johnstonnc.com/
http://maps.waynegov.com/viewer.htm
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4. Person County (Timberlake study site): Downloaded fromhttp://gis.personcounty.net/connectgis/

Map/Default.htm. No metadata were available for this dataset, as it was created at a time

when metadata standards were not applied and the original creator of the hydrology layer is

no longer available.

5. Orange County (Northwest Durham and Eno study sites): Downloaded fromhttp://gis.co.

orange.nc.us/. No metadata were available for this dataset.

6. Caldwell County (White Mountain study site): No hydrology layer available.

5.3.7 Assessment of Horizontal Accuracy

The horizontal accuracy of the mapped streams was determined by comparing the loca-

tions of digital stream lines to that of the GPS-surveyed stream channel points. Automated mea-

surement of the distance between the GPS points and the closest point on a mapped channel was

problematic due to the uncertainty associated with the GPS data and their relation to the stream

segments. Although the post-processed horizontal accuracy of the GPS dataset was estimated to be

better than 0.6 m, some dif�culties were encountered in determining which stream segment to use

for the horizontal displacement measurement. Such dif�culties occurred in situations where a GPS

point was either equidistant from two blue lines or was closer to a stream with a different segment

ID. For example, a GPS point associated with segment IDi can fall closer to stream segment IDj ,

and the distance would be incorrectly measured from IDj instead of IDi , or the map may not depict

that segment at all. In Figure5.4, GPS point number 40123 is 10.85 m from the stream segment

“C”, and 11.27 m from stream segment “A”. In measuring distance to the nearest stream segment

for the entire GPS dataset, GPS point 40123 would be measuredincorrectly from stream segment

C, when the correct measurement would be distance from stream segment “A”.

http://gis.personcounty.net/connectgis/Map/Default.htm
http://gis.personcounty.net/connectgis/Map/Default.htm
http://gis.co.orange.nc.us/
http://gis.co.orange.nc.us/
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Figure 5.4: Measuring distances of surveyed stream channelpoints from NHD �owlines.

A simpler means of assessing the horizontal accuracy of the four stream maps was devel-

oped for this project. Multiple ring buffers were created for each blue line feature class with buffer

widths of 3.05, 6.10, 9.14, 15.24, and 304.80 m (10, 20, 30, 50, and 1000 ft) measured from the line
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feature. Each stream-channel GPS point was attributed withthe buffer ring width class in which

it occurred, which means the GPS point was outside the next narrower buffer. In Figure5.5, GPS

point 40123 is shown between the 9.14 and the 15.24 m buffer ofboth stream segments “A” and

“C”, correctly classifying the point as being within 15.24 mfrom stream segment “A”. Point 40124

is shown to be in the 304.8 m buffer, thus indicating that the point is between 15.24 and 304.80 m

from the stream line. The 308.4 m value was chosen to eliminate GPS points classi�ed as having

“0” in the distance �eld (occurs in no buffer), and consequently skewing calculation of percentages.

The horizontal accuracy of the mapped stream was then measured using the percentage of GPS

points in each buffer class, providing information on how close the mapped stream is to the GPS

points.

With the multiple-buffer ring approach the most accuratelymapped streams had the largest

percentage of points within the narrowest buffer with the number of GPS points decreasing with in-

creased buffer width. The buffer approach takes into account that stream lines drawn on USGS

1:24000 scale maps tend to be .035 cm in width, correspondingto a width of 8.4 m on the ground

Hansen(1999). Therefore, we can use the 6.10 m buffer width as a conservative test to determine if

a GPS point occurs within (3.05 m of either side of the centerline) the mapped stream channel. As

GIS stream extraction tools draw the streams through the center of the DEM pixel, the minimum

buffer distance should take into account the cell size (pixel resolution) of the DEM used to delineate

the stream network. The minimum buffer distance used here, 3.05m (on either side of the line),

represents the cell size of the DEMs used by the NCFMP (6.10 m).

Two buffer ring criteria were used for testing the horizontal accuracy of the mapped

streams: 1) 3 m buffer test - I determined the percentage of GPS points located within the 3.05

m wide buffer, i.e. percentage of GPS points located within the 6.10 m wide zone centered on the

stream blue line. Conversely, the percentage of GPS points located beyond the 3.05 m wide buffer

represents the probability of horizontal error that is “visually detectable” at the scale and line size of
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the USGS 1:24,000 scale maps, and 2) minimum accuracy threshold test - the accumulated the per-

centages of GPS points in each buffer width class and determined whether 90% of the GPS points

were within the 15.24 m buffer.
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Figure 5.5: Multiple buffer ring analysis of blueline accuracy.
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5.3.8 Network Indices

In addition, several topological indices that are relatively easy to compute within GIS can

be used to provide a numerical representation of the branching structure of a stream network. Most

commonly used are the topological indices developed byHorton(1945). The bifurcation ratio is the

ratio of the number of streams with order! � 1 to the number of streams with order! :

Rb = N ! � 1=Nw (5.1)

The length ratio is the ratio of average length of streams with order ! to the average length of

streams with order! � 1 :

Rl = L w=L! � 1 (5.2)

These indices were used to quantify the differences in stream network structure across the tested

stream maps.

5.4 Results

Visual assessment of NHD, NCFMP, soil map, and county GIS blue lines showed differ-

ences in horizontal location and the number and distribution of stream map network segments when

compared to the GPS surveyed networks. Figure5.6illustrates the differences between the blue line

data sources and the GPS-surveyed stream network for a studysite located in Person County, North

Carolina. The most apparent error in the mapped stream networks was in the number and distribu-

tions of stream segments and total stream network length, termed “completeness” of the network.

The NHD �owlines and the NCFMP surface water lines lacked a number of �rst and second order

channels that were mapped during the GPS survey. There were also differences in the horizontal

stream locations for the soil and county stream maps. Quanti�cation of the horizontal accuracy
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and the completeness for all study sites provides a more comprehensive picture of the comparative

reliability of the tested stream maps.
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Figure 5.6: GPS surveyed streams at Timberlake study site compared to Soil Map (a), NHD (b),
NCFMP (c), and Person County GIS (d).
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5.4.1 Horizontal Accuracy of Stream Maps

Results of the buffer width test for horizontal accuracy of the map stream lines showed

that differences occurred among the different published stream maps for the percentage of GPS

points surveyed within the 3.05 m buffers drawn around the tested blue lines. First, only GPS

points that had an associated mapped stream segment were included in the accuracy computation,

re�ecting the horizontal accuracy of streams represented in each tested data set that relate to a stream

surveyed with GPS, and not streams depicted on the maps that were not surveyed (did not meet the

NC de�nition of an intermittent or perennial stream). The mean percentages of GPS points within

3.05 m of a mapped stream are: 1) county GIS sources, 39.68%; 2) NCFMP, 33.65%; 3) NHD,

15.72%; and 4) soil maps, 16.12% (Table5.2). These percentages of GPS points represent how well

the particular map source, on average, represents the true positions of headwater stream networks

on the ground and do not penalize the map for not showing streams that have been found to exist

during the survey or vice-versa.

Table 5.2: Accuracy of stream lines on maps, by study site (show-
ing area, number of GPS survey points for that site), reporting per-
centage of GPS points within 3.05 m buffer for all GPS points and
only GPS points with an associated stream.

Study Site Data Set Percentage
Falls Lake Wake

County
60%

(150 ha, 120) NCFMP -
NHD 6%
Soil Map 14%

Johnston Johnston
County

13%

(580 ha, 346) NCFMP 15%
NHD 13%
Soil Map 16%

White Mountain Caldwell
County

-

Continued on Next Page. . .
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Table 5.2 – Continued
Study Site Data Set Percentage
(286 ha, 306) NCFMP 30%

NHD 20%
Soil Map 18%

Timberlake Person
County

53%

(757 ha, 345) NCFMP 48%
NHD 15%
Soil Map 16%

Northwest Durham Orange
County

39%

(429 ha, 220) NCFMP -
NHD 29%
Soil Map 13%

Eno River Orange
County

19%

(488 ha, 368) NCFMP -
NHD 18%
Soil Map 13%

Umstead Wake
County

59%

(178 ha, 203) NCFMP 51%
NHD 18%
Soil Map 14%

Wayne Wayne 17%
(757 ha, 166) NCFMP 25%

NHD 22%
Soil Map 17%

Schenck Wake
County

58%

(44 ha,45) NCFMP -
NHD 0%
Soil Map 18%

Distribution of points in the set of buffer rings provides additional information about

the horizontal representation of the streams. The sites in Wake County (Falls Lake, Schenck, and

Umstead), Person County (Timberlake) (Figure5.7 (a)), and the NCFMP surface water lines (Fig-
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ure5.7(b)) have the most points located within the narrowest buffer with number of points rapidly

decreasing with increasing distance from the stream. Johnston County GIS(Figure5.7 (a)), NHD

(Figure5.7 (c)), and soil map streams (Figure5.7 (d)) have even distribution or increasing number

of points in the farther buffers indicating possible combined impact of three factors: error due to

recti�cation (with Wake apparently the worst, see Figure5.7 (d)), manual digitization ,and age of

the map.

The minimum accuracy threshold test indicated that nearly all of the tested maps did not

meet that minimum criterion. Only the Wake County GIS streams dataset exceeded that criterion

with 95% of GPS points located within 15.24 m of the mapped stream lines.
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a) b)

c) d)

Figure 5.7: Number of GPS survey points within buffer distance classes for related GIS stream
segments only. County GIS stream lines (a), NCFMP surface water lines (b), NHD Flowlines (c),
and NRCS soil map stream lines (d).

5.4.2 Stream Network Completeness

To illustrate the completeness of each stream map dataset, the number of segments, by or-

der, that each dataset either over represents or under represents the stream network when compared

to �eld data is referred to as bias (Table5.3). For �rst order stream designation, no distinction is



126

made between intermittent and perennial streams.

Table 5.3: Completeness of stream lines on maps, by study site,
showing bias (shows more or less “-” stream links than truth), bi-
furcation ratio and length ratio.

Study Site Data Set 1 2 3 4 Rb Rl
Falls Lake Wake County 26 6 2 - 3.67 1.79

NCFMP -7 -2 0 - - -
NHD -4 -2 0 - - -
Soil Map 13 3 1 - 4.50 1.46
Ground Truth - - - - 3.50 0.69

Johnston Johnston County -3 -2 -1 - 7.00 2.18
NCFMP -4 -2 -1 - 4.00 2.61
NHD -6 -2 -1 - 6.00 1.85
Soil Map 2 -1 0 - 4.00 1.41
Ground Truth - - - - 3.17 2.40

White
Mountain

Caldwell County
(no map)
NCFMP -42 -7 -3 -1 2.00 0.17
NHD -42 -7 -3 -1 2.00 0.17
Soil Map -40 -7 -3 -1 4.00 1.99
Ground Truth - - - - 3.72 2.14

Timberlake Person County 32 9 0 1 4.34 2.07
NCFMP -19 -5 -2 - 2.00 8.42
NHD -18 -5 -2 - 3.00 0.86
Soil Map -7 -1 -1 - 3.90 2.37
Ground Truth - - - - 3.25 2.69

Nortwest
Durham

Orange County 0 0 2 - 3.50 1.43

NCFMP -18 -3 -1 - - -
NHD -11 -2 -1 - 7.00 2.04
Soil Map -1 0 0 - 7.17 1.92
Ground Truth 0 0 0 - 3.00 3.38

Eno River Orange County 5 1 1 - 3.33 1.59
NCFMP -17 -5 -1 - - -
NHD -13 -3 -1 - 2.00 0.96
Soil Map 11 0 0 - 5.30 1.60
Ground Truth - - - - 4.20 1.80

Umstead Wake County 20 3 1 - 6.33 2.23
NCFMP -5 -3 -1 - - -

Continued on Next Page. . .
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Table 5.3 – Continued
Study Site Data Set 1 2 3 4 Rb Rl

NHD -7 -2 -1 - 2.00 0.44
Soil Map 14 0 0 - 9.17 1.78
Ground Truth - - - - 4.50 1.89

Wayne Wayne -6 -1 -1 - 3.00 1.43
NCFMP -7 -1 -1 - 2.00 0.82
NHD -7 -1 -1 - 2.00 2.53
Soil Map 14 3 1 1 7.77 1.57
Ground Truth - - - - 5.50 1.41

Schenck Wake County 0 0 0 0 3.00 0.89
NCFMP -3 -1 0 0 - -
NHD -1 -1 0 0 - -
Soil Map 4 1 0 0 3.50 1.67
Ground Truth - - - - 3.00 1.74

Notably, the Wake and Person County datasets, as well as streams shown on soil maps

apparently include lines representing ephemeral channelsthat were not classi�ed in the �eld as

�rst order streams, leading to positive bias in the �rst order streams in some test sites. On the other

hand, the NHD and NCFMP datasets in all study areas do not include most of the �rst order channels

found during the �eld survey, lack a a number of second order channels, and in some cases, lack a

number of third order channels.

Bifurcation ratios ranged between 2.0 and 9.17 with the highest ratios computed for the

soil map stream data. All GPS surveyed stream network bifurcation ratios range from 3.0 to 5.5, a

far more consistent range than the other map sources. The high bifurcation ratio for the Wayne GPS

stream network can be considered an outlier, with nine �rst order streams draining into two second

orders, draining into one third order resulting in an unusually high ratio.
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5.5 Discussion

The results demonstrate inconsistencies among the investigated data sets both in terms

of their horizontal accuracy and completeness. For the mostaccurate data the largest number of

GPS points is closest to the tested blue line and then rapidlydecreases farther from the line, while

in the less accurate data sets, the number of points is evenlydistributed or even increases in the

buffers farther from the lines representing streams. This indicates possible combination of random

error, errors introduced by recti�cation and data projection, systematic errors and gross mistakes.

Completeness of investigated data sets appears to be in�uenced mostly by the scale and original

purpose of the stream data.

5.5.1 Horizontal Accuracy of County GIS Stream Lines

County GIS data had the widest range of accuracy, with the most accurate stream lines

within 3.05 m of a mapped channel for 60% of GPS points (Wake county sites) and the least accurate

having only 17% of GPS points within this distance class. Sites in the counties with a longer record

of rapid urban development, such as Wake had the most accurate stream data. To support and keep

track of the new development, Wake county needs frequently updated high resolution data, such

as the 1:1,200 scale aerial photographs that provide suf�cient detail for relatively accurate stream

mapping. However, it is important to note that manual digitization from high resolution photos is

time consuming and expensive (also prone to human errors) and it may not be feasible for larger,

less developed areas. Second most accurate county data setswere from Person and Orange counties

(Timberlake, 53% and Northwest Durham, 39% of GPS points within 3.05 m of a county GIS

stream), unfortunately, the source of these data is not known.

In cases where counties are using hydrology data provided tothem by the NCCGIA, the

horizontal accuracy is relatively low, with less than 17% ofGPS points within the 3.10 m buffer.
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Slight differences between the county data and the corresponding NHD �owline layers (based on

the USGS 1:24,000 scale topographic maps for Johnston and 1:100,000 scale for Wayne) suggest

that some of the county stream data may be outdated. An interesting difference exists between the

number of GPS points within 3.05 m of Wayne County GIS stream lines and NHD �owlines for

the same area. Wayne County GIS data at 17% of GPS points within 3.05 m of a mapped channel,

appear to be less accurate than the NHD �owlines, available in this county only as “medium reso-

lution” data derived from 1:100,000 scale maps, that achieve 22% of GPS points within 3.05 m of

a mapped channel (using only associated GPS points). This suggests that, for this area, either the

1:100,000 scale NHD �owlines have better horizontal accuracy than the 1:24,000 scale version, or

through pure random chance, GPS points were logged only at locations where the medium resolu-

tion �owlines were more accurate than the higher-resolution county data. The other site that shared

the same data source for the County and NHD versions of the streamlines was Johnston, with both

datasets having the same number of GPS points (13%) within 3.05 m of the respective mapped

stream lines.

5.5.2 Horizontal Accuracy of NRCS Soil Map Stream Lines

Soil maps had the next best overall horizontal accuracy (13.11% of GPS points within

3.05 m), with the stream lines drawn on the original soil mapsusing aerial photography analysis.

However, the scale of the aerial photographs is not known. All printed soil maps used in this

research are at the same scale as the USGS topographic maps (1:24,000) with the exception of

Wake County soil maps, which were printed at 1:15,840 scale.Surprisingly, the larger scale Wake

County stream lines exhibited the poorest horizontal accuracy. This is probably due to the fact that

the Wake County soil map scanned images were dif�cult to rectify because of the age of the aerial

photography used for the original printed maps. It was dif�cult to �nd corresponding features on

the soil map aerial photographs (e.g. road intersections) and on the USGS aerial photography for
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the purpose of establishing GCPs, therefore the RMSE for therecti�cation procedure was relatively

high (13m) compared to other maps (1.3). Also, the older Wakecounty soil maps may not have

captured any potential changes in the stream locations thatmay have accrued over the past 51 years.

5.5.3 Horizontal Accuracy of NCFMP Surface Water Lines

NCFMP surface water lines, derived from 1:12,000 scale aerial photography (supported

by LiDAR based elevation data) had better horizontal accuracy than the soil map streams and NHD

�owlines (33.65% GPS points within the 3.05 m buffer when only corresponding stream segments

were considered), and better described the stream geometrythan the NHD �owlines (Figure5.8).

