ABSTRACT

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

Effective environmental management requires an accunaniory of the resources to
be managed. Decision makers often lack the technical égperécessary to understand the limi-
tations of environmental data. The State of North Carol;eeisurveying elevations using Light
Detection and Ranging to re-delineate oodplains. Theda ddow analysts to predict ood in-
undation extents of design storms in order to better managd-prone terrain. Conversely, many
environmental management functions in North Carolinahsagcalculating stream length for hy-
drologic modeling and riparian buffer protection, rely npmutdated paper maps such as the USGS
topographic map series for the determination of the lonatibstream “blue lines”. These car-
tographic products are inadequate for use in headwateanstreapping when compared to eld
observations yet no better data source has been found tevadhie accuracy needed for local site
planning. This research evaluated the horizontal accumadycompleteness of currently available
stream maps compared to stream networks derived from DEM&ell from the USGS, the North
Carolina Floodplain Mapping Program, and interpolateanfiloDAR bare-earth elevation points.
A unique system combining software and hardware was desdltp map headwater catchments
with global positioning systems and was used to perform @¢éda collection at nine catchments
distributed across four physiographic regions. A methodeitrmining the horizontal accuracy
of stream lines shown on maps was developed and used to shbwsttbam networks delineated
using high-resolution, interpolated DEMs are more acelyatositioned than those on previously

published maps or stream networks delineated from cuyrendilable DEMs.
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Chapter 1

Introduction



1.1 Background

The current regulatory environment in the State of Northolaa recognizes a stream for
planning and administrative purposes only if it exists omatéd States Geological Survey (USGS)
1:24,000 scale topographic map or a Natural Resource Gaigrr Service (NRCS) county soil
survey map. These maps are outdated and often inaccurageateigencies rely on them to con-
duct planning and operations concerning the locations refsts and their potential impact on
infrastructure improvements in the state. Beginning in®Q@fAe North Carolina Floodplain Map-
ping Program (NCFMP) acquired Light Detection and Rangli®AR) data and with these data
created 6.10 m resolution digital elevation models (DEMs)face water lines, and ood hazard
zones. However, the ability of NCFMP surface water lines aépict the location of headwater
streams accurately has not been quantitatively measuracheMus methods exist for the delin-
eation of stream networks from Digital Elevation Models (i3§). However there is little research
that utilizes the high-accuracy and high-resolution ctiaréstics of LIDAR-based DEMs to com-
pare stream mapping techniques. High-resolution DEMs sisctiose created with LIDAR data
often contain micro-topographic features such as roadslatehtion ponds that were not consid-
ered during the development of relic stream delineatiohrtegies which are intended for use with

coarser-resolution data.

1.2 Research Approach

A detailed review of current literature established theuahle functions performed by
headwater streams and examples of threats to those fusictistablishing a need for more accurate
stream maps. In order to further justify the need for betieasn maps, almost 50 years of research
on inadequacies in stream maps was summarized. The diggahs mapping analyses focused on

the topography and stream networks of a series of small glads in four physiographic subre-



gions of North Carolina in order to evaluate the feasibitityd accuracy of the mapping methodolo-
gies across geologic, geomorphologic, and climatic vditiabThe digital mapping methods were
tailored to landscape characteristics of the sampled pbsephic subregions and extensive eld

data were collected to validate mapping methods and preduct

1.2.1 Obijective 1: Collect Field Data

In each study watershed, the stream networks were surveygdring at the mouth and
walking every stream reach encountered to the intermitiggin. Survey data were collected with
real-time differential global positioning system (GPS)msub-meter accuracy. The coordinates of

speci ¢ locations were surveyed using the State Plane Goatel System (feet):

Mouth of the watershed
All tributary junctions

Random points along stream reaches between tributaryiguiscto record major changes in

direction and the location of the channel

All stream origins and all transitions among stream types. (@termittent to perennial)

A photographic record of all origins was obtained with a @ijcamera: two (or more, if appro-
priate) photos at each location, upstream and downstreamsyviA eld notebook was kept for
each study watershed to record notes on character of ttarstretwork and the characteristics of
stream origins and stream type transitions. Stream origere determined using the latest version
of the North Carolina Division of Water Quality (NCDWQ) Sama Identi cation Form Version 3.1
(NCDWQ, 2005. A digital version of the NCDWQ Stream Identi cation Formaw created using
ESRI Arc Pad. This digital form was accessed on a hand helguatan connected to the Global
Positioning System (GPS). Code built into the form allowedthe automatic tabulation of stream

“points” and determined the stream type appropriately.



1.2.2 Obijective 2: Determine Extent of Accuracy of Availabé Stream Maps

Streams depicted on USGS, NRCS, NCFMP, and local county mapsassessed using
a measure of horizontal accuracy and network completeDega.used to access these relationships
were collected during the GPS survey, and points surveyddnstream channels were attributed

with distance from each associated stream map dataset.

1.2.3 Obijective 3: Evaluate Sources of DEMs

Grid based DEMs were interpolated from LIDAR elevation peiosing the Australian
National University Digital Elevation Model (ANUDEM) softare Hutchinson 1989. This ex-
tension for ArcMap combines the ef ciency of Inverse DistanMVeighted (IDW) and Spline inter-
polation techniques with the accuracy of Kriging methddatChinson 1993. The program allows
the user to specify the vertical standard error of the inpite b minimize error in the output DEMs
(Hutchinson and Dowling1991). Three “versions” of LIDAR DEMs were interpolated, at 1,52
3.05, and 6.10 m resolution. DEMs were also obtained from8&S (10 m resolution) and the

NCFMP (6.10 m resolution).

1.2.4 Objective 4: Stream Extraction Evaluation

Multiple software tools incorporating various stream agtion algorithms were compre-
hensively compared. The signi cant variables in these n®dee thresholds of contributing area
and ow direction algorithms. The analysis of pre-procagssteps focused on ve methods of re-
moving artifact depressions in the DEMs. Stream extractias performed using two off the shelf

tools:

Arc Hydro (ArcView): Arc Hydro is a geographic informatiorystem (GIS) data model

which combines terrain preprocessing tools with waterstralysis tools to facilitate a very



simple “point and click” interface for the delineation of tsesheds and stream networks using

grid DEMs as the only source of inputi@idment 2002.

TAUDEM (ArcView): Terrain Analysis Using Digital Elevatio Models (TAUDEM) is a
more comprehensive watershed delineation and streancatrautility that allows the user
to specify parameters such as type of ow direction algonitto use and method of stream
delineation (contributing area threshold, grid order $shidd, area and slope threshold, area

and length threshold)rarboton 1997).

The locations of stream channels predicted via model owtput compared to the stream networks
surveyed in the nine study watersheds. Modeled stream netwi@re compared to surveyed stream
networks by creating buffers around the modeled stream<lasdifying surveyed points that fell
within 1.52, 3.05, 4.57, 6.10, 7.62, 9.14, 10.67, 12.1972315.24, 16.76, 18.29, 19.81, 21.34,
22.86, 24.38, and 304.80 m buffers around modeled streamoriet. The minimum distance,
3.05 meters, represents the theoretical limit of the acyup&the standard LIDAR DEMs provided
publicly by NCFMP at 6.10 m pixel cell resolution (3.05 m other side of the stream line, drawn

through the center of the pixel).

1.3 Study Sites

Nine study watersheds were selected from each of threeq@mggihic subregions of the
Mountains, Piedmont and Coastal Plain of North Carolinae $hil systems in North Carolina
(Daniels et al. 1999 and the Environmental Protection Agency (EPA) Level IV Egpons 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 thidbilitgsstudy, four subregions have been se-
lected that represent the intersection of a soil system arecaregion in order to utilize both of

those classi cation systems.



Carolina Slate Belt Soil System and Carolina Slate Belt LBv&coregion

Felsic Crystalline Soil System and Northern Outer Piednh@wel IV Ecoregion

Middle Coastal Plain Soil System and Rolling Coastal Plardl IV Ecoregion

Low and Intermediate Mountain Soil System and Eastern Bliggdr Foothills Level IV

Ecoregion

Selection of the study watersheds was based on the aviylaifilLiDAR data, the availability of
control monuments, the representation of diverse streaimoaments from multiple physiographic
regions, and accessibility of the sites for surveying and @ata collection. The research focused
predominantly on rural landscapes to determine the fdigibf the mapping approaches in stream
networks that have not been dramatically altered by urlaéioiz. Ideally, the physiographic sub-
regions and study watersheds within subregions should bega randomly selected. However,
practical considerations of access to the streams, presdrcontrol monuments, land ownership,
etc. required manual selection of study watersheds. Early statershed was large enough to

ensure that:

The main stream of the watershed and its principal tribesavwere depicted on the USGS
1:24,000 scale topographic map and the USGS 1:24,000 sgddedraphic digital line graph

(DLG).

The watershed had a planimetric area of approximately 40Kz

The research focused on automatically mapping accuratscade topographic variation, the over-
all stream network, and the headwaters streams of the stneanork (e.g., the rst and second

order streams wherever they occur). First order streamthase that begin near a watershed di-
vide and join to form second order streams, both types ofistsethat are often not depicted on the

USGS 1:24,000 scale maps. However, many rst and second stdgams discharge directly to 4th



or higher order streams and many of these streams also apa tloeé maps. The rst order streams
are those that meet the de nitions of intermittent or peiahatreams contained in the NC river
basin riparian buffer rules (15A NCAC 02B.0238Bitp://h20.enr.state.nc.us/admin/rules/rb040103.
pdf). The NCDWQ Stream Identi cation Methodology was used ttedmine the locations of the
origins of rst order streams and stream transitions froreimittent to perennial: Identi cation

Methods for the Origins of Intermittent and Perennial StriegNCDWQ, 2005.
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2.1 Headwater Streams: De nitions and Functions

Headwater streams are the primary sources of water in aagminetwork $tanford
1996. Headwater stream networks serve as a critical hydrolbigic between the surrounding
landscape and the larger, connecting stream out ows withimatershed. These networks drain
extensive surface areas within the watershed that are reatlgiin contact with higher order stream
channels. These "headwaters” join together many timesifgra continuous hydrologic network
consisting of streams, rivers, ponds, lakes, and wetlands.

The literal headwaters of any watershed are the subsunfabeverland ow of water dur-
ing (and often after) a precipitation event. As runoff waiesceeds downslope, it begins to carve
out barely discernible ephemeral channels. The locatidhasfe temporary stormwater channels is
in uenced by the topography of the landscape. Groundwateiot an input to ephemeral streams
except to those draining wetlands, and they lack the biofdghydrological, and physical charac-
teristics commonly associated with the continuous presencowing water. Ephemeral channels
often transition to intermittent streams, which conveyewatiot only during a storm event but also
have base ow during wetter conditions. Groundwater disgbaerves as the predominant source
of water input to these channels, however, they frequemilyud during the drier seasons when the
groundwater table retreats below the level of the streamWdéten groundwater ow is consistent
enough to support the continuous ow of water year round,stneam is then de ned as perennial

(Harman and Jenning$999 OEPA 2005.

2.2 Field Identi cation of Streams

There is a unique stream identi cation method for each neseactivity involving streams.
Classi cation schemes can be based upon taxonomic suveji; diversity, vegetation surveys, or

substrate classi cation, just to name a few. This discussdimited to the classi cation methods
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used to determine intermittent and perennial owing stregw regime) for regulatory condi-
tions. Many government agencies differentiate betweamnnittent and perennial stream ow when
applying best management practices (BMPs) to land-managesirategies. The assumption is that
as stream ow duration increases, so does the potentialdorpoint pollution input and transport
by the stream. Correct identi cation of perennial streaimsntbecomes a critical step in applying
BMPs.

Many decision makers rely upon United States Geologicale&Su(USGS) topographic
map “blue lines” for determination of ow regime. Perennstteams are represented by solid
blue lines and dashed blue lines are used for intermitteatusts. Many government agencies
rely solely on this map. Use of blue lines on a USGS topograpmip has consistently been
shown to be inaccurate for site speci ¢ applicati@®@véca et a.2005. United States Geological
Survey cartographic standards for the depictions of stseamtopographic maps state that: 1) all
perennial streams, regardless of length, 2) intermitteams at least 609.6 m (2000 ft) long, and
3) headwater drainages terminate 304.8 m (1000 ft) from thimage divide (USGS 1980). A West
Virginia study showed that the USGS maps identi ed 12 heddwaatchments as intermittent,
whereas eld observations identi ed 3@ &aybins2002.

A sampling of hydrology literature also suggests some disancy in the de nition of
intermittent and perennial ow regimesledman and Osterkan{982 state that perennial streams
have a measurable discharge 80% of the time whereas intentétreams have discharge 10-80%
of the time. Hewlett (1982 de ned perennial streams as having water “present” moaas 90%
of the time. When faced with the challenge of ow regime fogu&tory purposes, water quality
managers have 171 documented hydrologic indices to choose(©lden and Poff2003. State
forest services ow regime de nitions (Tabl2.1) re ect the lack of consistency in ow regime
classi cation methods. While the distinction between ‘paf the time” and “all of the time” is

obvious to the layman, the legal complications of propeltiegpility are numerous.
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Table 2.1: Various state forestry agency ow regime de oiits.

Agency Perennial Intermittent Citation

North Carolina Di-| Flowing water 90%| Flowing water 30| (NCDFR, 20069
vision of Forest Re- of the time to 90% of the time

sources

Kentucky  Forest Holds water| Holds water during (Stringer and Perk{
Service throughout the year wet season ings, 200))
Tennessee ForestFlowing water year Flowing water 40| (TDA, 2003
Service round to 90% of the time

South Carolina] Continuously ow- | Flowing water| (SCFG 2009
Forestry Commis4 ing water most| from headwater

sion years source for portion

of year
Texas Forest Ser Flowing water 90%| Flowing water 30| (TFS, 2000
vice of the time to 90% of the time

The USGS has developed a linear regression formula for Mhasatts that accounts for
drainage area, drainage density, geology, and basin stogetérmine the likelihood of a stream
owing perennially or intermittently Bent and Arch eld 2002. Hansen(200]) agreed that deci-
sion makers should not rely on topographic map blue lines;iwie found to depict only 14-21%
of the entire stream network, and developed a method fordéliedetermination of intermittent and
perennial ow using a combination of geomorphologic anddgacal indicators.