5.5.4 Horizontal Accuracy of NHD Flowlines

NHD �owlines scanned from USGS topographic maps (1:24,000 scale) had relatively low

accuracy, with 15.72% of GPS points within 3.05 m of a NHD �owline. However, the published

accuracy for this data set is 12 m and only 17% of the GPS points(average, all study sites) are within

the 6m buffer, indicating that this accuracy is not met. Cartographic generalization that straightens

sinuous channels combined with the fact that many of the GPS points were logged at meander bends

contributes to the relatively low percent of GPS points thatare close to the tested NHD �owlines

(Figure5.8).
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Figure 5.8: NCFMP surface water lines and NHD �owlines in Person County, NC.

5.5.5 Completeness

Completeness, re�ected in % GPS points within the given buffer when all stream segments

were considered and measured by the number of stream segments above or below the observed
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number of segments (bias), greatly varied among the tested data sets. Comparison of bifurcation

ratios of the observed stream network with the ratios of the stream data sets provided additional

insight into representation of the structure of stream networks. However, bifurcation ratios provided

meaningful results only for the data sets that had at least three orders of streams.

The county GIS data for Wake and Person Counties included a large number of stream

lines upstream from the observed intermittent or perennialstream origins, indicating that a sub-

stantial number of ephemeral streams is included on these data sets. The Wake county criteria

for a stream is based on visual inspection of high resolutionaerial photography; a stream is in-

cluded whenever a visible channel is present. This approachapparently leads to inclusion of those

ephemeral streams that erode suf�ciently to create a visible channel, although other criteria listed

in the NCDWQ stream origin de�nition are not met. The high number of �rst order channels also

explains the high bifurcation ratio of 6.33 for this dataset, compared to the bifurcation ratios for

the Eno River and Umstead ground truth networks (Wake county), of 4.2 and 4.5 respectively, that

correspond to geologically con�ned streams, typical for this area. The stream networks depicted on

soil maps also contained a high number of �rst order channels, indicating inclusion of ephemeral

streams (do we know what the different line symbols on the soil maps mean?), leading to high

bifurcation ratios.

The NCFMP surface waterlines were the least complete data set, due to the relatively high

value of the minimum drainage area required for the initiation of a waterline. This was re�ected in

a low number of surface water lines located within 3.05 m of a GPS point (8.8%) when all stream

segments were considered, high negative bias for �rst orderstreams, and two larger sites (Eno River

and Northwest Durham) where even the third-order stream channels were missing. Stream data

for several sites did not include suf�cient hierarchy of streams to provide meaningful bifurcation

ratios. These were: Falls Lake (NCFMP and NHD), White Mountain (No county GIS data), North-

west Durham (NCFMP), Eno River (NCFMP), Umstead State Park (NCFMP), and Schenck Forest
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(NCFMP and NHD)

NHD �owlines were the second data set that does not include a large number of low-order

channels, probably due to generalization and lack of adequate data sources at the time when these

data sets were produced. This is re�ected by a high negative bias for the number of �rst order

streams and by the fact that only 8.23 % of the surveyed GPS points was located within 3.05 m of a

NHD �owline when all stream segments were considered.

5.6 Conclusion

The presented study has demonstrated that the current sources of digital stream data pro-

vide only limited information about low order streams. The cartographic generalization and age

of NHD makes it the least complete data set both in terms of thenumber of stream segments and

stream geometry representation. Our results con�rm the �ndings of previous studies that NHD is

not suitable for use by decision makers at the local level forwater resource management. Stream

data represented on soil maps are more complete, but they arenot available in digital format and can

be obsolete. Also, their horizontal accuracy is lower than that of the more current data sets. Stream

networks were included on USGS topographic maps and NRCS soil maps for different purposes

and drawn with different standards. Their suitability in accurately representing headwater streams

needs to be carefully assessed before these maps are used forpurposes other than their primary ap-

plication, which does not include, for example, determination of the applicability of riparian buffer

rules to a 300 m long 1st order stream.

The few buffer distance classes selected for the accuracy analysis unfortunately did not

allow for the determination of the 90% accuracy range for each dataset, as most datasets did not

achieve 90% accuracy within 15.24 m, the largest buffer distance drawn around a stream line. With

NC regulations stating that a 15.24 m undisturbed buffer be maintained around streams depicted
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on USGS topographic maps and NRCS soil maps, estimation of land-use change impact on aquatic

habitats is problematic given that these two maps exhbit, onaverage 60% accuracy within a 15.24

m buffer.

Digital stream mapping techniques using combination of current aerial photography and

digital elevation data, that were used for NCFMP or the Wake county GIS, provided the location

of stream channels at the level of accuracy more acceptable than found on older paper maps, with

the highest accuracy (Wake county GIS) achieved from the highest resolution (largest scale) aerial

photography, as expected. Even the best data, missed about 40% of GPS points (if we consider 6 m

buffer). However, the completeness remains a problem even for the newer data sets. The NCFMP

surface water lines, delineated for the purposes of �oodplain mapping, do not include large numbers

of �rst order streams, while the Wake county GIS data includes large numbers of �rst order streams

that are probably ephemeral and were not identi�ed in the �eld as intermittent or perennial.

The presented results indicate that there is a need for further research in digital mapping

techniques both to improve the horizontal accuracy and reduce gross errors in the stream data. How-

ever, the most important issue from the point of view of waterquality management and regulatory

purposes is to �nd methodology that identi�es streams of regulatory and management importance

to decision makers in NC.

Issues that need to be addressed include determining what landscape features, extracted

from a DEM, can best predict the exact point of channel initiation for an intermittent or perennial

stream. Ongoing research being conducted by the State of North Carolina is currently investigating

these topics.
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Chapter 6

Extraction and Delineation
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6.1 Abstract

Digital elevation models are now commonly used to delineatechannel networks for use

in hydrologic studies. Many studies have investigated the effects of DEM source and resolution,

�ow routing algorithms, and arti�cial sink-removal techniques on the calculation of topographic at-

tributes. Few have investigated the horizontal accuracy ofautomatically mapped stream networks.

The advent of high-resolution LiDAR DEMs presents unique opportunities to generate highly ac-

curate stream networks. However, these DEMs also present some challenges of dealing with micro-

topographic features not found in lower-resolution DEMs, for which most automated channel ex-

traction tools were developed. In this research, LiDAR DEMswere interpolated with ANUDEM

and several depression-removal procedures were tested. Streams were extracted from the DEMs

with TAUDEM, and their horizontal accuracy was compared to streams surveyed with GPS across

a range of physiographic provinces in North Carolina. A unique method of assessing accuracy was

developed by creating buffers around the mapped stream lines. Results were reported as percent-

age of GPS points within 3.05 m of a mapped stream. The overallaccuracy of the mapped stream

networks showed that there was little statistical difference in the accuracy of stream networks de-

lineated from DEMs treated with �ve different depression-removal methods. However there were

signi�cant differences in the horizontal accuracy of streams delineated from DEMs obtained from

the United States Geological Survey and the North Carolina Floodplain Mapping Program, and from

interpolated DEMs using the same source data used to create the �rst two DEMs.
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6.2 Introduction

The path of water through the landscape is controlled by topography and digital eleva-

tion models (DEMs) are the best means of depicting and analyzing topography in a geographic

information system (GIS) (Holmes et al., 2000). One such analysis that makes use of DEMs is the

automatic delineation of channel networks and watershed boundaries (Mark, 1983; O'Callaghan

and Mark, 1984; Jenson and Domingue, 1988; Tarboton et al., 1991; Fern et al., 1998; Turcotte

et al., 2001).

DEMs can be obtained from agencies that maintain them for public distribution or cre-

ated using surface-elevation data to suit the needs of a particular project. With publicly available

DEMs, little is known about the type and extent of errors contained in the DEM. Errors can be

introduced during the DEM creation process, or are contained in the source data. By creating their

own DEMs, researchers can model the distribution of interpolation error as part of the interpolation

process (Holmes et al., 2000). In the past, U.S. Geological Survey (USGS) DEMs at 10 and 30m

resolution have been the common source of terrain data, however recent statewide projects involving

the collection of Light Detection and Ranging (LiDAR) elevation point data provide researchers the

opportunity to create their own DEMs while controlling output resolution and accuracy (Hill and

Neary, 2005).

Another form of DEM, or DTM (digital terrain model) is the triangulated irregular net-

work (TIN) model. Triangulated irregular networks are vector data structures consisting of points

of elevation connected with lines, forming non-overlapping triangles. This research, however, did

not utilize TINs due to the dif�culty in deriving surface parameters such as slope and �ow direction

from the TIN data format.

While a large amount of research has established the effectsof the source and quality

of DEMs and their derivatives on the calculation of topographic parameters, little work has been
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done that quantitatively assesses the planimetric accuracy of stream networks derived from DEMs.

Some have evaluated channel mapping techniques and performed statistical analyses on the output

(Wang and Yin, 1998; Wang and Zheng, 2005; Lindsay, 2006; Baker et al., 2006) or used USGS

topographic map bluelines as a benchmark (Heine et al., 2004).

McCleary et al.(2002) used a total station to survey small streams in Alberta, Canada

and found that streams extracted from a 25 m resolution DEM underestimated sinuosity by 29%.

Mouton(2005) used Arc Info to extract streams from 2, 6, and 10 m resolution LiDAR DEMs and

a 10 m resolution USGS DEM and found that the 2 m LiDAR DEM produced the most accurate

channel networks compared to surveyed streams.Lin et al. (2006) used the network width function

developed byGandol� and Bischetti(1997) to compare DEM generated stream networks to those

derived from high-resolution imagery and concluded that placement of the channel initiation point

was the dominant factor in network accuracy.Crump (2004) used a differential GPS to record

the locations of stream channels and found that the NationalHydrography Dataset (NHD) grossly

under represented headwater streams. Streams extracted from a 10 m DEM tended to exhibit poor

positional accuracy.

6.2.1 USGS DEMs

The USGS is the primary creator and distributor of elevationdata in the U.S. There are

several types of DEMs available from the USGS, at varying scales and levels of accuracy. These

include: 1) Shuttle Radar Topography Mission (SRTM) 1 and 3 arc-second (30 and 90 m) grid cell

resolution, 2) Global 30 Arc-Second (1 km grid cell resolution) Elevation Data Set (GTOPO30), and

3) NED (National Elevation Dataset 1/3 and 1 arc-second (10 and 30 m) grid cell resolution1. The

NED is comprised of “...the best quality data available” andportions of the NED available for the

State of North Carolina include 10 and 30 m resolution DEMs created from LiDAR data collected
1http://seamless.usgs.gov
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by the North Carolina Floodplain Mapping Program (NCFMP).

The use of DEMs for hydrologic analysis requires a signi�cant amount of pre-processing

of the DEM in order to replicate the proper direction of �ow and location of known stream channels,

a process referred to as “hydrologic conditioning.” The USGS Earth Resources Observation and

Science (EROS) Center has produced a derivative of the NED called the Elevation Derivatives for

National Application (EDNA). Other datasets produced withthe hydrologically conditioned NED

include a �ow direction grid, a �ow accumulation grid, and stream network position.

6.2.2 LiDAR DEMs

In characterizing the accuracy of LiDAR DEMs produced by theNorth Carolina Flood-

plain Mapping Program,Hodgson et al.(2003) found that LiDAR DEMs represented surveyed ele-

vations sigi�cantly better than U.S. Geological Survey (USGS) DEMs.Hodgson et al.(2003) also

found that the distribution of elevation error was positively correlated to slope and vegetation class,

and distance of survey point from LiDAR elevation point. In further research assessing error present

in LiDAR elevation data,Hodgson and Bresnahan(2004) found that steeper terrain exhibited higher

errors, and attributed this to the horizontal error in the LiDAR point due to the scan angle of the Li-

DAR instrument and the degree of slope. However,Hodgson and Bresnahan(2004) suggested that

interpolation can improve the �nal accuracy of the DEM in light of errors caused by variations in

land cover and slope. Finally, the season during which LiDARdata is collected also in�uences the

accuracy of the laser returns, and subsequently the relatedDEM, with the optimal time being “leaf-

off” ( Hodgson et al., 2005). The North Carolina Flooplain Mapping (NCFPM) program stipulates

that LiDAR elevation data for coastal counties in NC achieve20 cm root mean square error (RMSE)

and inland counties 25 cm (Thompson, 2001). Quality reports were compiled for each county in

NC, using 100 surveyed points spread across �ve land cover types (grass, weed/crop, scrub, forest,

built-up). The accuracy of NC county LiDAR DEMs distributedby the NCFMP exceeds the stated
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criteria2.

6.2.3 Creation of DEMs

Creation of DEMs from irregularly spaced points of known surface elevation is frequently

accomplished with geostatistical interpolation methods such as inverse distance weighting (IDW),

kriging (Lloyd and Atkinson, 2006), and regularized spline with tension (RST) (Mitasova and Mi-

tas, 1993). Many studies have compared the accuracy of interpolatorsand researchers have not

collectively concluded that one is better than the others (Chaplot et al., 2006).

6.2.3.1 Kriging

The use of kriging to interpolate elevation points for DEMs from data sources such as

aerial photography analysis is a common method to create digital elevation models (DEMs). Much

work has analyzed the distribution of error in kriging output in the form of RMSE, the most common

measure of DEM accuracy (Aguilar et al., 2005, 2006; Gao, 1997). Kriging was used to interpolate

ground survey data in order to analyze geomorphologic change in a river channel over three periods,

with RMSE's of the interpolated surface models all below 6 cm(Chappell et al., 2003). RMS of

interpolation errors has been found to be 0.2 to 0.6 times thestandard deviation of the difference in

elevation of the surrounding points (Rees, 2000). Toyra et al.(2003) achieved a 0.22 m RMSE when

using kriging to interpolate LiDAR point elevations. However, such accuracy was only achieved by

selecting an output grid cell resolution equal to that of theaverage spacing between each LiDAR ele-

vation point (0.25 m), then re-sampling the kriged grid to a coarser and more manageable resolution

(4 m). Anderson et al.(2005) found that due to the very high number of LiDAR elevation points

produced by the NCFMP, data reduction of the points to 5% of their original number achieved a

RMSE 8 cm greater than datasets reduced to 50% of the originalnumber of source points. A RMSE

2http://www.ncgs.state.nc.us/�oodmap.html
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of 17% was achieved when 100% of the points were used for the kriging interpolation in this study.

In studying the effects of terrain type on interpolation of point elevation data to DEMs,

Meyer et al.(2005) has shown that transitions of terrain type (e.g. �uvial fanto �at) cause krig-

ing models to produce “rips” or “tears” in the interpolated surface. These phenomena occurred

when extrapolation estimates for one planar neighborhood carried the assumptions of terrain type

to the next neighborhood. When a discontinuous surface is encountered or vice-versa, a discon-

tinuity results in the extrapolation between the two neighborhoods. However, when using larger

neighborhoods of points for the estimation, the possibility of introducing greater prediction errors

is introduced (Gribov and Krivoruchko, 2004). Lloyd and Atkinson(2002) have shown that kriging

with trend and ordinary kriging predict more accurate elevations than IDW, when evaluated using

cross-validation. When DEMs created by kriging were compared to DEMs created by Delaunay tri-

angulation,Hancock(2005) stated that little difference existed between geomorphological indices

generated from the two, and that as accuracy of source elevation data increases, the differences in

output of interpolation methods decreases.

6.2.3.2 RST

The RST function described byMitasova and Mitas(1993) can be used in the interpola-

tion of LiDAR DEMs with good results (Mitasova et al., 2005). The tunable tension and variable

smoothing in the RST algorithm developed for Geographic Resources Analysis Support System

(GRASS) minimizes the effects of noise and reduces overshoots (Gertner et al., 2002). When com-

pared to spline methods of interpolation, kriging was foundto introduce greater errors, particularly

in the representation of slope gradients, curvature, and aspect directions (Desmet, 1998). When

applied to the creation of continuous glacier elevation surfaces on Nanga Parbat (ninth highest

mountain in the world), RST was able to smooth variation in the terrain while at the same time

preserving important terrain features (Bonk, 2002).
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6.2.3.3 ANUDEM

In order to interpolate DEMs from digitized contour and point elevation data,Hutchinson

(1989) developed the Australian National University Digital Elevation Model (ANUDEM) software.