Drainage area is also another common metric used to diffaterbetween intermittent
and perennial ow regimes. In the Southern Appalachianterimittent ow usually occurs when
drainage area reaches 4.9 ha (11 ac) and transitions tayarew when drainage area reaches 7.7
ha (19 ac) Rivenbark and Jacksp2004). The Commonwealth of Massachusetts uses a combined
map/area approach to establish variable breakpoints batméermittent and perennial ow: 1) if
it's perennial on the USGS topographic map, it's classi edlpgerennial, 2) if it's intermittent or
not shown on the USGS topographic map it's classi ed as paetiif the drainage area is at least
259 ha; or if the drainage area is at least 130 ha and preditetarge is 0.0002 CMS using the

USGS StreamStats method; or if the drainage area is at I8@staland the sur cial geology of the
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drainage area contains 75% or more strati ed drift deppsitel 3) if no ow is observed for four
days the stream is classi ed as intermittent.

Only a few regulatory agencies combine map-based hydrotbgyacteristics with de-
tailed eld observations to differentiate between intettenit and perennial ow regimes. These
agencies have con rmed that USGS and Natural Resource Gatiemn Service (NRCS) blue lines
depicted on paper maps do not accurately re ect interntitéal perennial transitions. Field indi-
cators of hydrological, physical, and biological condisowithin the stream are used to determine
the likelihood of a stream owing intermittently or pereiaiiy.

The North Carolina Division of Water Quality (NCDWQ) has d&ped a eld protocol
in which geomorphologic, hydrologic, and biologic eld iicators of stream ow are ranked as
1) “Strong,” 2) “Moderate,” 3) “Weak™ or 4) “Absent.” The msence and degree of development
of each indicator is assigned a numerical value (e.g. “$tieeadcut” would receive a 3, “Absent
Flowing Water” would receive a 0). Other indicators of peri@h ow in the protocol include
presence of brous roots in the stream bed (indicates litive), hydric soils (indicates presence of
water for extended period) and headcuts (fast and erosiwg. ®he sum of all the values is used to
assist the investigator in determining ow regime, with &dkpoint value of at least 19 indicating
an intermittent stream and 30 points for a perennial stréd@DWQ, 2005.

Fairfax County Virginia Public Works and Environmental @ees has adapted the NCDWQ
methodology and established a point threshold of 25 as toememended number of indicator points
that de nes perennial stream ow. Key determination methad the Fairfax County Perennial
Stream Identi cation Protocol include consideration oin@htic conditions, presence of aquatic
species that depend on the year-round presence of watenfavad, and "local” knowledge of area
stream ow trends DPWES 2006.

Both of the eld identi cation protocols discussed abovéyren observational opinion to

evaluate the strength of the indicators, and much leewaijvéngo the investigator to determine
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when the number of points tallied does not conform to localedge. For example, both protocols
allow a stream to be classi ed as perennial if a large numbperennial benthic invertebrate species
are found, even though the total number of indicator poimtssdnot suggest a perennial stream.
The key bene ts of the two protocols, however, are theirigbilo establish a relative degree of
consistency in determinations of stream origins, the nustlawe easily implemented, and numerous

descriptive statistics can be compiled using the indicedtuies.

2.3 Headwater Stream Sources

A series of headwater streams connected by one common oug cansidered a stream
network. First order channels drain into progressivelgeaarsecond order channels, and so forth,
continuing to the drainage outlet. Stream networks aretedelay three sources of ow; overland
ow, inter ow (rapid subsurface storm ow in large pores)nd groundwater discharge.

Overland ow occurs when the total accumulation of rainfedls exceeded soil in Itration
capacity and depression storage capacity and the excedgifaton ows over the surface downs-
lope Horton 1945. Moore and Larsoi{1979 identi ed three stages of overland runoff dependent
upon depressional storage: (1) depressional storage @)lgepressional storage with smaller de-
pressions lling and contributing to some runoff; and (3pdessional storage capacity reached and
all precipitation throughout the watershed contributiogunoff.

Dunne and Leopol@1978 noted that Hortonian overland ow seldom occurs in foreste
watersheds given the high in ltration capacities of forsstls. In these well developed soils the
ability of the soil to in Itrate water is much greater thanmmon rainfall intensities. Therefore,
precipitation moves rapidly through the pro le to strearmachels as inter ow. When runoff is
dominated by inter ow, the source area of the stream ow is gaturated zone adjacent to the

stream. That saturated zone expands as rainfall contimeescatracts again as the rainfall ceases.
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Dubbed the variable source area (VSA) concepHieylett and Hibbe{1967), this runoff model
holds true when there has been little human disturbanceetavéttershed. Often runoff processes
t somewhat ambiguously between Hortonian and VariablerS8erea when some disturbance or
land use change from predominantly forest has occurreceimttershed.

The water table below a hillslope curves toward a streamralaGroundwater discharge
occurs where the water table intercepts the stream bed. component of below-surface ow is
called “base ow.” During a precipitation event the watebl@&hydraulic gradient steepens, adding
subsurface ow to the base ow and increasing the rate of grbwater dischargeHursh (1939
stated that subsurface ow is the dominant source of stori@waw to a stream on hillslopes with
high hydrologic conductivity and shallow restrictive lage This is further supported bgeven
(1981 who concluded that highly permeable soils and steep hiidrgradients contribute greatly
to the transition of precipitation to subsurface ow wheseailltivated lands and urban watersheds

are more likely to exhibit the characteristics of Hortonasrland ow.

2.4 Function of Headwater Streams

Undisturbed headwater stream networks exist in a natuagg sif dynamic equilibrium
Thorn and Welford(1994). When a stream network is in homeostatic balance, watersadi
ment inputs equal outputs and the characteristics of theanktchange slowly over geologic time
(Strahler 1957 Hack 1975. When that balance is upset the system will adjust itselétestablish
the dynamic equilibriumKerguson1994. Streams and their connected oodplains maintain ow
paths to transport water and sediment, retain excess otaiywand provide habitat for a diverse

range of plant and animal speci&xhiefer 2005.
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2.4.1 Headwater Streams Form Channels

The point where Hortonian overland ow becomes concendratéhin de nable stream
banks is known as a stream channel hdaigtfich and Dunngl1993 Istanbulluoglu et aJ.2002.
During a rainfall event, excess ow accumulates at theselfead incises ephemeral rills and gul-
lies, which ow to more stable intermittent channels, whiolw to permanent perennial channels.
This location has also been de ned as the point where diffusiw transitions to incisive ow
(Smith and Bretherl972, where an erosion threshold has been exceddeddn 1945, or when
the energy of overland ow overcomes shear stress of theoseil which it ows (Montgomery and
Foufoula-Georgiou1993.

The location of a channel head is by no means permanent. €harosion occurs at
a faster rate than hillslope erosion causing the channel teeadvance upslop&\(ligoose et al,
1991)). The inverse of channel head advancement occurs whewicotiirom upslope accumulates
within the channeDietrich 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 environmeritera soil aggregates and con-
solidates the surface. This in turn reduces the ability ofew#o in Itrate the soil Guy, 1970.
The excess water collecting on the surface due to the redndedtion and the kinetic energy of
raindrops dislodging soil particles combine to create stmwe Sheet ow eventually encounters
topographical restrictions and forms more powerful ritisl{ivated elds) and gully ow Foster
1986. The force of water owing through channels varies frontlditto none during a dry period
and erosive ow during a storm event, capable of carryingéaiand heavier particles or gravel from
upslope. Natural undisturbed streams are capable of wairgp the entire sediment load supplied

by the watershedHarman and Jenning4999. The source of that sediment load is both surface
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and channel erosion in agricultural or developing areassamainly channel erosion in undisturbed
forested areas.

In a meandering stream, particles are deposited on theesiagicheander bends and form
depositional bars. Multiple sediment bars can accumuladeyeow in size to form braided channels.
During high ow, when the stream exceeds bankfull ow, sedimh can be deposited on either
side of the stream as levees, which over time form to restsicess ow to within the channel.
High ow can also cause bank failure, resulting in slumpshivitthe channel and contributing to
the total sediment load carried downstream. Excessive Emhkes can in uence the sinuosity
of a stream, changing a straight channel to a meandering mathecausing stream meanders to
migrate often moving the horizontal position of the charmeadr great distances over time. When
dynamic equilibrium exists, the rate of bank failures campghts the formation of depositional bars,
allowing the path of the stream to meander across valleypivnstt Meanders add length to a stream
channel while decreasing its gradient and balance ow gnargd sediment transporg¢hiefer
2005.

Sur cial runoff and soil transport within the watershedrtsport nutrients from upslope
terrestrial systems to aquatic systems further down in thershed. Glomalin-related soil proteins
(GRSP) supply nutrients to soil through their moleculaudture Rillig, 2004. These proteins
enter the headwater network through leaching and erosidpatentially serve as a nutrient source
within aquatic food chainsHarner et al.2004). Dissolved nutrients carried by runoff and organic

detritus carried by overland ow also add nutrients and gnédo the aquatic food chain.

2.4.3 Headwater Streams Host Unique Biota

Headwater streams are an important component of the achatitat, as they transport
water, sediments, nutrients, organic matter, and woodyigléd 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 dovassir ecosystems-isher and Likens
1973. Headwater stream ecosystems are primarily in uencednbstieam productivity and al-
lochthonous inputs of organic matt&faphnote et al.1980. Total organic matter (TOM) consists of
coarse particulate organic matter (CPOM), ne particulatganic matter (FPOM), and dissolved
organic matter (DOM). Levels of CPOM and FPOM in headwatezashs are directly related to
precipitation and discharge; they decrease during wargssos as processing by aquatic inverte-
brate results in higher DOM levelKiffney et al, 2000. Aquatic invertebrate consumption of plant
matter provides secondary food input for species within dmgnstream of headwater networks
(Wallace et al.1997).

By eliminating terrestrial food inputs to a headwater stredlakao et al(1999 showed
that alterations to the headwater stream food web have adiagceffect on predatory sh assem-
blages. Energy transfers from terrestrial biomass in haselvwcatchments is a critical component
of the food web in less productive environments downstreKawaguchi and Nakan(2007) in-
vestigated the concept of “top down” stream food webs whegalistribution of headwater riparian
zones in uences allochthonous prey inputs for sh popuas and that the spatial distribution of
sh populations is subsequently related to the riparianezoin a “bottom up” fashion.

A single kilometer of salmon bearing stream in Alaska reegienough detritus from
upstream sh-less headwaters to support up to 2000 rst gehp salmon, making these headwaters
critical conduits of food for several trophic levels and jgogting aquatic production in streams of
increasing orderWip i , 2005.

Stream ecology is not limited to the life found in water owginvithin the con nes of the
channel. A signi cant portion of a stream ecosystem alsaucxin the stream bed and the vege-
tated corridor surrounding the stream. The zone of trafsfereen groundwater and streams was
rst termed as “hyporheic” byschwoerbe(1961). This de nition was further expanded to include

variants of water transfer where groundwater supplies owtlte stream and where stream ow
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recharges the groundwater via the hyporheic z&feevier and Naiman1992. Hyporheic environ-
ments are intrinsically heterogeneous and their chaiatitsr vary greatly from system to system
and within the same systerBrunke and Gonsefl997). Biologic processes occurring within the
hyporheic zone in uence groundwater chemistry and affeatipction in riparian vegetation (Stan-
ford and Ward 1993). The hyporheic zone also serves as & lioiffieutrients by nitrifying oxidized
ammonium to nitrate during aerobic conditions or deniinifynitrate during anaerobic conditions
(Yates and Sheridai983.

Various aquatic species make their home in the hyporheie;Zd) hyporheobionts which
spend their entire life cycle in interstitial pores; (2) loypheophiles transitioning between perma-
nent habitats $chwoerbel 1961); and (3) insects that complete their larval stage withim lly-
porheic zone $tanford and Ward1993. Stream insects will take refuge in the hyporheic zone
during deleterious events and it provides a stable enviemtrior developing sh embryodugsley
and Hynes1986. In undisturbed streams invertebrate production withim tiyporheic zone may
be as much as 65% of total productiddntock et al.1992. Concentrations of dissolved oxygen
at varying depths and storm discharge scours greatly ircaaensity and biomass of hyporheic
invertebrate productiorSirommer and SmogR 989.

Riparian zones are ecosystems containing “...complexrddages of organisms and
their environment existing adjacent to and near owing watéLowrance et al.1985. Riparian
zones serve as the link between terrestrial and aquatigstenss, in uencing the ux of water, air,
soil, and organisms between the twWarégory et al.1991). Riparian zones can contain as much as
100 times more biomass than other forested environmeémdénmayer and Frankljr2002).

Physical, soil, and vegetative processes within ripar@rez coupled with the hydrologic
cycle and spatial relationships to other ecosystems pasitparian zones to be the predominant
controller of stream water quality. Riparian zones con&rehriety of hydrologic processes. They

can provide short term storage of surface water thus redwstieam “ ashiness” and in uencing
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the affects of oodwater damag®eaily, 1997). Stream-side riparian Zones are an important source
of organic carbon, providing energy to sustain both terig@sand aquatic food webdeyer and
Wallace 2001). Riparian zones that are intermediately ooded exhibithilegrees of plant species
richness and preserve genetic diversRpl{ock et al, 1998. Riparian zones also remove nutrients
from surface and subsurface ow transitioning from uplandrses to headwater streanfe(erjohn
and Correl] 1984). Trees in riparian zones have been found to assimilate Z3%emitrogen tran-
sitioning the zone from agricultural elds and it is widelyw&wn that riparian forests are nutrient
sinks Correll and Welley1989 Yeakley et al. 1994). Heterogeneity of riparian vegetation compo-
sition insures food sources for aquatic insects, whichiin serve as food sources for downstream
sh communities Naiman et al.2000.