The software is unique among DEM interpolation procedures in that the algorithms developed are

derived from the morphological properties of the resultingterrain surface, and produces DEMs

that are hydrologically conditioned (Barringer and Lilburne, 1997). Furthermore, the procedure

incorporates a depression-removal step as part of the interpolation process. A thin-plate spline is

�tted to the elevation points and roughness is controlled byan input parameter, similar to the tunable

tension described byMitasova and Mitas(1993). Locally adaptive smoothing was later built into the

tool where the interpolation is performed iteratively in order to de�ne terrain slope, which weights

the amount of smoothing done (Hutchinson, 1996, 2000). DEMs have been produced with superior

results for the entire continent of Australia (Hutchinson and Dowling, 1991), Alaska (Sasowsky

et al., 1992), and portions of China (Yang et al., 2001). Hilton et al. (2003) compared a 250 m

resolution DEM created with ANUDEM to European Space Agency(ERS) satellite altimetery and

found the ANUDEM DEM to correlate well with the satellite measured heights. Interpolation of

GPS data into DEMs using ANUDEM has been shown to result in surfaces a few centimeters

more accurate than surfaces interpolated with kriging procedures (Westphalen et al., 2004). Other

researchers have compared DEMs created by interpolation ofGPS elevation data using regression,

kriging, and ANUDEM and have found ANUDEM to be the best interpolation tool for DEMs

(Bishop and McBratney, 2002). Researchers assessing the rate of ice elevation change inSouthern

Patagonia have found that the ANUDEM interpolation method is superior to IDW and TIN methods

(Rivera and Casassa, 2004). The use of ANUDEM for the development of DEMs is supported by

many researchers as the most accurate method (Chapman et al., 2005).
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6.2.4 Effects of DEM Resolution on Terrain Analysis

A large volume of research has investigated the effects of DEM resolution (cell or pixel

size) on the calculation of several topographic attributes. Kienzle(2004) showed that DEMs inter-

polated to a higher resolution (20 m) from the same source data resulted in more accurate represen-

tation of �rst order terrain derivatives (slope and aspect)and second order derivatives (pro�le and

plan curvature) than DEMs interpolated at 100 m resolution.Other topographic attributes shown to

be sensitive to DEM resolution include: 1) the topographic index developed byBeven and Kirkby

(1979), which is in�uenced by changes in the measure of slope and shape (Wolock and Price,

1994); 2) slope and aspect (Chang and Tsai, 1991); 3) catchment area (Thompson et al., 2001); and

4) �oodplain delineation (Omer et al., 2003). Accurate determination of slope is highly dependent

upon DEM resolution, with signi�cant differences in estimates of slope derived from 1 m and 12.5

m DEMs (Warren et al., 2004).

Many researchers have also shown that the accuracy of streamnetwork position is in�u-

enced by the scale and resolution of the DEM used in the extraction model. Garbrecht and Martz

(1994) stated that if small drainage features are the focus of the stream network delineation effort,

then DEM grid cell size must be relative to the size of those small features. When DEM grid-cell size

exceeds average hillslope length, stream network positioncannot be reliably predicted (McMaster,

2002; Zhang and Montgomery, 1994; Wolock and Price, 1994; Yang et al., 2001). Low-resolution

(30 m grid cell size) USGS DEMs poorly represent micro-topographic features, making their use

in closed-drainage studies problematic (Thompson et al., 2001). However, with the advent of very-

high resolution DEMs derived from LiDAR elevations, a larger number of arti�cial depressions are

introduced during the interpolation process, although theLiDAR data itself can be the source of

these depressions (Zandbergen, 2006).
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6.2.5 Spurious Depressions

DEMs often contain pits, de�ned as pixels with no neighboring pixels of lower elevations

(O'Callaghan and Mark, 1984). Some pits are the result of errors in the source data used tointer-

polate the DEM and some are artifacts of the interpolation process. Other pits, however, represent

actual depressions in the surface. In the case of LiDAR DEMs,especially high-resolution ones,

many micro-depressions can be present in the DEM surface upstream of man-made obstacles such

as roads that inhibit the modeled �ow of water through them.

6.2.5.1 Treatment of Spurious Depressions in DEMs

Depressions in DEMs inhibit the prediction of stream network location as it is dif�cult

to ascertain the correct drainage path through them, and thedirection of �ow through them cannot

be resolved. When attempting to extract stream networks from DEMs with numerous and/or large

depressions (arti�cial or natural), the stream-extraction model “�lls” the depression with “water”

and forces �ow direction to follow a path around the depression until it �nds a downstream pixel

with an elevation lower than the depression wall (berm). This results in stream lines being wildly

inaccurate in the vicinity of depressions. Early attempts to remove these pits involved smoothing

the DEM (Mark, 1983; O'Callaghan and Mark, 1984), but Band(1986) countered that smoothing

tended to alter important information in areas of the DEM notcontaining pits.

Martz and De Jong(1988) avoided the problems introduced by smoothing by developing

a tool which scanned a 10 pixel by 10 pixel region draining into a depression and selected the outlet

which had the lowest elevation. The uniqueness of this method was that if multiple outlets were

de�ned (two or more cells with the same lowest elevation), the one with the steepest �owpath to

the next pixel was selected. The authors noted that drawbacks to this technique arise when the scan

window is smaller than the depression, a situation that cannot be overcome when working with

high-resolution LiDAR DEMs.
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Jenson and Domingue(1988) developed a popular procedure that raises the elevation of

identi�ed depressions to the elevation of the lowest neighboring downstream cell. For the analysis of

soil depression storage capacity,Planchon and Darboux(2001) developed an algorithm applicable

to conditioning a DEM for depression removal. A high water surface elevation is assigned to all

DEM cells then drained. Then, an outlet cell for the DEM is identi�ed and upstream cells connected

to that outlet cell are iteratively drained. During the �naliteration, water in depressions is drained

only to the level of the highest outlet cell in the �ow path connected to the DEM outlet cell. All

other cells are completely drained and retain their original elevation values.

Hutchinson(1989) developed an algorithm that interactively resolves spurious pits during

the creation of the DEM and leaves what appear to be natural depressions (e.g. quarries). It should

also be noted that many users of DEMs may not have access to thesource data used to create

them and therefore do not have the opportunity to create DEMsusing the method developed by

Hutchinson(1989).

6.2.5.2 Breaching

Tribe (1992) noted that the �lling method developed byJenson and Domingue(1988)

had dif�culty determining surrounding cell elevations in �at areas, resulting in parallel �ow lines.

Tribe(1992) proposed a depression-conditioning method for �at areas where an inlet and outlet cell

are identi�ed (upstream and downstream of the pit) and a �owpath is enforced between the two

through the depression berm, thus avoiding parallel drainage lines. This technique, however, does

not account for pits that have irregular shapes.

A procedure known as ”carving” has been proposed where DEM pixel values (elevation)

are lowered from the depression, through the berm, then to the nearest point with a lower elevation

(Soille et al., 2003; Soille, 2004). Rieger(1998) stated that depressions, particularly valleys, tend to

represent channel location and that �lling them is inappropriate. He suggested an alternative known
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as “breaching”, where the outlet of each depression is identi�ed, and the �owpath pixels are lowered

from the DEM outlet upstream to the depression outlet. A variation of this method limits the length

of the breached channel to two pixels and �lls the remaining depressions (Martz and Garbrecht,

1998).

6.2.5.3 Impact Reduction Approach

Breaching and carving consider only a single depression at atime and may require mul-

tiple iterations of the depression-removal process. The computational ef�ciency and accuracy of

this process is uncertain (Zhu et al., 2006). Furthermore, none of the �lling and breaching methods

described, with the exception of the one developed byHutchinson(1989), account for real depres-

sions (Temme et al., 2006). The development of previous depression removal algorithms took place

when only coarse resolution DEMs were available (e.g. USGS 30 m). Ancillary features such as

roads, culverts, and drainage ditches are not represented in these coarse datasets. However, with

very high-resolution DEMs created from LiDAR data now becoming readily available, the presence

of these features creates real depressions such as �oodplains which are represented in the DEM

and through which water must �ow in order to realistically simulate the real channel network (e.g.

through a culvert under a road) (Duke et al., 2003).

LiDAR DEMs tend to be computationally massive, and traditional �lling algorithms often

run out of memory before completing the conditioning of the DEM. Wang and Liu(2006) resolved

this with their technique of employing a computationally ef�cient least-cost search approach to

determining the spill elevation of an interior cell and storing the elevations of the cells between

that cell and the DEM outlet cell in memory while the elevation of the interior cell is raised, if it

is a pit. Lindsay and Creed(2005) found that �lling and breaching depression-removal methods

severely altered terrain attributes in LiDAR DEMs. Their solution was to combine breaching and

�lling in a tool that analyzes the degree of change to the DEM caused by either method, and applies
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either method to particular cells identi�ed as depressionsin a manner which has the least amount

of effect on the statistical distribution of elevation values in the DEM. This method is referred to as

the impact reduction approach (IRA) (Lindsay and Creed, 2005).

6.2.6 Flow Direction

6.2.6.1 Single Flow Direction

The second step in the process of delineating stream networks from DEMs is the assign-

ment of the direction of �ow to each cell. The method most commonly used is the one introduced

by O'Callaghan and Mark(1984), which determines the direction water will �ow from a cell to one

of its eight neighboring cells with the lowest elevation. This single �ow direction (SFD) is also re-

ferred to as Deterministic 8-Direction (D8). The D8 �ow direction determination method has been

long considered inappropriate for use in hydrologic modeling, the chief drawback being the limi-

tation of �ow direction to only one of eight cardinal directions at a time (Fair�eld and Leymarie,

1991; Quinn et al., 1991; Costa-Cabral and Burges, 1994; Wolock and McCabe, 1995; Tarboton,

1997; Endreny and Wood, 2001; McMaster, 2002; Kenny and Matthews, 2005).

Use of D8 algorithms can also alter the direction of the stream network by as much as

44 degrees due to grid orientation and generates multiple parallel �ow paths in �at areas (Raa�aub

and Collins, 2006). Fair�eld and Leymarie(1991) proposed a modi�cation of D8 by adding a

random component to the computation of �ow paths and accounting for cell aspect in order to

minimize parallel �ow paths. This alternative, random eight-node (Rho8) has since been deemed

an unsuitable replacement to D8 (Gallant and Wilson, 1996). Neither D8 or Rho8 are capable of

modeling �ow dispersion andMoore et al.(1993) have found that Rh08 tends to break up �ow paths

and generate single cell drainage areas.
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6.2.6.2 Multiple Flow Direction

Multiple �ow direction (MFD) algorithms proportion �ow downslope to one or more pix-

els.Freeman(1991) modi�ed D8 and Rho8 by allowing �ow to exit a pixel to all of the downslope

neighboring pixels, thus honoring �ow divergence, and the modi�ed SFD algorithms are referred to

as FD8 and FRho8. However, even MFD �ow proportioning algorithms lead to problems in stream

network prediction by braiding channels or over-dissipating �ow (Quinn et al., 1991; Mendicino

and Sole, 1997).

Desmet(1998) compared SFD and MFD algorithms and found that SFD algorithms do

not accurately show divergent hillslope �ow. Consequentlyheadwater stream channel positions

derived from DEMs conditioned with SFD techniques will be atunlikely locations. SFD algorithms

are also extremely sensitive to errors in DEM elevations. Onthe other hand,Desmet(1998) also

found that MFD algorithms tend to cause higher order channels to veer back and forth across valley

bottoms, and concluded that both types of �ow direction algorithms will produce different results

when applied to varying terrain types.

In the development of the digital elevation model network extraction (DEMON) program,

Costa-Cabral and Burges(1994) modeled �ow with stream tubes where �ow is generated at each

pixel, following a stream tube until a pit or the edge of the DEM is encountered. Unique in the

DEMON algorithm is that rather than using the elevation derived from the center of the pixel (block

centering), each corner of the pixel is assigned the cell elevation and �ow is modeled using the plane

created from each pixel. This method has been shown byTarboton(1997) to result in inconsistent

�ow directions. Tarboton(1997) proposed that �ow direction can follow an in�nite number of

directions and developed the now-popular D-In�nity(D1 ) algorithm. Endreny and Wood(2001)

assessed the accuracy of(D1 ) (and others) and concluded that(D1 ) and a variation of DEMON

had the highest accuracy when used to model �owpaths in DEMs.
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6.2.7 EDNA

One of the products disseminated by EDNA is synthetic streamlines with origins starting

at a drainage threshold of approximately �ve km (Franken et al., 2001). Elevation Derivatives

for National Applications have been used to identify impaired water bodies for watershed-based

sampling designsDetenbeck et al.(2005). Pfafstetter codes assigned to each synthetic streamline

by Verdin and Verdin(1999) make incorporation of EDNA derivatives into 303(d) reports a viable

and more accurate alternative than using National Hydrography Dataset (NHD) bluelines (Brown

et al., 2005).

6.3 Objectives

The objective of the research reported here was to examine the horizontal accuracy of

headwater stream networks extracted from DEMs of differingsources treated with depression-

removal methods. An in�nite number of permutations of combinations of stream-delineation tech-

niques based on various �ow-routing and depression-removal methods and interpolation techniques

can be tested, a lengthy process sure to outlive the author. Therefore, one DEM interpolation

method, �ve depression-removal methods, and two stream-delineation tools were tested. A re-

view of the literature suggests that ANUDEM is the most appropriate tool for the interpolation of

DEMs used in hydrologic studies and that theD1 �ow routing algorithm is best for determining

�ow direction across a diverse range of terrain types.

Four of the depression-removal methods were incorporated into the Terrain Analysis Us-

ing Digital Elevation Models (TAUDEM) software developed by Tarboton(1997), which incorpo-

rates theD1 �ow routing algorithm into the stream-delineation process. The �nal depression-

removal method is part of the fully-automated stream delineation extension for ArcMap, Arc Hydro

(Maidment, 2002).
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Actual stream networks surveyed by differential GPS were compared to automatically

generated stream networks extracted from DEMs interpolated with LiDAR data using ANUDEM,

DEMs produced by the North Carolina Floodplain Mapping Program, and DEMs produced by the

USGS. The high resolution of the LiDAR DEMs presented some challenges of routing �ow through

features normally not represented on lower-resolution DEMs such as roads and bridges. Therefore

another focus of this research was on which depression removal methods work best on various

terrain types, and which DEMs are most suitable for the accurate determination of headwater stream

networks.

Ground-truth data were obtained in nine watersheds rangingfrom 40 to 600 ha in drainage

area, and representing four different physiographic sub-regions in NC. The streams networks were

surveyed using the mobile GIS application developed byColson et al.(2006). Variability in the ac-

curacy of stream networks extracted from the combination ofDEM sources and depression-removal

methods was correlated to EPA Level IV Ecoregions (Grif�th et al. , 2002) and North Carolina Soil

Systems (Daniels et al., 1999). Results are presented as the percentage of GPS points surveyed

within each of a series of buffer rings drawn around the arti�cially mapped channels.

6.4 Methods

6.4.1 Experimental Design and Statistical Analysis

This research tested the feasibility of automatically generating headwaters stream net-

works from digital elevation models that were treated to optimize the horizontal accuracy of the

extracted stream networks. DEMs readily available for download from online resources were tested

against DEMs developed from LiDAR elevation point data by interpolating with ANUDEM. Meth-

ods of hydrologically conditioning all of the DEMs were alsotested. Arc Hydro and TAUDEM,

two methods for automatically extracting stream networks from hydrologically conditioned DEMs,
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were also compared.

The stream networks automatically generated by GIS methodswere tested for horizontal

accuracy by collecting ground truth data with GPS on stream networks in small watersheds among

several physiographic regions of NC. Sampling the physiographic variability among headwaters

stream networks across the state was designed to determine if the optimal GIS methods for stream

extraction varied with physiography. The independent variable in this design, i.e. the stream hori-

zontal accuracy criterion, was the mean percentage of stream channel GPS points that were located

within 3.05 m of a GIS digital stream channel.

6.4.1.1 Digital Stream Networks

Digital stream networks were extracted from �ve different DEMs, covering the areas of

the ground truth study watersheds, that were treated with �ve different methods of depression re-

moval (Figure 6.1). The DEMs tested for stream extraction accuracy were:

1. USGS 10 m DEM

2. NCFMP 6.10 m DEM

3. DEMs interpolated from LiDAR elevation point data to three different resolutions: 6.10 m,

3.05 m and 1.52 m

The �ve DEMs above were treated with four methods of depression removal and the digital stream

networks for the study watersheds were extracted with TAUDEM to produce 20 stream maps for

each study watershed. Depression removal methods tested were Planchon and Darboux, impact

reduction approach, slow breaching, and constrained breaching. The �ve DEMs then were extracted

with ArcHydro which gave a �fth depression-removal method,the default method in Arc Hydro,

and �ve additional digital stream maps for each study watershed.
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6.4.1.2 Ground Truth Stream Networks

The physiographic subregion sample areas for selection of study watersheds were deter-

mined by intersecting Level IV Ecoregions and Soil Systems of North Carolina in order to incorpo-

rate the common physiographic variability inclusive in both physiographic classi�cation systems.

Very limited resources for �eld surveying restricted the ground truth study watersheds to a total

of nine, representing the three physiographic regions of NC, one physiographic subregion in the

Coastal Plain, two physiographic subregions in the Piedmont and two physiographic subregions in

the Mountains (Figure6.1).

Figure 6.1: Locations of study catchments relative to EPA Level IV Ecoregion.
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6.4.1.3 Statistical Analysis

The �ve methods of depression removal and the �ve source DEMstested lend themselves

well to a block design method of statistical analysis where� i is thei th block (DEM source) effect on

mean� percentage of GPS points 3.05 m from a mapped channel,� j is thej th treatment (depression-

removal method) effect on mean� percentage of GPS points 3.05 m from a mapped channel, and� ij

is the random error. The statistical model showing the effect of DEM source and depression-removal

method on accuracy of extracted stream networks is:

Yij = � + � i + � j + � ij : (6.1)

Throughout this paper, the �ve different source DEMs are referred to as ”DEM blocks” and the �ve

different depression-removal methods are referred to as ”DEM treatments”.

6.4.2 Description of Study Site Locations

Small watersheds in rural areas were chosen using USGS topographic maps, aerial pho-

tography and feature polygon classes delineating EPA LevelIV Ecoregions and North Carolina Soil

Systems within a GIS. Study site locations, descriptions, and name of EPA Level IV Ecoregion are

as follows:

1. Eno (ER): 488 ha; half in Eno River State Park, half on stateowned wildlife management

area in Orange County. Carolina Slate Belt

2. Falls Lake (FL): 150 ha in Falls Lake State Park, located onNorth-eastern shore of Falls Lake,

Wake County. Northern Outer Piedmont.

3. Johnston (JC): 580 ha in North-central Johnston County. Rolling Coastal Plain.

4. Northwest Durham (ND): 429 ha in East-central Orange County. Carolina Slate Belt.
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5. Schenck (SF): 44 ha in Schenck Memorial Forest, West-central Wake County. Northern Outer

Piedmont.

6. Timberlake (TL): 757 ha in Central Person County, near thetown of Timberlake. Carolina

Slate Belt.

7. Umstead (UP): 178 ha in Umstead State Park, Wake County. Located in Northern end of park

near Raleigh-Durham Airport. Northern Outer Piedmont.

8. Wayne (WC): 757 ha in Northern Wayne County, near Nahunta Swamp and Pikeville. Rolling

Coastal Plain.

9. White Mountain (WM): 286 ha in North-east Caldwell County, near Lenoir. Eastern Blue

Ridge Foothills.

6.4.3 Stream Surveying

More than 69 km of stream channels were surveyed for a total of2000 GPS points over

an 18-month period. Table6.1 summarizes the number of origins identi�ed among EPA Level IV

Ecoregions and North Carolina Soil Systems.
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Table 6.1: Distribution of surveyed stream origins among physiographic sub-regions of NC.
Soilsystem

Ecoregion Carolina
Slate Belt

Felsic
Crystalline

Low and
Inter-
mediate
Mountain

Middle
Coastal
Plain

Grand To-
tal

Carolina
Slate Belt

77 77

Eastern
Blue Ridge
Foothills

28 16 44

Northern
Outer
Piedmont

22 22

Rolling
Coastal
Plain

28 28

Grand To-
tal

77 50 16 28 171

6.4.4 DEM Blocks

6.4.4.1 Interpolation of LiDAR Data to Create DEMs

A short script was written to test the sensitivity of stream networks extracted from the

interpolated DEMs to input parameters in ANUDEM. ANUDEM is packaged with ArcMap as

the TOPOGRID (TG) tool in the Spatial Analyst Toolbox. The script automated the following

functions:

1. Interpolate a DEM using the LiDAR bare-earth points as theinput.

2. Create a �ow-direction grid.

3. Create a �ow accumulation grid.

4. Use a user-de�ned threshold of number of cells that de�nesa point of channel-initiation and

create a stream grid.
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5. Convert the stream grid to a polyline feature class.

6. Create a multiple-ring buffer around the stream lines.

7. Determined which buffer-distance class each GPS point occurred in (e.g calculated the per-

centage of GPS points occurring in the 3.05 m buffer distanceclass).

8. Wrote the results to a table.

9. Deleted all grids.

10. Looped through the entire procedure using a range of TG input parameters; 1) roughness

penalty (0-2 in steps of 0.1), 2) discretisation error factor (0-2 in steps of 0.1), and 3) vertical

standard error (0-2 in steps of 0.1).

For each study site the script was used to create DEMs at 6.10 mresolution. The drainage enforce-

ment option in TG was not used, as initial testing showed thatthe horizontal accuracy of stream

networks generated from DEMs conditioned with TG drainage enforcement was poor. Quality in-

dicators used to determine the most appropriate TG input parameters were the percentage of GPS

points that occurred within 3.05 m of a mapped channel produced in step 5. The three parameters

were tested individually and inserted into the script as default before the next loop was executed.

For example, the optimal roughness penalty was determined and inserted as the default roughness

penalty value when testing discretisation and vertical standard error. Testing all permutations of the

parameters of interest (800) was beyond the capabilities ofour hardware.

For each study site, a different range of TG input parameterswas found to result in the

most topologically accurate DEM for the extraction of stream networks. Using these site-speci�c

values, DEMs were also interpolated at 1.52 and 3.05 m resolutions, however, not by using the

automated script routine.
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6.4.4.2 USGS and NCFMP DEMs

For each study site, 6.10 m resolution LiDAR DEMs were obtained from the North Car-

olina Floodplain Mapping website (http://www.nc�oodmaps.com). Using the GPS surveyed mouth

of each study site watershed, the boundaries of the watersheds were delineated using the Arc Hydro

(AH) extension (version 1.1) for ArcMap (version 9.1). At the same time, bare-earth data in the

form of an ASCII �le representing LiDAR point elevations were downloaded from the NCFMP

website. Ten meter resolution DEMs were also obtained from the USGS athttp://seamless.usgs.

gov. All data were projected as State Plane Feet, NC, NAD 83. Elevations were measured in feet.

In order to make the LiDAR bare-earth datasets as small as possible, the ASCII �les for each study

site were trimmed to encompass a rectangular area that encompassed just the estimated extent of

the study site watersheds.

6.4.5 DEM Treatment

Each DEM was converted into an ASCII XYZ �le using ArcMap. Then, each ASCII

DEM was imported into the Terrain Analysis System (TAS) software developed byLindsay(2005).

For each resolution DEM (TG 1.52, 3.05, 6.10 m, NCFMP 6.10 m, USGS 10 m) covering each

study site, four different depression-removal algorithmsavailable in TAS were utilized to condition

the DEMs. These were:

1. Export DEM to ASCII format.

2. Import DEM into TAS format.

3. Fill All Depressions using thePlanchon and Darboux(2001) method (PD).

4. Breach All Depressions, using “slow breaching”(SB) (Rieger, 1998).

5. Constrained Breaching (CB) (Martz and Garbrecht, 1998; Lindsay and Creed, 2005).

http://www.ncfloodmaps.com
http://seamless.usgs.gov
http://seamless.usgs.gov
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6. Impact Reduction Approach (IRA) (Lindsay and Creed, 2005).

7. Export DEM to ASCII format.

8. Import ASCII DEM into ArcMap

A �fth method of depression removal is contained within the fully-automated Arc Hydro stream

network delineation tool in ArcMap, and makes use the of techniques described byMark (1988).

This method was applied to each of the �ve DEMs for each of the nine study sites. The total number

of depressionless DEMs for each study site was 25.

6.4.6 Extraction of Stream Networks

Automatic stream network extraction was performed using the Terrain Analysis Using

Digital Elevation Models (TAUDEM) software developed byTarboton(1997). TAUDEM was se-

lected over Arc Hydro due to the limitations of the Arc Hydro tool to only the D8 �ow direction

algorithm which has been shown to be inappropriate for use inthe computation of accurate �ow

paths.(D1 ) is part of the TAUDEM stream extraction tool. Another tool, TAPES-G, used to gen-

erate most of the common �ow routing procedures was evaluated and was deemed not useful for

this project as the size of the DEM used as the input is limitedto 1600 cells, a prohibitive feature

where some of the DEMs used in this analysis exceed 6,000,000cells (Gallant and Wilson, 1996).

6.4.6.1 TAUDEM

A useful feature of TAUDEM is the ability to generate “push button” stream networks by

specifying an input DEM and all depression-removal, �ow-routing, and channel determination steps

are performed. Additional procedures allow the user to generate a stream network upstream of a

speci�ed outlet, thereby reducing computing time. However, as we were substituting the depression-

treated DEM normally generated with TAUDEM with each of the 20 generated using TAS, all steps
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had to be manually performed:

1. D8 and(D1 ) �ow directions (D8 �ow direction grid necessary to create a single-pixel wide

network).

2. D8 and(D1 ) �ow accumulations.

3. Network characterization (stream order and length) and river network raster.

4. River network raster to polyline feature class.

Several popular methods of channel initiation determination are available in TAUDEM. The object

of this stage of the research is to determine the horizontal accuracy of stream networks extracted

from DEMs. Use of DEMs to determine the factors that most in�uence the point of channel initiation

cannot be accurately determined without �rst establishingthe DEM parameters most appropriate

for accurately representing stream networks. Channel initiation analyses will be performed during

future research. Therefore a contributing area threshold (number of DEM cells �owing to a point

that represent the breakpoint between divergent �ow and convergent �ow) was selected that insured

that generated streams would extend well past the GPS-surveyed stream origins in order to capture

the entire network. This procedure was repeated for each of the 20 depressionless DEMs for each

study site. This resulted in 20 TAUDEM stream networks for each site with generated stream

segments only corresponding to surveyed stream segments.

6.4.6.2 Arc Hydro

Finally, in order to benchmark the performance of TAUDEM, stream networks were ex-

tracted using the “push button” automatic delineation feature of Arc Hydro for each DEM block (TG

1.52, 3.05, 6.10 m, NCFMP 6.10m, and USGS 10 m) resulting in �ve Arc Hydro stream networks

for each site. Figure6.2shows the steps performed in the entire process.
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Figure 6.2: Flowchart showing major steps in DEM acquisition, interpolation, conditioning, and
extraction process.

Each of the 25 generated stream networks per study site were manually pruned to remove

streams that were generated by the automatic delineation process but did not exist in reality as de-

termined by the GPS survey. This eliminated the potential for the multiple-ring buffer to be drawn

around an arti�cial stream segment that was within a short distance of a true segment and conse-

quently in�ating the accuracy percentages. The following post-processing steps were performed on

each of the mapped stream networks:
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1. Network Pruning.

2. Create multiple-ring buffers and classify each GPS pointwith distance class (automated with

script).

3. Record results in a table.

6.4.7 Accuracy Determination

Assessing the horizontal accuracy of the mapped stream channels by determining the dis-

tance of the GPS stream-channel points from each of the 25 different DEM-derived stream networks

for each study site by Euclidean distance was problematic due to the uncertainty in the GPS data and

the relation of each GPS point to the corresponding stream segments. The estimated post processed

accuracy of the GPS dataset was calculated to be less than 0.6m, however, some dif�culties were

encountered in determining the stream segment from which tomeasure the distance to a GPS point

where a point was either equidistant from two stream lines orwas closer to a stream with different

segment ID. For example, a GPS point associated with segmentID i can fall closer to stream seg-

ment IDj , and the distance would be incorrectly measured from IDj instead of IDi , or the map does

not depict that segment at all. Furthermore, stream delineation tools draw the stream lines through

the center of the DEM pixel, therefore it is impossible to measure the true distance of the GPS points

from the modeled stream line

To determine the horizontal accuracy of the stream networksdelineated from the 25 “ex-

periments” multiple-ring buffers were drawn around each ofthe 25 extracted stream networks for

each study site. The GPS stream channel survey points of eachstudy site were merged with the

25 multiple buffer ring polygon feature classes resulting in 25 point feature classes containing GPS

co-ordinates, unique identi�er of the GPS point, and which buffer-width class (from the respective

modeled stream segment) the GPS point occurred in. The frequency of the percentage of GPS points
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in each width class, for each of the 25 experiments, was recorded to a table.

Width classes used were: 1.52, 3.05, 4.57, 6.10, 7.62, 9.14,10.67, 12.19, 13.72, 15.24,

16.76, 18.29, 19.81, 21.34, 22.86, 24.38, and 304.80 m (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60,

65, 70, 75, 80, and 1000 ft). Initially width classes of 3.05,6.10, 9.14, 12.19, 15.24 and 304.80 m

were used for testing the horizontal accuracy of published stream maps (Chapter 5). For comparing

the horizontal accuracy of the DEM-derived experimental stream maps, the number of buffer width

classes was increased and the width of the classes was decreased in order to establish the accuracy

in meters at the 90% con�dence interval for each dataset, which was not possible with the number

of width classes used in the analysis in Chapter 5. The minimum buffer width used should not be

less than the cell size (pixel resolution) of the DEM used to delineate the stream network. The

minimum buffer width used to assess extraction performance, 3.05 m (3.05 m on either side of the

line), represents the cell size of the DEMs used by the NCFMP (6.10 m). Stream network accuracy

was assessed by the percentage of GPS points within 3.05 m of the stream line for each dataset.

In Figure6.3, an example is shown where �ve buffers of incrementing distance are drawn

around a mapped stream (dashed line). GPS stream-channel points (dots) for an actual stream

segment are shown to occur in each of the buffers. Here, 29 GPSpoints occur in the 3.05 m buffer-

width class, which is 76% of the total (38) GPS points in the population. Therefore the accuracy of

this stream segment would be reported as “76%”. Map accuracy, or the con�dence band at which

there is a 90% probability that the mapped channel accurately portrays the real channel, is reported

in meters. Here, the 90% threshold is reached at 6.10 meters,in other words, 35 out of 38 GPS

points occur within 6.10 m of the mapped stream, or this stream map portrays the real stream to

within 6.10 meters of its real position at 90% accuracy. To arrive at this �gure for each experiment,

each buffer-width class was attributed with the percentageof GPS points within the population that

occur in that buffer-width class, and the �rst buffer-widthclass containing equal to or more than

90% of the GPS points was labeled with the 90% accurate criterion.
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Figure 6.3: Example showing GPS points within each of a series of buffers drawn around a mapped
stream line.
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6.5 Results

6.5.1 ANUDEM Interpolation

For each study site a range of TG input parameters was tested with a Python script in

ArcInfo to determine the speci�c parameters needed to interpolate the most topologically correct

DEM. For each input parameter (roughness penalty, discreteerror factor, and vertical standard er-

ror), the range of possible values tested was from 0 to 2 in steps of 0.1. During the testing of each

parameter, the values of the remaining two parameters were set to their default values:

1. Roughness penalty: 1

2. Discrete error factor: 0.1

3. Vertical standard error: 0

Figure6.4shows one result for the interpolation test for the JohnstonCounty site. The output DEM

is 6.10 m resolution. All plots show several vertical lines of results. For example, Figure6.4(b)

shows a distinct vertical line at discrete error factor = 1. Anumber of points are vertically clustered

in the 26 to 28% range, with another cluster at the 18 to 20% range. With discrete error factor set

to 1, the range of roughness penalty from 0 to 1 results in accuracies ranging from 26 to 28%. This

exempli�es the inter-dependence of all three parameters ontopological accuracy of the output DEM.

Unfortunately, a more comprehensive test investigating the permutations of TOPOGRID parameters

was not feasible within the time constraints of this study.
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Figure 6.4: Scatterplots showing effects of TOPOGRID parameter values on percent of GPS points
3.05 m from a mapped channel, Johnston County site: roughness penalty (a), discrete error factor
(b), vertical standard error (c) and, 3-way plot of all parameters (d).

Table6.2 summarizes the combination of TOPOGRID input parameters that resulted in

the most topologically correct 6.05 m DEM, evaluated based upon the percentage of GPS points

occurring within 3.05 m of a mapped channel.
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Table 6.2: Top-performing TOPOGRID parameters.
Study Site Roughness

penalty
Discrete er-
ror factor

Vertical
standard
error

percentage
of GPS
points 3.05
m from a
mapped
channel

JC 0.05 1 0.25 29.48%
WC 1.2 1 0.2 40.36%
ER 1 0 0.2 57.02%
ND 1 0.2 0.2 46.08%
TL 1.2 0.7 0 40.00%
FL 1 0 0.2 58.33%
SF 1 0.2 0.2 45.01%
UP 1 0.3 0.2 56.65%
WM 1 0 0.2 46.86%

6.5.2 Stream Extraction

Output of the stream extraction and horizontal accuracy test procedures was recorded as

the percentage of GPS points within each of the buffer distance classes for each study site. The

benchmark for accuracy was the percentage of GPS points within 3.05 m of a mapped stream line.

This number represents the grid cell resolution of the DEMs published by the NCFMP, 6.10 m. This

section reports the individual results for each study site.Additionally, the mean accuracy of each

treatment (depression removal method) was determined by block (DEM) and the mean accuracy of

each block by treatment was determined to show the in�uence that depression conditioning method

and source DEM have on the accuracy of extracted stream networks for each study site.

6.5.3 Coastal Plain

In Appendix6.10 Table6.19 the percentage of GPS points occurring within 3.05 m of

either side of a mapped stream line are shown for each treatment within block. At the end of
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Table 6.19 the mean results of all treatments by block, then block by treatment are given. The

mean results show small differences among the depression-removal methods but larger differences

among the DEM sources. Little difference in stream line horizontal accuracy occurs between the

TG interpolated 1.52 and 3.05 m resolution DEMs. Figure6.5shows the mean percentage of GPS

points 3.05 m from 50 mapped channels extracted in the Coastal Plain, with effect of DEM treatment

(Figure6.5(a)) and block (Figure6.5(b)) on means.
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Figure 6.5: Mean percentage of GPS points 3.05 m from all mapped streams in the Coastal Plain by
(a) treatment and (b) block.

6.5.3.1 Johnston County Study Site

There were some instances of gross horizontal error among all depression removal proce-

dures. These tended to occur mostly in wetland and swampy areas with extremely dense understory

vegetation. In these cases, all mapped stream segments werealmost identical in their placement.

Figure6.6shows the worst instance of horizontal error at the JohnstonCounty study site.
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Figure 6.6: Sensitivity of depression-removal methods to �at and swampy terrain on a 1.52 m reso-
lution DEM interpolated with ANUDEM: a) Arc Hydro and constrained breaching and b) Planchon
and Darboux, slow breaching, and impact reduction approach.