The role of wood in a stream ecosystem is perhaps the mastatibmponent of stream
ecology yet often receives little mention in discussionsttaf functions of headwater streams.
Coarse woody debris (CWD) accumulating from adjacent i@pazones has a signi cant in u-
ence on uvial processes. Logs and sticks can stabilize fainkroduce ow resistance, and aid
bar sedimentatiorHickin, 1984). Larger CWD (longer than active channel width) can foraedh-
cumulation of coarse woody debris (CWD) behind it and cietgenporary pools rich with aquatic
life, contributing to habitat diversity and food sourcé&su¢nell et al, 1995. In the absence of
forested riparian zones the lack of woody debris resultsdaaease in retention features that store
organic material for consumption by invertebrateketfick et al, 1998. Nearly all woody debris
input into a stream comes from within 30m of the stream chiafarphy and Koskj1989. Dur-
ing ow disturbances, woody debris dams have been shownduige a more stable refuge than
stream substrate, leading to quicker recolonization déri@brates after peak ow eventddx and
Golladay 1998. In sand and mud dominated coastal plain streams, woodysdatovides habitat

for 10 times as many invertebrates than those found in bostapstrate $mock et al.1985.
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2.5 Impacts of Disturbances to Stream Networks

Human alterations to the landscape often have unintertiotanegative effects upon
stream health. Impervious surfaces covering soils leag/dodtogic alteration of the stream ow
characteristics, development activities dislodge masaimounts of sediment which runs off into
drainage channels, and removal of riparian vegetationcesithe ecosystem's ability to Iter harm-
ful elements being introduced to the hydrologic cycle. Bgple population increases in the State
of North Carolina have led to rapid construction of “bedrocommunities” at massive scales, and
economic interest groups often thwart legislative bodié®nvregulations are proposed that are
designed to counter the negative effects of population tirawa water quality. Counties in the
Neuse River Basin experienced a 4.6% increase in popul&tiom 1990 to 2000 CSD, 2004).

In 2005, the largest political lobby in North Carolina, therth Carolina Homebuilders Associa-
tion (NCHBA) considered as “major victories”: 1) defeatilegislative initiatives for sedimentation
control, 2) defeating legislative initiatives that incsegpenalties for environmental rule violations,
and 3) defeating legislation that introduced stricter podperty considerations in septic system
design NCHBA, 2005. Despite the vast body of indisputable knowledge detitime effects of
urbanization on stream water quality, efforts to preveatdhmage to headwater streams caused by

urbanization have been stymied by the political climate artN Carolina.

2.5.1 Impervious Surface (Hydrologic Alteration)

Impervious surface cover (ISC) decreases the ability dfipitation to in ltrate through
the soil pro le, therefore causing it to add to overland rfimmd leading to increased peak ow rates
and overall stream ashiness. As more open land such as fanch$orested land cover is converted
to urban development, impervious surfaces (streets, apsftsidewalks) begin to remove natural

storage and retention features of the landscape, and arpeaagaase of physical changes that effect
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stream qualityDeacon et a)2005. Impervious surfaces reduce the soil's ability to in ltearainfall
and decrease overland ow travel time to the drainage né&kwdsing a distributed parameter runoff
model, urbanized watersheds have been found to generatémes as much runoff volume and
sediment yield than forested watershe@srpett et al.1997. The body of literature discussing the
effects of impervious surface on stream health is far too teasite each important peer reviewed
article, however Tabl2.5.1neatly summarizes the area breakpoints at which urbaoizatuses

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- | (Yoder et al, 2000
otic Integrity (IBI)

Score
4% 15% Urban Land Higher IBI Score | (Yoder et al, 2000
Cover
10% ISC Decline in sh| ((Wang et al.
communities 2000)
12% Connected Imper After this threshold| (Wang et al.
viousness minor increases in 200)

urbanization trig-
ger sharp declines
in baseow and
sh community
quality

16% Ubranization High correlation (r| (Wang and Yin
= 0.832) between 1997

electrolytic  con-
ductivity and urban
land use

6% Impervious Area | Sudden decrease in(Morse et al.2003
taxa and EPT rich-
ness
Degree of ImperviousnessNegative correlaq (Walsh et al, 200J)
tion to taxa and
EPT richness
Continued on Next Page. ..




Table 2.2 — Continued

Factor Response Reference
25% Urban Land Cover Loss of sh species (Morgan and Cush
in 2nd and 3rd or-| man 2005

der streams

Urbanization

Increase in nitro-
gen and phosphor
rus inputs by 200%

(Line et al, 2002

Degree of Imperviousnes

sPositive  correla
tion to Dissolved
Organic  Carbon
Filterable  Reac
tive  Phosphorus
Total Phosphorus
Ammonium

(Hatt et al, 2009

Impervious  Area =

11.1%, 6.2%

300% and 42%
Increase in peak
discharge, respedg
tively

(Burns et al. 2005

Degree of Imperviousnes

s 10% Stream
Health Protected
10% - 20% Strean
Health Impacted,;
30% Stream
Health Degraded

(Arnold and Gib-
bons 1999

10% Effective Impervi-

Notable accumula;

(Booth and Jackj

ous Area tion of physical and| son 1997
biological effects
on stream habitat
Watershed Impervioust Impacted at 10%)| (Klein, 1979
ness 10% - 30% severely impacteqg
after 30%
Urbanization Densities of sh| (Limburg and
eggs and larva¢ Schmidt 1990

inversely  propor-
tional to urban land
use

Continued on Next Page. ..
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Table 2.2 — Continued

Factor Response Reference
Watershed Impervioust Steepest rate of (May et al, 1997
ness 5% - 10% degradation to

water quality;

however qual-

ity continues to
decline as ICS

increases
Increase in urbanization Increase in total (White and Greer
from 9% to 37% runoff by 4% each| 2005
of 27 years
Increase in urbanization Sharp decline in
from 17% to 49% macroinvertebrate
richness

2.5.2 Sedimentation

A watershed in a natural state will produce sediment viatshideand gully erosion
(Schiefer 2005. This combines with particles eroding from stream banlks laeds to constitute
total solids load. During periods of high ow, greater am&of sediment and larger particles
are carried further downstream. During periods of high @ediment and particles are deposited
on the substrata and form depositional features such awbaikivial deposits within or near the
stream channel and connected oodplain.

Human impacts to the landscape such as agriculture andinatian upset this natural
balance and result in a disproportionate amount of sedie@etring the stream networBéschta
and Jacksarl979 McDonnell and Pickett199Q Delong and Brusveri998. It has been estimated
that up to a 30 cm thickness of the entire surface of Neuser Rplands have been eroded due to

human impacts over the last 300 yedPsi(lips, 1997). This in turn imperils the delicate ecosystem
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that depends upon the stream network maintaining its dymaauilibrium. Sources of sediment
in the stream network can be categorized as (1) channelemorginating from streambeds and
banks and (2) non-channel sources originating from catabisiepes and erodible soil€6ldwell,
1957 Grimshaw and Lewin1980.

Road networks can contribute excessive runoff during higgnisity storm events leading
to rapid movement of soil, sediment, and organic matter dsk@ap stream channeldofies et a|.
2000. Road construction has been correlated to erosion in f#e@dgcapes3wanson and Dryness
1975 and the presence of aroad drainage network in a catchn@etises the length of the channel
network and alters the erosional proceg®iitgomery 1994).

Burkhead and Jellk2001) found that the decreasing rate of spawns and ripe eggs splawn
in spawning tricolor shiners (Cyprinella Trichoistia) wdigectly proportional to the concentration
of suspended sediments within the stream chandelyd et al, 1987. It has been found that
excessive suspended sediment leads to a decrease in skespequiring 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 aradg spawners become wiped out when
a threshold of between 10 and 20% non-forested land covehis\aed, which results in a distinct
increase in suspended sediment.