The displacement shown in Figure6.6 was not limited to the 1.52 m DEM interpolated

with ANUDEM. Figure6.7shows that all DEMs exhibited the same tendency when treatedwith the

IRA method, the most accurate for this site. This type of error occurred several times throughout

the Johnston County study site experiments, and the location of the horizontally inaccurate stream

segments was consistent throughout all of the block and treatment results.
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Figure 6.7: Streams extracted from DEMs treated with impactreduction approach: a) 3.05 m reso-
lution DEM and USGS 10 m DEM and b) 6.10 m resolution DEM and NCFMP DEM.

6.5.3.2 Wayne County Site

Figure 6.8 shows the results of some depression-removal methods when encountering

a large man-made obstacle in low-relief terrain at the Waynestudy site. A two-lane road on an

elevated road bed crosses the main channel and a large-diameter culvert conveys the channel under

the road. The road bed traverses the �oodplain for approximately 150 meters. The CB and PD

treatments raised the elevations of the �oodplain upstreamof the road to the same elevation as the

road, and the SB and IRA treatments carved a channel through the road bed. In this case, however,

stream lines extracted from DEMs treated with all of the depression-removal methods failed to

route �ow through the exact location of the culvert. In fact,all DEM treatments routed the stream

approximately 75 meters north of the culvert.
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Figure 6.8: Comparison of depression-removal methods encountering a man-made obstacle on a
3.05 m resolution DEM interpolated with ANUDEM, Wayne County, NC: a) constrained breaching,
b) impact reduction approach, c) Planchon and Darboux, and d) slow breaching.
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In Figure6.9more obvious differences are apparent in how the depression-removal meth-

ods treat a large swamp and beaver pond complex. The depression-�lling and D8 �ow direction

procedures in AH create straight and parallel �ow lines while the stream network extracted from

the DEM treated with SB comes fairly close to the GPS points ofthe surveyed stream channel.

Similarly, the CB treatment also created parallel �ow linesbut did achieve closer accuracy than AH,

and in the extent shown in this example, the CB and IRA-treated DEM stream segments are almost

exactly alike in positioning.
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Figure 6.9: Comparison of depression-removal methods encountering a beaver pond and swamp
complex on a 3.05 m resolution DEM interpolated with ANUDEM,Wayne County, NC: a) slow
breaching and Arc Hydro and b) constrained breaching and impact reduction approach.
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6.5.4 Carolina Slate Belt

Block and treatment means of percentage of GPS point 3.05 m from a mapped stream in

the Carolina Slate Belt were notably higher than for the Coastal Plain sites. Table6.20shows that

differences (by treatment) of GPS points occurring within 3.05 m of either side of a mapped stream

line peaked by as much as 12% (ER 1.52 m). Streams generated using AH consistently had the

worst accuracy. Block means show an increase in stream-position accuracy with a decrease in DEM

resolution, with the exception of the Eno River site, where the shift from 3.05 m to 1.52 m resolution

netted a decrease in accuracy. Figure6.10shows the mean results of the mean percentage of GPS

points 3.05 m from 75 mapped channels in the Carolina Slate Belt, with effect of DEM treatment

(Figure6.10(a)) and block (Figure6.10(b)) on means.
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Figure 6.10: Mean percentage of GPS points 3.05 m from all mapped stream in the Carolina Slate
Belt by (a) treatment and (b) block.
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6.5.4.1 Timberlake

The percentage of GPS points within 3.05 m of a mapped channelwas highest for streams

extracted from DEMs treated with the SB depression-removalmethod. The CB, IRA and PD

depression-removal methods exhibited nominal accuracy, while the fully-automated Arc Hydro

stream extraction process exhibited the poorest stream line horizontal accuracy for the interpolated

DEMs, yet performed better than the PD method for the NCFMP and USGS DEMs. Stream lines

extracted from the sites located within the Carolina Slate Belt did not exhibit the same type of gross

horizontal differences shown in the Coastal Plain results.Rather, the presence of man-made obstruc-

tions introduced gross horizontal errors that exempli�ed differences among the depression-removal

procedures. Figure6.11shows the horizontal error precipitated by a road crossing the stream. In

this example, a deeply-incised stream channel, 3 m in width,�ows through a large-diameter culvert

under a road, also 3 m in width. The roadbed �ll extends for approximately 30 m across the stream

�ood plain. The stream segments in the extent shown are identical for the CB and PD methods.

In Figure6.12the effects of the depression-removal methods are illustrated. In Figure6.12

(a), a higher-elevation road bed is discernible running east-west, with the upstream inlet to a cul-

vert (same as shown in Figure6.11) denoted as a white cross. The SB and IRA DEM treatments

(Figure6.12(b) and (c) correctly carve a channel through the road bed. The CB and PD methods

(Figure6.12 (a) and (d) merely raise the elevations of the pixels upstream of the road bed to be

equal to the highest elevation of the road. The road surface is approximately two meters above the

channel bottom, therefore a large number of pixels had theirelevations raised upstream in order to

remove the depression.
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Figure 6.11: Sensitivity of depression-removal methods toa large man-made obstruction (culvert)
at the Timberlake site on a 1.52 m resolution DEM interpolated with ANUDEM: a) slow breaching,
constrained breaching, and Planchon and Darboux and b) Arc Hydro and impact reduction approach
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Figure 6.12: Timberlake DEM showing affects of depression-removal methods on 1.52 m resolution
DEM: a) constrained breaching, b) impact reduction approach, c) slow breaching and d) Planchon
and Darboux.
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6.5.4.2 Eno

Results of the stream extraction experiments for the Eno River State Park site differed

signi�cantly from the Timberlake results. Variation between the depression-removal methods was

almost nil. The biggest departure from the trend, however, is the accuracy of streams extracted from

DEMs of various resolutions created with ANUDEM. The 3.05 m resolution DEM (65.85% of GPS

points within 3.05 m of a mapped channel) performed better than the higher resolution 1.52 m DEM

(63.32% of GPS points within 3.05 m of a mapped channel). Streams extracted from the USGS and

NCFMP DEMs had the lowest accuracy of all datasets for this site (Table6.20). For each block,

streams extracted from DEMs conditioned with the �ve depression-removal methods were, for the

most part, nearly identical.

6.5.4.3 Northwest Durham

Streams extracted from the Northwest Durham site DEMs did not show the same types of

errors when encountering man-made obstacles as the other sites mentioned previously. There were

however, horizontal differences in the placement of streamchannels between depression-removal

methods. Figure6.13 (a) shows the rather straight �ow paths generated by AH and horizontally

inaccurate �ow paths extracted from a DEM treated with CB. Figure 6.13 (b) shows the DEMs

treated with IRA and SB (almost identical) most accurately de�ne surveyed channels, while the

DEM treated with PD also exhibits horizontally inaccurate stream channel location in the extent

shown in the example. This phenomena was only repeated at onemore isolated section of the

entire Northwest Durham stream network, immediately upstream of the mouth of the watershed.

Table6.20shows little difference in the mean results of the �ve depression-removal methods (42-

44%).
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Figure 6.13: Comparison of depression-removal methods at the Northwest Durham site on a 1.52
m resolution DEM interpolated with ANUDEM: a) Arc Hydro and constrained breaching and b)
impact reduction approach, Planchon and Darboux, and slow breaching.

The greatest effect on the accuracy of stream network position was DEM resolution. In

the example shown in Figure6.14, as DEM resolution is shown to decrease, the ability of the IRA

method to carve a discernible channel through the �oodplainsimultaneously decreases. DEMs

obtained from the USGS and NCFMP achieved 30 and 37% (respectively) accuracy. When interpo-

lating a 6.10 m DEM (same resolution as NCFMP DEM) with TG, theaccuracy achieved is 45%.

Interpolating to �ner resolutions (3.05 m, 1.52 m) achieve 52% accuracy, with no discernible dis-

tinction between 3.05 and 1.52 m resolution stream networks. Table6.20shows a large difference

in the mean results of the �ve blocks.
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Figure 6.14: Effect of grid cell size on ability of impact reduction approach DEM treatment to
“carve” a channel at the Northwest Durham study site: a) 1.52m TG, b) 3.05 m TG, c) 6.05 m
NCFMP, and d) 10 m USGS DEM.
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6.5.5 Northern Outer Piedmont

The study sites located in the Northern Outer Piedmont were all much smaller than the

watersheds surveyed in other physiographic regions. Originally, these three sites were not intended

to be part of the survey dataset. Several other unrelated projects required a GPS survey of the

headwater streams at these sites, all located in NC state parks, and their close proximity made them

ideal for the development of the stream mapping mobile GIS system. However, mean results shown

in Table6.21 conform to the trend of little difference among treatments and a greater difference

among blocks. Select examples show stream networks extracted from the three TG interpolated

DEMs treated with the CB, IRA, and SB depression-removal methods show nearly identical stream

positions, while stream networks extracted from NCFMP 6.10m and USGS 10 m DEMs exhibit

noticeable differences in their placement. Figure6.15shows mean percentages of GPS points 3.05

m from 75 mapped channel extracted in the Northern Outer Piedmont, with effect of DEM treatment

(Figure6.15(a)) and block (Figure6.15(b)) on the means.
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Figure 6.15: Mean percentage of GPS points 3.05 m from all mapped stream in the Northern Outer
Piedmont by (a) treatment and (b) block.
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6.5.5.1 Falls Lake

The percentage of GPS points within 3.05 m of a mapped channelat the Falls Lake site

varied very little among depression-removal methods, ranging from 55 to 58% of the total GPS

dataset within that distance class. However, the differences in stream line horizontal accuracy among

source DEMs was signi�cant, with the USGS 10 m DEM achieving 25% accuracy, the NCFMP 6.10

m DEM 60% accuracy, and no perceptible gain in accuracy between the TG interpolated 3.05 m and

1.52 m DEM (70% accuracy). Figure6.16(a) shows little horizontal difference among stream lines

extracted from TG interpolated DEMs conditioned with the IRA method. Figure6.16 (b) shows

a much more detectable difference in horizontal accuracy instream line accuracy extracted from

USGS and NCFMP DEMs conditioned with the IRA method.
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Figure 6.16: Comparison of various Falls Lake DEMs treated with impact reduction approach: a)
IRA 1.52, 3.05, and 6.10 m and b) USGS 10 m and NCFMP 6.10 m.
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6.5.5.2 Schenck Forest

Differences among stream network positions derived from DEMs conditioned with the

�ve depression-removal methods were quite small for the Schenck Forest site. Notably, accuracy

of stream network position was almost identical for all TG interpolated DEMs at the 1.52 and 3.05

m resolution (62%) with the exception of the TG 3.05 m resolution DEM processed with Arc Hy-

dro, which achieved 60% accuracy. DEMs conditioned with thePD depression removal method

and stream networks extracted using AH achieved slightly better results than the CB, IRA, and

SB methods. Figure6.17(a) shows little horizontal difference among stream lines extracted from

TG interpolated DEMs conditioned with the SB method. Figure6.17(b) shows a much more de-

tectable difference in horizontal accuracy in stream linesextracted from USGS and NCFMP DEMs

conditioned with the SB method.
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Figure 6.17: Comparison of various Schenck Forest DEMs treated with slow breaching: a) IRA
1.52, 3.05, and 6.10 m and b) USGS 10 m and NCFMP 6.10 m.
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6.5.5.3 Umstead State Park

Differences among stream network positions derived from DEMs treated with the �ve

depression-removal methods were quite small for the Umstead State Park site. DEMs treated with

the PD depression-removal method and stream networks extracted using AH achieved marginally

better results than the CB, IRA, and SB methods. Signi�cant in the block (DEM) differences is the

fact that NCFMP 6.10 m DEMs treated with all depression removal-methods achieved near-identical

mean horizontal accuracy of stream networks compared to those extracted from TG interpolated

3.05 m DEMs. Figure6.18 (a) shows little horizontal difference among stream lines extracted

from TG interpolated DEMs treated with the CB method. Figure6.18 (b) shows a moderately

more detectable difference in horizontal accuracy in stream line accuracy extracted from USGS and

NCFMP DEMs treated with the CB method.
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Figure 6.18: Comparison of various Umstead State study siteDEMs treated with constrained
breaching: a) IRA 1.52, 3.05, and 6.10 m and b) USGS 10 m and NCFMP 6.10 m.
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6.5.6 Eastern Blue Ridge Foothills

6.5.6.1 White Mountain

Only one study site was surveyed in the Eastern Blue Ridge Foothills due to travel costs

to that part of NC. Table6.22shows the stream line accuracy difference among depression-removal

methods to be less than one percent. Accuracy of stream network positions extracted from the �ve

source DEMs, however, exhibited slightly different results, with a two percent difference among the

streams extracted from the TG-interpolated DEMs. The NCFMP6.10 m resolution DEM produced

only marginally worse results, while the USGS 10 DEM only mapped an average of seven percent

of stream lines within 3.05 m of a GPS point. Figure6.19shows mean percentage of GPS points

3.05 m from 25 mapped channels extracted in the Eastern Blue Ridge Foothills, with effect of DEM

treatment (Figure6.19(a)) and block (Figure6.19(b)) on means.
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Figure 6.19: Mean percentage of GPS points 3.05 m from all mapped stream in the Eastern Blue
Ridge Foothills by (a) treatment and (b) block.

One error encountered at this site is shown at the center of Figure6.20. In Figure6.20(a),

both the SB and IRA methods incorrectly enforce drainage in a1.52 m resolution DEM toward the



188

northern edge of the remnants of a relic slope failure. In Figure 6.20(b), the SB-treated NCFMP

6.10 m DEM is shown to correctly enforce drainage through thesouthern side of the debris pile,

while the IRA-treated DEM places the channel in the same location as the 1.52 m DEM.
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Figure 6.20: Comparison of slow breaching treatment on two DEM blocks for the White Mountain
study site: a) SB and IRA 1.52 m and b) SB and IRA NCFMP 6.10 m.

The most signi�cant errors resulted from the use of the 10 m USGS DEM. All other DEM

blocks showed a normal trend of decreasing percentage of GPSpoints as the buffer distance class

increased. Stream networks extracted from the USGS 10 m DEM,however, showed a �at trend

(equal percentage of GPS points in each buffer distance class) with a large spike in the percentage

of GPS points occurring over 300 m from a mapped channel (Figure 6.21).
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Figure 6.21: Trend line showing percentage of GPS points in each buffer distance class (TG 3.05 m
and USGS 10 m).

6.6 Statistical Analysis of the Results

The results presented in the tables and �gures in Section6.5suggest that there are differ-

ences between DEM sources (block effect) and depression removal methods (treatment). Statistical

analysis of the results show the degree of difference between results and what, if any, of the dif-

ferences are statistically signi�cant. Results are evaluated by EPA Level IV Ecoregion, in order to

detect the effect of variability among physiographic provinces on fully automated stream mapping.
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6.6.1 Interaction Effects of DEM Source and Depression Removal Method

Block and treatment effects are shown in Figure6.22, summarized by EPA Level IV

Ecoregion. In Figure6.22(a) and Figure6.22(d) , the legend shows the 3.05 m DEM interpolated

with TG for the Rolling Coastal Plain and the Eastern Blue Ridge Foothills at the top. This is

because there is one data point within each (Coastal Plain: TG 3.05 m, IRA, Blue Ridge Foothills:

TG 3.05 m, SB) that exceed the accuracy of other treatments inthat block.

The interaction plots “appear” to be generally parallel andsuggest that there is no inter-

action effect (combination of DEM and depression removal method) on percentage of GPS points

3.05 m from a mapped stream channel. An ANOVA test for interaction is not possible due to the

lack of degrees of freedom (Tables6.3through6.6) suggesting there is no interaction effect between

DEM source and depression-removal method.
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Figure 6.22: Interaction plots showing results of treatment (depression-removal method on stream
extracted from blocks (DEM source). (a) Johnston and Wayne County sites, (b) Falls Lake, Schenck,
and Umstead sites, (c) Eno River, Northwest Durham, and Timberlake sites and, (d) White Mountain
Site.

Table 6.3: Rolling Coastal Plain ANOVA table (Interaction).

Df Sum Sq Mean Sq F value Pr(> F)
Treatment 4.00000 0.00195 0.00049
Block 4.00000 0.12320 0.03080
Treatment:Block 16.00000 0.00132 0.00008
Residuals 0.00000 0.00000
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Table 6.4: Norther Outer Piedmont ANOVA table (Interaction).

Df Sum Sq Mean Sq F value Pr(> F)
Treatment 4.00000 0.00020 0.00005
Block 4.00000 0.59651 0.14913
Treatment:Block 16.00000 0.00051 0.00003
Residuals 0.00000 0.00000

Table 6.5: Carolina Slate Belt ANOVA table (Interaction).

Df Sum Sq Mean Sq F value Pr(> F)
Treatment 4.00000 0.00241 0.00060
Block 4.00000 0.42085 0.10521
Treatment:Block 16.00000 0.00246 0.00015
Residuals 0.00000 0.00000

Table 6.6: Eastern Blue Ridge Foothills ANOVA table (Interaction).

Df Sum Sq Mean Sq F value Pr(> F)
Treatment 4.00000 0.00054 0.00014
Block 4.00000 0.63105 0.15776
Treatment:Block 16.00000 0.00078 0.00005
Residuals 0.00000 0.00000

6.6.2 Main Effects

ANOVA were used to evaluate the signi�cance of differences in the �ve DEMs used

and the �ve depression removal methods used to treat those DEMs. The null hypothesis tested

was: there is no difference in the mean percentage of GPS points 3.05 m from a mapped channel

extracted from the combination of DEMs and depression-removal methods. Results of two-way

ANOVA show that there is a signi�cant difference between block (DEM) means for all Ecoregions

(p � 0.001). There are some minor difference among treatment means for the Coastal Plain results

(p = 0.004, Table6.7) and the Carolina Slate Belt (p = 0.02, Table6.9). However, it is obvious

that the choice of DEM used when delineating stream networkshas a signi�cantly greater effect on

stream network accuracy than does depression-removal method.
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Table 6.7: Rolling Coastal Plain ANOVA table.

Df Sum Sq Mean Sq F value Pr(> F)
Treatment 4.00000 0.00195 0.00049 5.87460 0.00418
Block 4.00000 0.12320 0.03080 372.04730 0.00000
Residuals 16.00000 0.00132 0.00008

Table 6.8: Norther Outer Piedmont ANOVA table.

Df Sum Sq Mean Sq F value Pr(> F)
Treatment 4.00000 0.00020 0.00005 1.57329 0.22939
Block 4.00000 0.59651 0.14913 4714.33586 0.00000
Residuals 16.00000 0.00051 0.00003

Table 6.9: Carolina Slate Belt ANOVA table.

Df Sum Sq Mean Sq F value Pr(> F)
Treatment 4.00000 0.00241 0.00060 3.92519 0.02090
Block 4.00000 0.42085 0.10521 685.27541 0.00000
Residuals 16.00000 0.00246 0.00015

Table 6.10: Eastern Blue Ridge Foothills ANOVA table.

Df Sum Sq Mean Sq F value Pr(> F)
Treatment 4.00000 0.00054 0.00014 2.78611 0.06243
Block 4.00000 0.63105 0.15776 3243.88354 0.00000
Residuals 16.00000 0.00078 0.00005

6.6.3 Differences Among Depression-Removal Methods

In order to further investigate treatment effect, pairwisecomparisons of all treatment

means within each Ecoregion were computed using Tukey's Honestly Signi�cantly Different (HSD)

test. Results of the Tukey's HSD tests on mean percentage of GPS points 3.05 m from a mapped

channel (by depression-removal method) show the followingsigni�cant differences at p� 0.1:

1. Coastal Plain (Table6.11)
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(a) Slow Breaching and Arc Hydro (p = .007)

(b) Impact Reduction Approach and Arc Hydro (p = 0.003)

(c) Constrained Breaching and Arc Hydro (p = 0.06)

2. Northern Outer Piedmont (Table6.12)

(a) No signi�cant differences

3. Carolina Slate Belt (Table6.13)

(a) Slow Breaching and Arc Hydro (p = .03)

(b) Impact Reduction Approach and Arc Hydro (p = 0.02)

4. Eastern Blue Ridge Foothills (Table6.14)

(a) No signi�cant difference

Table 6.11: Tukey's HSD test: Rolling Coastal Plain, treatment means.

diff lwr upr p adj
CB-AH 0.0167 � 0.0009 0.0344 0.0674

IRA-AH 0.0250 0.0073 0.0426 0.0040
PD-AH 0.0149 � 0.0027 0.0326 0.1183
SB-AH 0.0232 0.0055 0.0408 0.0075

IRA-CB 0.0082 � 0.0094 0.0259 0.6175
PD-CB � 0.0018 � 0.0194 0.0158 0.9978
SB-CB 0.0064 � 0.0112 0.0241 0.7951

PD-IRA � 0.0100 � 0.0277 0.0076 0.4382
SB-IRA � 0.0018 � 0.0194 0.0158 0.9977
SB-PD 0.0082 � 0.0094 0.0258 0.6200
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Table 6.12: Tukey's HSD test: Northern Outer Piedmont, treatment means.

diff lwr upr p adj
CB-AH 0.0067 � 0.0042 0.0176 0.3655

IRA-AH 0.0078 � 0.0031 0.0187 0.2272
PD-AH 0.0048 � 0.0061 0.0157 0.6597
SB-AH 0.0071 � 0.0038 0.0180 0.3162

IRA-CB 0.0012 � 0.0097 0.0121 0.9974
PD-CB � 0.0019 � 0.0127 0.0090 0.9840
SB-CB 0.0004 � 0.0105 0.0113 1.0000

PD-IRA � 0.0030 � 0.0139 0.0079 0.9125
SB-IRA � 0.0008 � 0.0117 0.0101 0.9994
SB-PD 0.0022 � 0.0087 0.0131 0.9689

Table 6.13: Tukey's HSD test: Carolina Slate Belt, treatment means.

diff lwr upr p adj
CB-AH 0.0186 � 0.0054 0.0426 0.1737

IRA-AH 0.0264 0.0024 0.0504 0.0277
PD-AH 0.0111 � 0.0129 0.0351 0.6286
SB-AH 0.0253 0.0013 0.0494 0.0360

IRA-CB 0.0078 � 0.0162 0.0318 0.8525
PD-CB � 0.0075 � 0.0315 0.0165 0.8695
SB-CB 0.0068 � 0.0172 0.0308 0.9063

PD-IRA � 0.0153 � 0.0393 0.0087 0.3295
SB-IRA � 0.0011 � 0.0251 0.0230 0.9999
SB-PD 0.0143 � 0.0097 0.0383 0.3959

Table 6.14: Tukey's HSD test: Eastern Blue Ridge Foothills,treatment means.

diff lwr upr p adj
CB-AH 0.0066 � 0.0069 0.0201 0.5789

IRA-AH 0.0092 � 0.0043 0.0228 0.2691
PD-AH 0.0000 � 0.0135 0.0135 1.0000
SB-AH 0.0112 � 0.0023 0.0247 0.1295

IRA-CB 0.0026 � 0.0109 0.0162 0.9733
PD-CB � 0.0066 � 0.0201 0.0069 0.5789
SB-CB 0.0046 � 0.0089 0.0181 0.8297

PD-IRA � 0.0092 � 0.0228 0.0043 0.2691
SB-IRA 0.0020 � 0.0115 0.0155 0.9908
SB-PD 0.0112 � 0.0023 0.0247 0.1295



196

Figures6.5and6.10both show the Arc Hydro method to have the lowest mean percentage

of GPS points within 3.05 m of a mapped channel, and the Tukey's HSD test implies that the impact

reduction approach and slow breaching methods are superiorat de�ning �ow through depressions.

6.6.4 Differences Among DEM Sources

When analyzing block (DEM) effect, Tukey's HSD test shows there are signi�cant dif-

ferences among most block means except for the DEMs created by the ANUDEM interpolation

method at 1.52 and 3.05 m (p� 0.1). The mean percentage of GPS points 3.05 m from a mapped

channel extracted from DEMs interpolated with ANUDEM are signi�cantly higher than those ex-

tracted from USGS and NCFMP DEMs (p� 0.001), and the mean percentage of GPS points 3.05 m

from a mapped channel extracted from NCFMP DEMs are signi�cantly higher than those extracted

from USGS DEMs (p� 0.001, Tables6.15through6.18). There is little horizontal accuracy gain

in stream networks extracted from 1.52 m DEMs over 3.05 m DEMs.
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Table 6.15: Tukey's HSD test: Rolling Coastal Plain, block means.

diff lwr upr p adj
TG 1.52 m-NCFMP (6.10 m) 0.0876 0.0700 0.1052 0.0000
TG 3.05 m-NCFMP (6.10 m) 0.0828 0.0652 0.1004 0.0000
TG 6.10 m-NCFMP (6.10 m) 0.0643 0.0467 0.0820 0.0000

USGS 10 m-NCFMP (6.10 m) � 0.0984 � 0.1161 � 0.0808 0.0000
TG 3.05 m-TG 1.52 m � 0.0048 � 0.0224 0.0128 0.9149
TG 6.10 m-TG 1.52 m � 0.0233 � 0.0409 � 0.0056 0.0072

USGS 10 m-TG 1.52 m � 0.1860 � 0.2037 � 0.1684 0.0000
TG 6.10 m-TG 3.05 m � 0.0184 � 0.0361 � 0.0008 0.0380

USGS 10 m-TG 3.05 m � 0.1812 � 0.1988 � 0.1636 0.0000
USGS 10 m-TG 6.10 m � 0.1628 � 0.1804 � 0.1451 0.0000

Table 6.16: Tukey's HSD test: Northern Outer Piedmont, block means.

diff lwr upr p adj
TG 1.52 m-NCFMP (6.10 m) 0.0860 0.0751 0.0969 0.0000
TG 3.05 m-NCFMP (6.10 m) 0.0782 0.0673 0.0891 0.0000
TG 6.10 m-NCFMP (6.10 m) 0.0496 0.0387 0.0605 0.0000

USGS 10 m-NCFMP (6.10 m) � 0.3253 � 0.3362 � 0.3144 0.0000
TG 3.05 m-TG 1.52 m � 0.0077 � 0.0186 0.0032 0.2373
TG 6.10 m-TG 1.52 m � 0.0364 � 0.0473 � 0.0255 0.0000

USGS 10 m-TG 1.52 m � 0.4113 � 0.4222 � 0.4004 0.0000
TG 6.10 m-TG 3.05 m � 0.0286 � 0.0395 � 0.0177 0.0000

USGS 10 m-TG 3.05 m � 0.4035 � 0.4144 � 0.3926 0.0000
USGS 10 m-TG 6.10 m � 0.3749 � 0.3858 � 0.3640 0.0000

Table 6.17: Tukey's HSD test: Carolina Slate Belt, block means.

diff lwr upr p adj
TG 1.52 m-NCFMP (6.10 m) 0.1762 0.1522 0.2002 0.0000
TG 3.05 m-NCFMP (6.10 m) 0.1650 0.1410 0.1890 0.0000
TG 6.10 m-NCFMP (6.10 m) 0.0948 0.0708 0.1188 0.0000

USGS 10 m-NCFMP (6.10 m) � 0.1748 � 0.1989 � 0.1508 0.0000
TG 3.05 m-TG 1.52 m � 0.0112 � 0.0352 0.0128 0.6179
TG 6.10 m-TG 1.52 m � 0.0814 � 0.1054 � 0.0574 0.0000

USGS 10 m-TG 1.52 m � 0.3510 � 0.3750 � 0.3270 0.0000
TG 6.10 m-TG 3.05 m � 0.0702 � 0.0942 � 0.0462 0.0000

USGS 10 m-TG 3.05 m � 0.3398 � 0.3638 � 0.3158 0.0000
USGS 10 m-TG 6.10 m � 0.2696 � 0.2936 � 0.2456 0.0000
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Table 6.18: Tukey's HSD test: Eastern Blue Ridge Foothills,block means.

diff lwr upr p adj
TG 1.52 m-NCFMP (6.10 m) 0.0845 0.0710 0.0980 0.0000
TG 3.05 m-NCFMP (6.10 m) 0.0825 0.0690 0.0960 0.0000
TG 6.10 m-NCFMP (6.10 m) 0.0686 0.0551 0.0822 0.0000

USGS 10 m-NCFMP (6.10 m) � 0.3307 � 0.3442 � 0.3172 0.0000
TG 3.05 m-TG 1.52 m � 0.0020 � 0.0155 0.0115 0.9908
TG 6.10 m-TG 1.52 m � 0.0158 � 0.0294 � 0.0023 0.0178

USGS 10 m-TG 1.52 m � 0.4152 � 0.4287 � 0.4017 0.0000
TG 6.10 m-TG 3.05 m � 0.0139 � 0.0274 � 0.0003 0.0430

USGS 10 m-TG 3.05 m � 0.4132 � 0.4267 � 0.3997 0.0000
USGS 10 m-TG 6.10 m � 0.3993 � 0.4129 � 0.3858 0.0000

6.7 Discussion

Five methods of removing spurious depressions from DEMs were tested on two publicly

available DEMs (NCFMP 6.10 m and USGS 10 m resolution) and three DEMs interpolated using

ANUDEM (1.52, 3.05, and 6.10 m resolution). This resulted in25 conditioned DEMs for each of 9

study sites in 4 Ecoregions. Results were evaluated in termsof the planimetric accuracy of stream

networks extracted from each of the DEMs compared to streamssurveyed with GPS at each study

site. Stream network accuracy was tested by determining thepercentage of GPS points occurring

within a series of buffers created around each stream network, and the criteria for success was the

DEM source and depression-removal method combination thatresulted in the greatest percentage

of GPS points occurring within 3.05 m of a mapped stream segment (a 6.10 m wide zone centered

on the stream line).

6.7.1 Block (DEM) Effect

Numerous �gures and tables presented in Section6.6clearly show that DEM source has a

profound effect on the accuracy of stream networks extracted from them. Appendix6.10, Table6.25
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lists the buffer widths for each study site, block, and treatment at which 90% of all GPS points occur.

This can also be interpreted as the accuracy, in meters, of a particular experiment. A value of 6.10

indicates that the stream line dataset depicts streams within 6.10 m of the true location at 90%

con�dence.

6.7.1.1 USGS 10m DEMs

Digital elevation models obtained from the USGS at 10 m resolution have been shown to

be inadequate for use in automated stream mapping when higher resolution DEMs are available. Ini-

tially, the USGS DEMs were reprojected to a State Plane (feet) projection using a nearest-neighbor

re-sampling scheme; streams extracted from these DEMs weresuspiciously inaccurate, and sev-

eral extracted streams exhibited obvious horizontal shifts. The USGS DEMs were re-downloaded

and reprojected to State Plane (feet) using a cubic re-sampling method (http://seamless.usgs.gov/

website/seamless/faq/nedfaq.asp$#$twentyseven), and the accuracy results were different from

those of the �rst attempt, but no better. Appendix6.10, Table6.24lists the mean accuracy of streams

extracted from USGS DEMs as lower than most published maps and all other DEMs, and Appendix

6.10, Table6.25shows that streams extracted from USGS DEMs have lower overall accuracy (as

indicated by the larger buffer distance classes) than do anyother block result.

6.7.1.2 NCFMP 6.10 m DEMs

Digital elevation models provided by the NCFMP which are created from TINs (which are

created from LiDAR elevation mass points), are better than USGS DEMs at representing true stream

position but also less capable than DEMs interpolated from the same source data with ANUDEM.

Appendix6.10, Table6.24show the mean accuracy of streams extracted from NCFMP DEMs to be

better than all USGS DEMs and some published stream maps, andAppendix6.10, Table6.25show

that the 90% con�dence band of streams extracted from NCFMP DEMs is better than all USGS
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DEMs and equal to or slightly wider than TG DEM streams.

6.7.1.3 Interpolated DEMs

Section6.5.1describes the procedure used to �nd the optimal parameters to use in the

ArcMap “TOPOGRID” tool, an interface for ANUDEM, that result in the interpolated DEM that is

best for extracting stream networks for each study site (Table 6.2). There was no “magic number”

input parameter that worked best within each physiographicregion, as parameters for roughness

penalty varied quite widely for the Coastal Plain and vertical standard error of 0.2 (ft) tended to be

the best for most of the study sites.

Interestingly, the criteria for accuracy described in Section 6.4.4.1list 3.05 m accuracy

higher for the Wayne County study site (Table6.2) than the accuracy's reported for TG 6.10 m

DEMs listed in Appendix6.10, Table6.24. This is due to the fact that the script used to establish the

ideal parameters often generated short streams (segments)which resulted in additional multiple-ring

buffers being drawn around them, therefore causing GPS points to be counted in a small buffer class

whereas they may have been counted in a larger buffer class. This anomaly was not detected until

after this part of the analysis had been performed. The wholeprocedure described in Section6.5.1

took, on average, 20 hours to compute on a relatively fast computer.

Streams extracted from DEMs interpolated from LiDAR point-elevation data using the

interpolation tool developed byHutchinson(1989) were more horizontally accurate than streams

extracted from USGS and NCFMP DEMs, and more accurate than streams depicted on USGS topo-

graphic maps, NRCS soil maps, NCFMP surface water lines, andcounty GIS databases (Appendix

6.10, Table6.24). Streams extracted from this class of DEMs also had narrower 90% con�dence

bands (90% of GPS points within a narrower buffer) than did any other dataset (Appendix6.10,

Table6.25).

Section6.6.2reports that DEM source (NCFMP, TG, and USGS) and resolution(1.52,
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3.05, and 6.10 m) has a signi�cant effect on the horizontal accuracy of stream networks extracted

from DEMs. However, Appendix6.10, Table 6.25 shows that there is little increase in overall

accuracy when using streams extracted from 1.52 m DEMs versus streams extracted from 3.05 m

DEMs, as indicated by the nearly identical 90% con�dence bands for all study sites and treatments

for the 1.52 and 3.05 m DEMs. The implication here is that there is little accuracy to be gained by

increasing DEM resolution to 1.52 m from 3.05 m at the cost of computing time, which can be long

when using high-resolution DEMs as input.