A positive relationship also exists between amount of lamagriculture and stream sed-
iment load Walser and Bart1999. The same relationship applies to a decrease in sh species
that rely on course substrates. It is important to note, kewehat this study found that greater
order stream reaches are more susceptible to these pheadhanheadwater streams due to the
nature of many species to take refuge downstream duringgeedf disturbance. Using the biotic
assessment protocol developedKarr (1981 past research suggests that the total percentage of
agriculture land use can account for 50% of the variancedaxrof biotic integrity (IBI) scores and

high intensity agriculture results in lethal stressord®dtream habita®lan et al, 1997).
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Excess sediment in water has been shown to effect sh spegied) clogging gills at
lethal concentrationBfuton 1985); 2) degrading the spawning habitat and stunting juvenibevth
(Chapman1988; 3) modifying migratory habits of shAlabaster and Lloyd1980); 4) reducing
habitat for insectivores via reduced primary productioe thuincreased turbidityoeg and Koehn
1994); and 5) affecting the ability of visual feeders to pursueyp@Ryan 1991). Reduction of
interstitial space caused by depositional sediment actation in headwater streams also increases
the mortality rates of some salamander spedies/é et al, 2004 and reduces the amount of refuge
that adult salamanders can seek from predators. Sedinoengd$so has been shown to affect the
quality of food consumed by snails€intyre et al, 2005, however this same research concluded
that excess sedimentation alone is not immediately lethah&il populations as previously stated
by Armitage and Fong2004).

Biologic activity within the hyporheic zone within streancasystems is controlled by
permeability of the bed substrate. Suspended sedimensitiepaluring low ow periods intrudes
porous spaces within the stream bed and degrades bed pditped@his process is referred to as
colmation (bisch and Borcharg2002. Silt accumulation in interstitial pores consequentlguees
refugial space for invertebrates which in turn leads to acédn in burrowing and feeding activity
in streambed sedimentd@ncock 2002. In a survey of interstitial only fauna, 22 taxa were found i
the interstitial habitatNlary and Marmonier2000. It has been suggested that the lack of these taxa
within the hyporheic zone, which are sensitive to elevasitigievels, indicates that degradation of
water quality in the form of excess runoff is occurring upatn from the stressed habit&dvedich
et al, 1996.

Organic and inorganic particulate matter in dissolved faronreases turbidity within the
water present in a stream channdefley et al. 2000. Increased turbidity decreases the ability of
light to penetrate through water and can lead to a reductigghytoplankton productionHoetzel

and Croomel994). The decreased levels of phytoplankton translates tolsimeous decreases in
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zooplankton and has a cascading effect on the entire foodRebescolley et a).1992.

Poorly managed agriculture operations have been attdbiacte67% of the sources of
sedimentation into stream networks and this can be linkedgative impacts to stream biotaefiat
1984. It has been suggested in a recent study that high contiensaf suspended sediments are
not lethal to some aquatic insect species, but rather tappiEarance of invertebrates from impacted
reaches can be attributed to the tendency of most specigsitbareas of high suspended solids or

changes to the food web due to contaminant introductiongstittam network3uren et al.2005.

2.5.3 Nutrient Loading

Pollution entering watersheds is classi ed as either poinhon-point sources. Point
sources are generally single source locations such as s@aénent plants, regulated mining op-
erations, storm sewers outfalls, and construction sites-pbint sources consist of the sum of all
input owing over a large land surface such as a cultivatettl er an urban development, septic
system leaching, atmospheric deposition, or logging eiets/(Carpenter et al.1998. Non-point
sources are usually the dominant sources of phosphorusi@ogem inputs into riversNewman
1995. Non-point sources of nitrogen have also been positivetyetated to population density and
increased by as much as 20 fold from pre-industrial tinkémaf@arth et al. 1996. With most point
sources of nutrients now subject to discharge permittiggirements, agriculture operations have
been targeted as the dominant source of input of nutrietasfieshwater systemsharpley et a).
1994). The main cause of this non-point source is that a surplasitvients are often applied to agri-
cultural lands, where fertilization applications far eedgroduction need8gaton et al.1995. In
a comparison of global phosphorus uptake ef ciesgrmann1990 found that the average plant
uptake ef ciency in the United States was 56%, among the shaemong the nations surveydd:
ermannalso found that on average, 18% of nitrogen applied asifatils removed through plant

production processes leaving the excess to leach to grawhdwaface waters. The importance of
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maintaining vegetated buffer strips around stream chanfioelthe purpose of intercepting excess
nutrients is highlighted bysborne and Kovaci€1993, who, in a review of 21 vegetated buffer
strip studies, found that buffers of 0-50 m in width remové@d-4.00% of nitrate and phosphorus
applied upslope of the riparian buffers.

In urbanized catchments, N loading can be 45% higher tharofteforested catchment
(Wollheim et al, 2005. Some studies suggest that highly-urbanized catchmgreatér than 35%
impervious surface) in the Neuse River Basin contributeeto streams than do predominantly
agricultural catchmentd_gnetta et al.2005. Seven percent of the Neuse River Basin is covered
with managed turf grasOsmond and Hardy2004). Osmond and Hard{2004) illustrated some

rather surprising trends regarding N sources to the NeusaRi

Cary, NC had the smallest average turf area per householdagethe highest rate of lawn

care service use.

Lawn care services applied on average 50 kg/ha more fertilimn homeowner self applica-

tion.

Cary residents had the lowest average of removing fentipediets from impervious surfaces

after application.

Two times as much fertilizer is applied to crops in the NeuasiB as is applied to all of the

turf grass in the entire state.

One conclusion that can be drawn from the above is that teexsocio-economic link to
increased water quality degradation. Eutrophication @duy nitrogen and phosphorus is the most
common water quality imperilment in the United Statd SEPA 1990 Smith 1998. The U.S. En-
vironmental Protection Agency further states that euticgiton impairs 50% of the lake area and

60% of river reaches in the United Stat&sSEPA 1996, making it the most prevalent pollution
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issue in coastal estuarieNRC, 1993. The National Research Council (NRC) has also published
ndings that trace sources of contamination to agricultoperations, development, acid rain, strip
mining, and invasive specieBIRC, 1992. Eutrophication leads to algae blooms which consume
oxygen as they decompose and lead to anoxic conditidnddrson 1997). These blooms poison
shell sh rendering them harmful to human consumption anchmeen linked to increased mortality
rates in marine species off the Atlantic coash¢lerson 1997 Burkholder et al.1992. Nitrogen
inputs to headwaters in the Neuse River basin in North Qaadiave been shown to increase phy-
toplankton biomass and a correlated increase in p estesores which has been directly linked
to algal blooms and sh kills in the Neuse River EstuaBigkney et al. 1998. Increased phy-
toplankton biomass decreases light penetration thus irgltice ability of photosynthetic oxygen
production to balance oxygen consumptidef/ercordt and Meyer-Reill999. Small changes in
this penetration depth have catastrophic consequenceguati@communities in shallow estuaries

such as the Neuse Rivdfdar et al.2004).