6.7.2 Treatment (Depression-Removal Method) Effect

Effect of depression-removal method on the accuracy of stream networks extracted from

DEMs are less detectable, with the overall differences between all treatment methods being sta-

tistically insigni�cant. Several examples were shown thatdemonstrated that depression-removal

methods incorporating a pure breaching procedure route �owthrough depressions more accurately

than do sink-�lling based methods. The sink-removal methodimplemented with Arc Hydro (Mark,

1988), the �lling method described byPlanchon and Darboux(2001), and constrained breaching

method (Lindsay and Creed, 2005; Martz and Garbrecht, 1998) all tended to raise all upslope pixel

elevations (�ll) to the highest elevation of the depressionwall. Slow breaching (Rieger, 1998) and

the impact reduction approach (Lindsay and Creed, 2005) both performed equally well when en-

countering man-made obstacles such as culverts by “carving” a clearly distinct channel through the

higher elevation pixels.

These observations substantiate the results presented inLindsay and Creed(2005), which

reported that �lling methods altered the most DEMs cells because of the large number of pixel

elevations that must be modi�ed to raise depression elevation to the elevation of the downslope de-

pression lip, and that breaching and the impact reduction approach altered the least amount of DEM

cells. Lindsay and Creed(2005) also concluded that depression �lling, the most commonly used
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method, is the worst choice of DEM conditioning methods in terms of number of cells modi�ed,

and that constrained breaching also performed poorly in areas where two-cell breach channels were

smaller than the depression.

Unfortunately, the mean percentage of GPS points occurringwithin 3.05 m of a mapped

stream does not adequately support selection of one depression-removal method over another in

terms of statistical signi�cance. The small difference is primarily due to the percentage of GPS

points that were recorded along a stream segment �owing through a natural (real) or DEM artifact

depression.

Appendix6.10, Table6.23shows the number and size of depressions in the pre-treatment

DEMs, and the percentage of GPS points surveyed within thosedepressions. However, study sites in

the Coastal Plain and the Carolina Slate Belt show greater percentages of GPS points in depressions

than do the Eastern Blue Ridge Foothills and the Northern Outer Piedmont, explaining why the only

detectable treatment differences occurred in the Coastal Plain and Carolina Slate Belt results.

With the exception of the USGS 10 m DEM, there is a clear trend toward greater number

and total area of depressions with an increase in DEM resolution. This introduces the possibility

that the percentage of GPS points that are in a depression andwithin 3.05 m of a mapped stream

channel from a SB or IRA conditioned DEM is not signi�cantly greater than the percentage of GPS

points that are in a depression and within 3.05 m of a mapped stream channel from a AH, CB, or

PD conditioned DEM. This small difference is not readily apparent in a statistical summary of a

dataset containing over 300 points. The increasing number of depressions with decreasing cell size

corroborates the �ndings by (Zandbergen, 2006), however, contradicts �ndings in the same research

that show increasing cell size results in an increase in average depression area.
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6.7.3 Comparison to Published Stream Maps

In Chapter 5, the horizontal accuracy of published stream maps was compared to sur-

veyed streams using the same accuracy assessment describedin Section5.3.7. Two analyses were

performed, overall accuracy of the stream network depictedon the map compared to all surveyed

streams, and accuracy of those stream segments with an associated surveyed stream. In the �rst

comparison, maps not showing streams that were surveyed were penalized for accuracy, as the per-

centage of GPS points within 3.05 m from a mapped stream line tended to be a small portion of the

total number of GPS points, which included GPS points of many�rst order streams not shown on

the map. The second comparison only compared like streams, that is, streams shown on the map and

surveyed with GPS, which was an assessment of strictly the horizontal accuracy of the published

stream map and not its completeness. Table6.24shows the results of the accuracy of four published

stream maps (using the second accuracy comparison discussed above) and the accuracy of all stream

networks extracted from �ve DEMs, each treated with �ve depression-removal methods.

6.7.3.1 NCFMP Surface Water Lines

It is important to note that: 1) creating DEMs from LiDAR TINSrequires operator in-

tervention and thus incurs great cost; 2) The method of origin determination for a NCFMP surface

water line is when 259 ha of drainage area has been reached, regardless of the visible extent of the

stream on aerial photography; and 3), the results shown for NCFMP surface water lines are only

counting GPS points that occur within 3.05 m of a surface water line, and not those GPS points of

�eld surveyed streams that are not mapped by the NCFMP. Appendix 6.10, Table6.24shows that

the horizontal accuracy of NCFMP surface water lines is muchlower than the DEM based meth-

ods. Figure6.23(a) and (c) show an example of speci�c locations where gross error is exhibited

by the NCFMP surface water lines when compared with the stream networks extracted from the

NCFMP 6.10 m DEM treated with the IRA depression-removal method. In both instances, the seg-
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ment shown is in an area of densely vegetated wetland and beaver pond complexes. Figure6.23(b)

shows an instance where the NCFMP surface water lines exhibit superior accuracy when superim-

posed on a map of the GPS points, yet its overall effectiveness is diminished by the missed stream

segment captured by the DEM streamline. Finally, Figure6.23(d) shows an instance where oper-

ator intervention successfully routed an arti�cial path through a pond, while the impact reduction

approach method routed the stream around it.
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Figure 6.23: Comparison of NCFMP surface water lines to stream segments extracted from TG 3.05
m resolution DEM treated with impact reduction approach. Wayne (a), Timberlake (b), Johnston
(c), and Umstead (d).
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6.7.3.2 Soil Maps

Soil map streams were created with the assistance of aerial photography analysis, which

explains why soil map streams are more accurate in some areas, such as low-relief wetlands, as

depicted in Figure6.24. Here, the soil map stream segments, while lacking realistic sinuosity,

comes closer to the GPS points along several stream segmentsthan do the TG 1.52 m IRA stream

lines.
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Figure 6.24: Comparison of NRCS soil survey map and TG 1.52 m DEM treated with impact
reduction approach stream networks, Johnston County studysite.

Surprisingly, horizontal accuracy of soil map streams is better than the accuracy of streams

extracted from all TG DEMs (1.52 m, 3.05 m, 6.10 m resolution)for the Johnston County study site.
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6.7.3.3 National Hydrography Dataset

Flowlines depicted in the National Hydrography Dataset (NHD) were horizontally more

accurate than streams extracted from USGS 10 m DEMs with the exception of study sites located

in the Northern Outer Piedmont and two sites in the Carolina Slate Belt. Flowlines are obtained by

scanning USGS 1:24,000 topographic maps, and an example of agross horizontal error is shown in

Figure5.1. This type of error is found throughout NC on USGS topographic maps and is discussed

in Section5.2. Figure6.25 shows NHD �owlines closer to GPS survey points than stream lines

extracted from the USGS 10 m DEM treated with Arc Hydro and constrained breaching at the

Johnston County study site.
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Figure 6.25: Comparison of NHD �owlines and TG 1.52 m DEM treated with Arc Hydro and
constrained breaching stream networks, Johnston County study site.
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6.7.3.4 County GIS Streams

Wake County, NC (Northern Outer Piedmont study sites) GIS streams are compatible to

streams extracted from TG interpolated DEMs and better thanNCFMP and USGS DEMs. Wake

County GIS streams were created using mass points derived from 1:1,200 scale aerial photography

and operator assistance in stream placement, therefore substantiating the claim that streams derived

from a combination of TIN elevation models and manual placement of stream origins is superior

in accuracy, but at a cost that is prohibitive to most users desiring accurate stream networks. Fig-

ure 6.26shows the placement of the Wake County stream lines closer tothe GPS points than the

stream lines extracted from the TG 1.52 m DEM treated with theimpact reduction approach.
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Figure 6.26: Comparison of Wake County GIS stream lines and TG 1.52 m DEM treated with the
impact reduction approach stream networks, Umstead State Park study site.
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6.8 Conclusion

This evaluation of the feasibility of generating stream network maps which are more accu-

rate then the currently-available map products analyzed inChapter5 resulted in several signi�cant

�ndings:

1. Digital elevation models provided by the USGS do not accurately represent terrain, in par-

ticular, the accurate location of valley bottoms which control the transition from divergent

�ow to convergent �ow. This is evident by the low accuracy of stream networks derived from

USGS DEMs.

2. Digital elevation models created by converting TIN digital terrain models (DTMs) represent

terrain at a high level of detail, but the manual process of enforcing slope-direction changes in

the TIN with breaklines may be in�uencing the locations of valley bottoms, as evident by the

greater accuracy for streams extracted from the interpolated 6.10 m resolution DEMs, which

is superior to the accuracy of streams extracted from 6.10 m resolution DEMs provided by

the North Carolina Flood Plain Mapping Program.

3. Creating DEMs “in-house” with ANUDEM results in the most horizontally accurate stream

networks, however, the following caveats apply:

(a) There is little gain in accuracy by using 1.52 m DEMs compared to 3.05 m DEMs

(b) There is a physiographic effect on the accuracy of DEMs; DEMs interpolated in the

Coastal Plain exhibited less topological accuracy than DEMs interpolated in the North-

ern Outer Piedmont, which in turn, exhibited more topological accuracy than DEMs

interpolated in the Eastern Blue Ridge Foothills and the Carolina Slate Belt. This could

be attributed to: 1) the lack of relief in the Rolling CoastalPlain will magnify an error

(the difference between the LiDAR elevation and true elevation) across a great distance,
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and 2) the (more) rugged terrain of the Carolina Slate Belt and the Eastern Blue Ridge

foothills result in many LiDAR elevation points being mapped on a slope aspect that is

facing away from the aircraft �ight path, which results in greater uncertainty in the ele-

vations reported by these points than elevations reported by points from �at surfaces or

slope aspects that face the �ight path of the scanning aircraft. Over-lapping �ight paths

are meant to eliminate the second issue but �ight path data provided by the NCFMP did

not provide the information necessary to establish the nadir of each LiDAR point and

its relationship between slope aspect, scan angle, and �ight path.

4. There was little detectable difference in the in�uence that depression-removal methods have

on the accuracy of stream networks extracted from treated DEMs, however:

(a) DEM treatment with methods that “breach” a �owpath through a depression appear to

perform better than methods that “�ll” depressions, as evident by the examples shown,

with nominally higher results in stream network accuracy for DEMs treated with “breach-

ing” methods.

(b) The lack of statistically signi�cant differences in stream network accuracies delineated

using DEMs treated with �ve depression-removal methods waspartly in�uenced by the

number and size of depressions (artifact and natural) in theDEMs, which increased as

DEM resolution increased.

Furthermore, the use of “black box” GIS software platforms such as ArcMap reveal de-

�ciencies in the algorithms they employ in the manipulationof DEMs. It has been shown that

the horizontal accuracy of streams extracted from DEMs are sensitive to the �ow-direction and

depression-removal methods applied during DEM processingsteps. The D8 �ow-direction deter-

mination method which only establishes eight possible directions of �ow,has been long determined

to be inappropriate for use in detailed hydrologic analysis. Furthermore, the depression-removal
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method packaged with ArcMap is based upon the �rst one ever developed (Mark, 1988). Thank-

fully, many free GIS tools developed by the user community are available that work within ArcMap

and provide a work-around to these problems. For example, the Terrain Analysis Software devel-

oped byLindsay(2005) provided the greatest number of terrain-based calculations (over 100) and

was the fastest and most stable software evaluated for this project (e.g., TAS performed depression-

removal three times as fast as ArcMap).

Future research possibilities based upon the results of this research are numerous:

1. The location and extent of natural depressions and their in�uence on interpolated-DEM ac-

curacy is unknown. It is possible to attribute LiDAR point elevations with information about

whether that point occurs in a natural depression. Variablesmoothing and tension parameters

in several popular interpolation methods such as spline with tension can be easily modi�ed to

account for this information, and the output surface can be adjusted accordingly to reduce the

number of artifact depressions introduced during the interpolation process.

2. This research focused on a limited number of geographicalareas, predominantly the Neuse

River Basin, NC, where the LiDAR posting density is less thanthe LiDAR posting density

obtained in subsequent data-acquisition efforts in other NC river basins. The in�uence of

DEM interpolation parameters and the size and numbers of natural and artifact depressions

may change with the density of the input data used to interpolate the DEMs, as well as the

accuracy of NCFMP 6.10 m DEMs created from TINs. This needs tobe investigated further

within each geographic region in which LiDAR data were collected under different environ-

ments.

3. The low number of study sites within the Neuse River Basin,and the single site in the Yadkin

River Basin detract from the con�dence in the statistical summaries used to analyze the data.

Standard practices in experimental design suggest using a number of samples that suf�ciently
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represents the population. By using the stream extraction methods described here, an esti-

mate of the total length of stream networks within each physiographic region and river basin

should be determined, and an appropriate length of streams to be tested established. However,

this number is sure to be cost-prohibitive, given the cost ofequipping enough technicians to

perform the stream surveys in a timely manner and the logistics involved in accessing such

an extent of privately owned land.

4. The criteria used to determine the presence of a stream wasbased upon an administrative

de�nition: a signi�cant number of streams and stream segments encountered during the �eld

surveys did not meet this de�nition, but were clearly convergent �ow paths. This resulted in an

undetermined channel length not being used in the computation of stream network accuracy,

which would in�uence engineering applications that include the analysis of ephemeral storm

�ow. Lack of knowledge of the location of the ephemeral channel head prevents further

research in this project from determining the exact point oftransition from divergent �ow

to convergent �ow using topological properties of DEMs. In future projects evaluating the

extraction of stream networks from DEMs, the GPS positions of ephemeral channel heads

should be recorded, even if the information is not of interest to the evaluating institution.
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Table 6.19: Percentage of GPS points within 3.05 m of a mapped
channel, Rolling Coastal Plain

Stream Map Data Set JC WC
NCFMP 6.10 m (Planchon) 25.14% 24.10%
NCFMP 6.10 m (Slow Breaching) 26.30% 22.89%
NCFMP 6.10 m (IRA) 25.43% 23.49%
NCFMP 6.10 m (Constrained) 25.72% 27.70%
NCFMP 6.10 m (Arc Hydro) 24.86% 22.89%
USGS 10 m (Planchon) 14.16% 14.46%
USGS 10 m (Slow Breaching) 13.58% 16.87%
USGS 10 m (IRA) 13.58% 16.87%
USGS 10 m (Constrained) 13.87% 15.06%
USGS 10 m (Arc Hydro) 13.58% 15.06%
TG 1.52 m (Planchon) 28.61% 40.36%
TG 1.52 m (Slow Breaching) 29.77% 37.35%
TG 1.52 m (IRA) 29.77% 38.55%
TG 1.52 m (Constrained) 27.75% 39.16%
TG 1.52 m (Arc Hydro) 26.88% 34.94%
TG 3.05 m (Planchon) 27.46% 38.55%
TG 3.05 m (Slow Breaching) 29.48% 38.55%
TG 3.05 m (IRA) 29.77% 38.55%
TG 3.05 m (Constrained) 28.03% 36.14%
TG 3.05 m (Arc Hydro) 28.03% 33.73%
TG 6.10 m (Planchon) 23.99% 34.94%
TG 6.10 m (Slow Breaching) 25.43% 39.76%
TG 6.10 m (IRA) 26.01% 39.76%
TG 6.10 m (Constrained) 24.57% 38.55%
TG 6.10 m (Arc Hydro) 23.12% 33.73%
Mean Planchon 23.70% 30.72%
Mean Slow Breaching 25.20% 30.00%
Mean IRA 25.03% 30.36%
Mean Constrained 24.22% 30.84%
Mean Arc Hydro 23.24% 27.35%
Mean NCFMP 6.10 m 25.49% 23.61%
Mean USGS 10 m 14.16% 13.13%
Mean TG 1.52 m 28.55% 38.07%
Mean TG 3.05 m 28.55% 37.11%
Mean TG 6.10 m 24.62% 37.35%
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Table 6.20: Percentage of GPS points within 3.05 m of a mapped
channel, Carolina Slate Belt

Stream Map Data Set ER ND TL
NCFMP 6.10 m (Planchon) 37.54% 36.87% 34.20%
NCFMP 6.10 m (Slow Breaching) 38.11% 35.02% 37.68%
NCFMP 6.10 m (IRA) 37.82% 36.87% 38.84%
NCFMP 6.10 m (Constrained) 38.11% 36.41% 38.26%
NCFMP 6.10 m (Arc Hydro) 38.11% 37.79% 36.89%
USGS 10 m (Planchon) 21.45% 17.27% 20.58%
USGS 10 m (Slow Breaching) 21.17% 16.36% 21.45%
USGS 10 m (IRA) 27.78% 16.36% 21.45%
USGS 10 m (Constrained) 21.45% 16.36% 20.29%
USGS 10 m (Arc Hydro) 22.01% 17.73% 20.58%
TG 1.52 m (Planchon) 63.87% 52.73% 47.83%
TG 1.52 m (Slow Breaching) 62.75% 53.46% 53.91%
TG 1.52 m (IRA) 63.90% 53.46% 53.62%
TG 1.52 m (Constrained) 62.46% 53.00% 46.67%
TG 1.52 m (Arc Hydro) 41.74% 49.77% 41.74%
TG 3.05 m (Planchon) 65.04% 50.69% 43.19%
TG 3.05 m (Slow Breaching) 66.19% 53.92% 46.67%
TG 3.05 m (IRA) 66.19% 53.00% 46.67%
TG 3.05 m (Constrained) 66.48% 53.00% 42.90%
TG 3.05 m (Arc Hydro) 65.33% 49.31% 37.39%
TG 6.10 m (Planchon) 54.73% 43.32% 39.71%
TG 6.10 m (Slow Breaching) 53.01% 46.08% 44.64%
TG 6.10 m (IRA) 53.01% 45.62% 43.48%
TG 6.10 m (Constrained) 53.30% 49.29% 42.32%
TG 6.10 m (Arc Hydro) 53.87% 41.47% 36.81%
Mean Planchon 48.48% 42.80% 38.43%
Mean Slow Breaching 48.25% 43.69% 42.26%
Mean IRA 48.42% 43.59% 42.08%
Mean Constrained 48.31% 44.24% 39.71%
Mean Arc Hydro 48.42% 41.75% 36.13%
Mean NCFMP 6.10 m 37.94% 36.59% 37.17%
Mean USGS 10 m 21.20% 29.86% 27.93%
Mean TG 1.52 m 63.32% 52.48% 48.75%
Mean TG 3.05 m 65.85% 51.98% 43.36%
Mean TG 6.10 m 53.58% 45.16% 41.39%
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Table 6.21: Percentage of GPS points within 3.05 m of a mapped
channel, Northern Outer Piedmont

Stream Map Data Set FL SF UP
NCFMP 6.10 m (Planchon) 60.00% 48.89% 58.62%
NCFMP 6.10 m (Slow Breaching) 59.17% 46.67% 58.62%
NCFMP 6.10 m (IRA) 60.00% 46.67% 58.62%
NCFMP 6.10 m (Constrained) 59.17% 46.67% 58.62%
NCFMP 6.10 m (Arc Hydro) 60.00% 46.67% 59.11%
USGS 10 m (Planchon) 20.83% 17.78% 26.60%
USGS 10 m (Slow Breaching) 20.83% 20.00% 26.60%
USGS 10 m (IRA) 21.67% 20.00% 26.60%
USGS 10 m (Constrained) 25.00% 20.00% 26.60%
USGS 10 m (Arc Hydro) 21.67% 17.78% 27.59%
TG 1.52 m (Planchon) 68.33% 62.22% 60.10%
TG 1.52 m (Slow Breaching) 70.00% 62.22% 60.10%
TG 1.52 m (IRA) 70.00% 62.22% 60.10%
TG 1.52 m (Constrained) 70.00% 62.22% 60.10%
TG 1.52 m (Arc Hydro) 67.50% 62.22% 59.11%
TG 3.05 m (Planchon) 68.33% 62.22% 58.13%
TG 3.05 m (Slow Breaching) 70.00% 62.22% 59.11%
TG 3.05 m (IRA) 70.00% 62.22% 58.13%
TG 3.05 m (Constrained) 68.33% 62.22% 58.13%
TG 3.05 m (Arc Hydro) 66.67% 60.00% 59.11%
TG 6.10 m (Planchon) 64.17% 60.00% 57.14%
TG 6.10 m (Slow Breaching) 65.00% 60.00% 56.16%
TG 6.10 m (IRA) 65.00% 60.00% 56.65%
TG 6.10 m (Constrained) 64.17% 57.78% 57.14%
TG 6.10 m (Arc Hydro) 58.33% 62.22% 58.13%
Mean Planchon 57.00% 51.56% 52.88%
Mean Slow Breaching 57.83% 50.67% 52.49%
Mean IRA 58.00% 50.67% 52.51%
Mean Constrained 57.33% 50.67% 52.70%
Mean Arc Hydro 55.50% 51.56% 53.18%
Mean NCFMP 6.10 m 59.67% 47.11% 58.72%
Mean USGS 10 m 24.83% 24.00% 29.86%
Mean TG 1.52 m 69.17% 62.22% 59.90%
Mean TG 3.05 m 68.67% 61.78% 58.52%
Mean TG 6.10 m 63.33% 60.00% 57.04%
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Table 6.22: Percentage of GPS points within 3.05 m of a mapped
channel, Eastern Blue Ridge Foothills

Stream Map Data Set WM
NCFMP 6.10 m (Planchon) 39.93%
NCFMP 6.10 m (Slow Breaching) 40.59%
NCFMP 6.10 m (IRA) 40.26%
NCFMP 6.10 m (Constrained) 40.26%
NCFMP 6.10 m (Arc Hydro) 38.28%
USGS 10 m (Planchon) 4.62%
USGS 10 m (Slow Breaching) 7.92%
USGS 10 m (IRA) 7.92%
USGS 10 m (Constrained) 6.60%
USGS 10 m (Arc Hydro) 6.93%
TG 1.52 m (Planchon) 48.18%
TG 1.52 m (Slow Breaching) 48.18%
TG 1.52 m (IRA) 48.84%
TG 1.52 m (Constrained) 48.18%
TG 1.52 m (Arc Hydro) 48.18%
TG 3.05 m (Planchon) 48.18%
TG 3.05 m (Slow Breaching) 48.51%
TG 3.05 m (IRA) 48.18%
TG 3.05 m (Constrained) 48.51%
TG 3.05 m (Arc Hydro) 47.19%
TG 6.10 m (Planchon) 46.20%
TG 6.10 m (Slow Breaching) 47.52%
TG 6.10 m (IRA) 46.53%
TG 6.10 m (Constrained) 46.86%
TG 6.10 m (Arc Hydro) 46.53%
Mean Planchon 37.69%
Mean Slow Breaching 38.35%
Mean IRA 38.09%
Mean Constrained 37.95%
Mean Arc Hydro 37.43%
Mean NCFMP 6.10 m 39.87%
Mean USGS 10 m 6.47%
Mean TG 1.52 m 48.32%
Mean TG 3.05 m 48.12%
Mean TG 6.10 m 46.73%
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Table 6.23: Depression Analysis

Study Site DEM Number of
Depressions

Area of
Depressions
(m2)

Number
of GPS
Points in
Depressions

Eno TG 1.52 m 72535 168468 14.90%
Eno TG 3.05 m 19079 177249 17.77%
Eno TG 6.10 m 4294 159570 12.03%
Eno NCFMP 3312 123077 4.01%
Eno USGS 1108 108994 3.45%
Falls TG 1.52 m 3844 8297 19.17%
Falls TG 3.05 m 1132 10516 18.33%
Falls TG 6.10 m 249 9253 12.50%
Falls NCFMP 249 9253 12.50%
Falls USGS 13 1278 1.67%
Johnston TG 1.52 m 333040 773510 18.21%
Johnston TG 3.05 m 81222 754577 16.76%
Johnston TG 6.10 m 17802 661543 15.03%
Johnston NCFMP 12076 448758 12.72%
Johnston USGS 3549 349117 10.69%
Northwest
Durham

TG 1.52 m 43353 100690 31.80%

Northwest
Durham

TG 3.05 m 11459 106457 29.95%

Northwest
Durham

TG 6.10 m 2574 95652 23.35%

Northwest
Durham

NCFMP 2231 82906 19.35%

Northwest
Durham

USGS 557 54792 12.44%

Schenck TG 1.52 m 2084 4840 22.22%
Schenck TG 3.05 m 639 5936 24.44%
Schenck TG 6.10 m 129 4793 17.78%
Schenck NCFMP 96 3567 13.33%
Schenck USGS 80 7869 15.56%
Timberlake TG 1.52 m 73780 171359 36.52%
Timberlake TG 3.05 m 17912 166407 34.20%
Timberlake TG 6.10 m 3157 117317 27.54%
Timberlake NCFMP 3656 135861 22.32%
Timberlake USGS 866 85188 14.20%
Umstead TG 1.52 m 9910 23016 14.90%
Umstead TG 3.05 m 2579 23959 12.89%
Continued on Next Page. . .
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Table 6.23 – Continued
Study Site DEM Number of

Depressions
Area of
Depressions
(m2)

Number
of GPS
Points in
Depressions

Umstead TG 6.10 m 497 18469 11.46%
Umstead NCFMP 330 12263 8.02%
Umstead USGS 47 4623 1.43%
Wayne TG 1.52 m 544278 1264127 51.81%
Wayne TG 3.05 m 132067 1226942 46.39%
Wayne TG 6.10 m 30780 1143822 43.37%
Wayne NCFMP 34858 1295365 39.76%
Wayne USGS 11451 1126440 31.33%
White TG 1.52 m 9568 22222 8.25%
White TG 3.05 m 2791 25959 9.24%
White TG 6.10 m 1212 45039 7.92%
White NCFMP 409 15198 5.28%
White USGS 91 8951 6.93%
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Table 6.24: Percentage of GPS points within 3.05 m of a mappedchannel, all stream lines
Stream Map Dataset White Wayne Schenck Falls Umstead Northwest

Durham
Johnston Timberlake Eno

Surface Water Lines 30.21% 24.72% 0% 0% 50.55% 0% 15.14% 24.72% 0%
NHD 20.00% 21.59% 0% 6.06% 18.46% 29.33% 13.29% 21.59% 17.74%
Soil Map 18.18% 16.88% 17.95% 14.04% 13.64% 13.29% 16.36% 16.88% 18.73%
County 0% 16.50% 57.78% 60.00% 59.30% 39.23% 13.02% 16.50% 19.03%
PD 37.43% 30.48% 50.22% 56.33% 52.12% 40.18% 23.87% 37.10% 48.53%
SB 38.55% 31.08% 50.22% 57.00% 52.12% 40.97% 24.91% 40.87% 48.25%
IRA 38.35% 31.45% 50.22% 57.33% 52.02% 41.06% 24.91% 40.81% 48.53%
CB 38.09% 30.72% 49.78% 57.33% 52.12% 41.61% 23.99% 38.09% 48.36%
AH 37.43% 28.07% 49.78% 54.83% 52.61% 39.21% 23.29% 34.68% 48.58%
USGS 6.80% 15.66% 19.11% 22.00% 26.80% 16.82% 13.76% 20.87% 21.56%
NCFMP 39.87% 23.61% 47.11% 59.67% 58.72% 36.59% 25.49% 37.17% 37.94%
TG 1.52 m 48.32% 38.07% 62.22% 69.17% 59.90% 52.48% 28.55% 48.75% 63.32%
TG 3.05 m 48.12% 37.11% 61.78% 68.67% 58.52% 51.98% 28.55% 43.36% 65.85%
TG 6.10 m 46.73% 37.35% 60.00% 63.33% 57.04% 45.16% 24.62% 41.39% 53.58%
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Table 6.25: Buffer distance class, in meter, for which 90% ormore
of GPS points are within the listed buffer distance class.

Johnston Wayne Falls Schenck Umstead Eno Northwest Durham Timberlake White
NCFMP PLAN 304.80 18.29 9.14 9.14 7.62 15.24 16.76 13.72 12.19

NCFMP SB 304.80 16.76 9.14 9.14 7.62 15.24 15.24 12.19 12.19
NCFMP IRA 304.80 16.76 9.14 9.14 7.62 15.24 15.24 12.19 12.19

NCFMP CONST 304.80 16.76 9.14 9.14 7.62 15.24 13.72 13.72 12.19
NCFMP AH 304.80 304.80 9.14 9.14 7.62 13.72 18.29 13.72 12.19

USGS PLAN 304.80 21.34 16.76 19.81 13.72 16.76 19.81 21.34 304.80
USGS SB 304.80 24.38 16.76 18.29 13.72 16.76 19.81 19.81 304.80

USGS IRA 304.80 24.38 16.76 18.29 13.72 15.24 19.81 19.81 304.80
USGS CONST 304.80 22.86 12.19 19.81 13.72 15.24 19.81 21.34 304.80

USGS AH 304.80 304.80 16.76 24.38 13.72 15.24 19.81 21.34 304.80
TG 1.52 PLAN 304.80 16.76 7.62 6.10 7.62 9.14 13.72 13.72 10.67

TG 1.52 SB 304.80 16.76 7.62 6.10 7.62 9.14 10.67 13.72 10.67
TG 1.52 IRA 304.80 13.72 7.62 6.10 7.62 7.62 10.67 13.72 10.67

TG 1.52 CONST 304.80 18.29 7.62 6.10 7.62 9.14 13.72 13.72 10.67
TG 1.52 AH 304.80 304.80 7.62 6.10 9.14 9.14 15.24 19.81 10.67

TG 3.05 PLAN 304.80 19.81 7.62 6.10 9.14 9.14 15.24 19.81 10.67
TG 3.05 SB 304.80 18.29 7.62 6.10 9.14 7.62 12.19 16.76 10.67

TG 3.05 IRA 304.80 18.29 7.62 6.10 9.14 7.62 13.72 16.76 10.67
TG 3.05 CONST 304.80 19.81 7.62 6.10 9.14 7.62 13.72 18.29 10.67

TG 3.05 AH 304.80 304.80 7.62 6.10 9.14 7.62 16.76 22.86 10.67
TG 6.10 PLAN 304.80 304.80 9.14 6.10 9.14 12.19 18.29 15.24 12.19

TG 6.10 SB 304.80 304.80 7.62 6.10 9.14 12.19 15.24 13.72 10.67
TG 6.10 IRA 304.80 304.80 7.62 6.10 9.14 12.19 15.24 13.72 12.19

TG 6.10 CONST 304.80 304.80 7.62 6.10 9.14 12.19 15.24 13.72 12.19
TG 6.10 AH 304.80 304.80 10.67 6.10 9.14 12.19 18.29 16.76 12.19



237

Chapter 7

Conclusion
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The �ow of water is the critical variable that regulates aquatic ecosystem characteristics

such as water temperature, channel geomorphology, and aquatic and terrestrial biodivirsity (Poff

et al., 1997). Variability in ephemeral, intermittent, and perennial �ow regimes have allowed aquatic

species to evolve around the timing of hydrologic cycles (Greenberg et al., 1996). Poff et al.(1997)

stated that: “Human alteration of �ow regime changes the established pattern of natural hydrologic

variation and disturbance, thereby altering habitat dynamics and creating new conditions to which

the native biota may be poorly adapted”. Government regulations and administrative processes exist

to protect the ecological function of riverine ecosystems,yet these are often established after the

fact, usually after some sort of environmental disaster that magni�es the effect of human alteration

of the sensitive landscape. The reasoning behind water quality regulations, however, soon fades

from memory as the pressures of the socio-economic character of population expansion result in

steady march of parking lots and cul-de-sacs toward stream channels. In highly-urbanized areas,

there is often no natural ecosystem left in which natural biological functions can occur except for

riparian corridors protected by laws (Meyer et al., 2005). Classi�cation of �ow regimes in order to

de�ne applicability of regulations that protect water quality and interpretation of those classi�cation

schemas is the greatest challenge faced by hydrologist and geomorphologists (Taylor and Stokes,

2005).

Correct location of headwater streams shown on maps used by scientists and decision

makers is of the utmost importance. In order to minimize the impacts of human alteration such as

those discussed in Section2.5on the ecological functions of streams reviewed in Section2.4, North

Carolina has implemented a �ow-regime classi�cation system that assists regulators in identifying

streams that are subject to protection (Section2.2). A key component of the North Carolina water-

quality protection legislation, however, is that a stream is only eligible for protection (under state

law) if it is shown to exist on either a USGS 1:24000 scale topographic map or a NRCS soil map.

Both of these map products, while extremely useful for the purpose of base-mapping or determining
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physical soil properties, have been shown to inadequately depict the location and the extent of

headwater streams in North Carolina (Chapters3 and5).

In order to supplement decision maker's body of knowledge asto where headwater streams

are “likely” to occur, this research investigated methods of delineating streams from digital elevation

models (DEMs). Using a technological solution that streamlined the collection of �eld data (Chap-

ter 4), nine headwater catchments were surveyed throughout North Carolina. The data collected

were used to assess the horizontal accuracy of streams delineated from United States Geological

Survey (USGS) 10 m resolution DEMs and North Carolina Floodplain Mapping 6.10 m resolution

DEMs. Digital elevation models were also interpolated using LiDAR elevation data, at 1.52, 3.05,

and 6.10 m resolutions. For each DEM and study site, �ve depression-removal methods were tested.

The result of measuring the distance of 2000 GPS points from 225 mapped stream net-

works reveal that USGS and NCFMP DEMS do not possess the topological correctness required

to accurately delineate stream networks (Section6.6.4). Stream networks delineated from DEMs

created with an interpolation method that accounts for the error in LiDAR data and the variability

in terrain were signi�cantly more accurate, yet there is a threshold of DEM resolution at which

little to no stream network horizontal accuracy is gained (Section 6.7.1). There was little to no

detectable difference in the in�uence of depression-removal methods on stream network accuracy

(Section6.7.2), yet several examples show that “breaching” a depression is more favorable than

“�lling” it (Figures 6.8, 6.11, and6.14).

The key point of these �ndings is that there is a method of mapping critical headwater

streams accurately using a combination of DEM interpolation methods, depression-removal meth-

ods, and stream-delineation software that is cheaper and faster than �eld measurement or aerial-

photograph analysis. Those involved in a broad range of research and regulatory activities will �nd

bene�t in use of these methods to reliably locate stream networks.
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One topic not covered by this research, however, and a critical step needed to establish

the most reliable method of stream network mapping using DEMs, is determining the origins of the

stream networks mapped using the methods described in Section 6.4. Critical to such hydrologic

engineering activities such as peak �ow prediction, nutrient and sediment deposition modeling, and

routing of containments entering the watershed is the correct identi�cation of the channel head.

Continuation of this research will build upon the �nding reported byHeine et al.(2004) andMc-

Namara et al.(2006), both of whom investigated the in�uence of a broad range of topographic and

climatic parameters on channel-head initiation.
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