2.6 Stream Management Regulatory Programs

As a result of the multitude of documented impacts to streaalth discussed above,
and the unfavorable regulatory pressures mentioned inahee paragraph, regulations do exist
at the federal and state levels that attempt to minimizertiact of human alterations to stream
health. Legal criteria for the de nition of a “stream” werésdussed in section 2.2 and are not
repeated here. The research theme of this project is idetibn of headwater streams to assist
the decision making process, henceforth, a review of wagpilations is appropriate. This section
identi es some of the most common regulations that regulatter quality with speci ¢ application

to headwater streams.
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2.6.1 Federal Regulation

A common term associated with water regulations is “Watétb® United States.” The
United States Supreme Court rst interpreted US jurisdictover navigable waters by deciding
that any water that has been capable in the past of transgarater borne commerce is subject
to federal authority (United States v. the Steamer Montdl®/4). The United States Congress
later established jurisdiction over headwater streamseiti& 10 of the Rivers and Harbors Act
of 1899 with the use of “...any navigable water of the Unitadt&” (Rivers and Harbors Act,
1899). The Rivers and Harbors act further exerts jurisoiictoin these waters by stating that no
navigable channel may be altered without a permit. The ter@nigable” has been subject to much
interpretation and the de nition is clari ed in 33 CFR Pa2®3 Section 329.4: “Navigable waters of
the United States are those waters that are subject to theneblbw of the tide and/or are presently
used, or have been used in the past, or may be susceptiblesfto transport of interstate or foreign
commerce”. The Refuse Act of 1899 further exerted contr@raegradation of U.S waters by
outlawing the discharge of any material into a navigableewat “. .. tributary of any navigable
water” (Refuse act, 1899). The Refuse Act of 1899, howevas largely unenforced until Richard
Nixon signed Executive Order 11574 (revoked by Ronald Reay4986, Executive Order 12553),
which gave the U.S. Army Corps of Engineers (USACE) authiaoiter the Refuse Act Permit
Program which permitted discharges into navigable watedstheir tributaries. Water pollution
was rst signi cantly addressed by Congress through thedfadWater Pollution Control Act of
1972 which was intended to “. . . restore and maintain the atenpphysical, and biological integrity
of the Nation's waters” (33 US&1251(a)). Later known as the Clean Water Act, it containegbma
provisions for the establishment of the National Polluaistcharge Elimination System (NPDES)
(33 U.S.C. 134%402), reiterated USACE authority over permitting of thectisrge of dredge and

[l material into navigable waters (USC 1344104), and established regulatory authority over water

guality impacts to wetlands (33 USC 134401)
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2.6.2 North Carolina Regulation

In 1996 signi cant declines in water quality in the Neuse &iBasin were becoming
apparent. North Carolina Division of Water Quality (NCDW&udies concluded that non-point
pollution sources were responsible for three fourths ohitregen loading to the Neuse River with
agricultural sources being the largest contributé€PWQ, 2005 1996 and led to the adoption
of House Bill 1339 (1996). This led to the creation of the NeR$ver Riparian Buffer Rule (15A
NCAC 2B .0233) which establishes a 9 m (30 ft) protection zGene 1) around all perennial
and intermittent streams, lakes, ponds, and estuarieseilN#use River Basin, and a second 6
m (20 ft) protection zone (Zone 2) starting at the end of Zor{@5A NCAC 2B .0233 (4)). The
same legislation established clear legal de nition of wisatonsidered an intermittent and perennial
stream : “Intermittent stream' means a well-de ned chalnti@t contains water for only part of
the year, typically during winter and spring when the aquagd is below the water table. The
ow may be heavily supplemented by stormwater runoff. Aremmittent stream often lacks the
biological and hydrological characteristics commonlyoassted with the conveyance of water”
(15A NCAC 2B .0233 (2)(g)) and “'Perennial stream' means dlade ned channel that contains
water year round during a year of normal rainfall with the atpibed located below the water
table for most of the year. Groundwater is the primary soofogater for a perennial stream, but
it also carries stormwater runoff. A perennial stream eihitihe typical biological, hydrological,
and physical characteristics commonly associated wittctimtinuous conveyance of water’(15A

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

Headwater streams are small emergent channels whichduartctirain large areas within
watersheds and serve as the primary source for watershewgieanetworks. These headwater
streams are the most susceptible to water quality degoedbdcause their space- lling properties
connect them to the largest portion of land surfaces and ¢heybe easily altered by ditching,
re-routing, or road crossings. The identi cation of heathvastream locations is of particular im-
portance to natural resource management activities. Megylatory agencies must rely on the
accuracy of watershed inventory maps to determine the agiplity of water quality protection
measures. Paper maps and their digital equivalents oftes upi to 80% of the headwater network
in some regions. Consequently, many headwater streamstagkgible for some form of protection
due to their not being mapped. Research has shown that bgdr@nalyses are highly sensitive to

uncertainty in published stream locations.
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3.2 Introduction

Headwater streams, the rst through third order segmentgaitershed stream networks,
are a critical element in watershed management. Headwiag¢ans networks serve as a hydrologic
link between the surrounding landscape and the larger,emimgy stream out ows within a water-
shed Gtanford 1996. Small rst order streams, often draining areas as litd&al ha, cumulatively
drain up to 85% of a watershed ardaoGlynn and Seiber2002 Peterson et gl2001). Vegetated
riparian buffer zones are most effective at interceptiniiuemts when applied to headwater streams
(Angier et al, 2009. As key elements of the food chain in stream networks, haselvstreams host
unique aquatic specie¥dnnote et al.1980.

Decision makers have historically relied on United State®lGgical Survey (USGS)
1:24,000 scale topographic maps for information on streatwarks for planning, management,
and regulatory programs related to streams. In North Gaptiparian buffer protection rules for
the Neuse and Tar-Pamlico River Basins specify that a stisaubject to the rules if it is shown
on either the most recent version of the USGS 1:24,000 sédeninute) quadrangle topographic
maps or the United States Department of Agriculture (USDiXural Resources Conservation Ser-
vice (NRCS) soil survey maps (15A NCAC .02B .0233). The SudtBlorth Carolina also relies
upon USGS maps to determine the location of impaired streéaatamust be monitored in accor-
dance with sections 305(b) and 303(d) of the Clean Water @¥tA) (NCDENR, 2006. For civil
engineering applications, effective use of hydrologicdon models is dependent upon the ac-
curate calculation of ow metrics such as runoff volume amlp ow. Accurate determination of
density and length of the drainage network is directly ezlab prediction accuracy of hydrograph
variables such as discharge volume and peak ow rate. Théstoeam length has been found to be
the most sensitive model input in the estimation of watetstischarge and sediment log@régory

and Ovendenl979.
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Accuracy of current paper stream maps and their digital/daves raises questions about
the effectiveness of planning and regulatory programsydesi to protect the key ecological func-
tions of those streams. The limited detail of current magsatieg headwater streams: (1) places
an inordinate burden on regulatory agencies and the reguldmmunity to conduct joint eld
checks of stream locations and origins, (2) adds unceytamninonitoring and assessment efforts
to identify sources of non-point source pollution and thetes taken by polluted runoff through
stream networks, (3) adds uncertainty to the calculatiosudface geomorphic parameters such as
drainage density, relief, and catchment area, and (4)tseisuhdditional costs for state departments
of transportation and other agencies in planning and imefgation of construction projects due to
the need to conduct detailed site and route assessments mbes are not accurate.

This paper reviews the research literature on accuracyarfkater stream networks de-
picted on maps used by regulatory agencies and providesesuaf errors in stream mapping. We
discuss selected examples of stream mapping accuracysamdpéact on watershed assessments.
Lastly, we discuss the need for developing and implemerdysems of digital stream maps that
are more accurate and effectively utilized in watershe@sssaent and management than current

paper maps.

3.2.1 Headwater Stream Channel Representation on Topogrdyic Maps

Research over the past 50 years has found that small-sgade @ad digital represen-
tations of headwater streams were not suited for use inrdetergy numbers of stream segments,
lengths, and their locations. Results reported in thealitee include comparisons of stream maps
to eld surveys and comparisons of stream maps of the sanzeveith different scales.

Morisawa (1957 compared topographic blue lines on USGS paper maps widarstr
networks derived from eld surveys, aerial photography amap contour line crenulation analysis

in northern Pennsylvania. Her results showed little dta#ikdifference between eld-surveyed
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stream networks and those derived from contour line arstysithe topographic maps. However,
there were differences in extent and location between seldreyed streams and those displayed on
the maps. Map omission errors were mainly under-representaf streams present on the ground.
Morisawa suggested that the use of topographic maps is podyiate for quantitative hydrologic
analysis.

Under-representation of stream quantities and lengthstismited to USGS topographic
maps. In a study of 1:25,000 and 1:2,500 scale British OrdiesSurvey maps compared to eld
observed stream¥Verritty (1972 also found that the delineation of stream networks usieg:tm-
tour crenulation method proved to be unreliable when agyitiethe British Lowlands. The larger
scale map (1:2,500 scale) was accurate in low order stregmesgs shown versus the number en-
countered in the eld, yet the 1:25,000 scale map was pdailyude cient in rst order streams
shown. Using 1:25,000 scale Australian topographic mBpen (1995 also found that small-scale
maps did not suf ciently represent the true stream netwdthrtographic smoothing or displace-
ment of streams occurred to such an extent as to make the mapisable for the determination of
potential riparian buffers.

Within the Chattooga River watershed in western North Gaaola study of stream type
classi cation consistency was performed with the intentcofrectly determining the extent to
which cartographic blue lines correctly represented emnamintermittent, and perennial streams
(Hansen200J). In that study, 78% of the stream sections and 59% of tharstlengths surveyed
were rst order, and the total stream network length for thelg area was 4670 km. Analysis of
the USGS topographic maps showed that the 1:24,000 scaditdunetwork was 970 km in length
(1/5th of observed network), and the 1:100,000 scale n&twas 650 km in total stream length
(1/7th of observed network). The implication containedhiis twork is that most rst, second, and
third order streams are not represented on topographic.apissions of headwater streams from

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

In comparing eld-derived stream lengths to those on USG®d¢waphic maps, work in
Oregon showed that the eld survey method estimated streagits to be six percent longer than
map based estimateBifman and Jacob2002. In one eastern Kansas regidteine et al(2004)
found that USGS topographic map blue lines under-repredettie true stream network by 64%.
The map showed the study catchment to be rst order, whendnifavas a third order basin. In
a characterization of headwater catchments in West Vagihie USGS topographic map depicted
12 catchments as having intermittent streams where in lggiu@6 catchments had intermittent
or perennial streamd$@ybins 2002. In the U.S., 75% of the streams are classi ed as headwater
streams yet 80% of these streams are estimated to be undueaheritz et al, 2004).

Werritty (1972 suggested that three sources of map error can lead to irsecepresen-
tation of stream networks: (1) omission of exterior linkaobes the topology of the entire network,
(2) upstream or downstream change in the location of thecedarigin) causes link lengths to vary,
and (3) inclusion of links that do not exist in reality chasgke topology of the entire network.

Schneider(1961), in a review of Morisawa's work, pointed out that Morisagatream
network comparisons were done at two map scales, 1:24,0DQ:68,500, which created dif cul-
ties in making comparisons with actual stream networks. stxllther data to compute drainage
density indices, utilizing a different type of statistieadalysis (ANOVA).Schneide(1961) demon-
strated that little correlation existed between drainagiesidies computed from map blue lines or
contour crenulations and those calculated using eld-plesk network lengths. In later research,
Morisawa investigated the validity of Horton's laws applieo drainage networks in the Pennsyl-
vania Appalachian Plateati¢rton, 1945. Accurate results were only obtained by laborious eld
surveying of streams and resulted in the con rmation of ldiod laws governing horizontal aspects
of geomorphic characteristics of stream netwoieiisawa 1962).

Coffman et al.(1972 used locally produced, detailed drainage maps to testhibery
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that stream order cannot increase until some threshold euwfbsegment lengths and numbers
has been reached. That theoretical relationship was cadrby analysis of the large scale maps
produced for the studyCoffman et al(1972 demonstrated that mass produced, generalized carto-
graphic products, such as the USGS topographic map semesnsuitable for any type of detailed
geomorphic analysis. In another situation where streams lweally surveyed in southern Indiana,
Coats(1972 demonstrated that a 1:600 scale map showed 16 distincordsr streams whereas
the USGS topographic map showed only one. Furthermore,ttitly showed that USGS maps
rarely depict rst order channels and seldom depict secaoddrochannelsCoats(1972 also noted

that locally surveyed stream lengths are three to ve tinoegéer and drainage densities 20 to 66%
larger than those derived from the USGS maps.

In a similar geomorphic characterization of a watershedéSan Dimas Experimental
Forest in California, blue lines on a USGS 1:24,000 scaledogphic map were compared to eld-
surveyed streamdViaxwell, 1960. In one catchment, eight rst order channels were surveyed
whereas the USGS map depicted only one rst order chann&.U31GS map incorrectly positioned
rst and second order channels. The author commented thehmithe eld mapping seemed to
have been accomplished without the surveyor leaving tlgeralests.

Bauer(1980 characterized headwater streams as “. . . the building<blotthe water-
shed and deliver in sum the greatest amount of runoff and ist weses also the sediment of the
system.” He also concluded that nding the true length oft csder streams was problematic, as
the true drainage network is not depicted on 1:24,000 scafesrwhich often completely omit rst
order streams. Calculation of drainage densities will \@ged on the scale of the map used from
which channel lengths are obtaingdrégory and Gardine979.

In analyzing the effects of map scale on hydrologic moddidier et al. (1999 showed
obvious differences between 1:12,000 scale, 1:24,00@,saat 1:62,500 scale maps in the mea-

surement of number of streams, stream order, and networgleaity. In a detailed analysis of map-



56

based and eld-surveyed geomorphometric measWesk (1983 compared seven eld-measured
variables to 13 map-measured variables such as basin alie§,glope gradient, and stream length.
Few correlations between map-and eld-based measurersgisted that explained more than 50%
of the variance between the indices calculated from the &va sources. Mark attributed this result
to the fact that most drainage basins depicted on maps havedagtographically generalized and
that they often contain more uvial channels than shown.

In a comparison of stream lengths measured from various waEes, the problem of
determining the length and source of headwater streamseasitbenti ed as the most challenging
to geomorphologistsMueller, 1979. Montgomery and Foufoula-Georgidd993 found that the
USGS topographic map depicted only two rst order channelemne seven actually existed in a
watershed near San Francisco. They also concluded thaiapgie parameters for determining the
upslope extent of headwater networks can only be deterntipeeld measurement.

The discrepancy between existing and mapped streams veakighdighted by research
conducted at the USDA Forest Service, Coweeta Hydrologmotatory in western North Carolina.
The USGS 1:24,000 scale maps show 24 km of streams within thee€a Laboratory property,
whereas a more detailed, locally produced 1:7,200 scale shaws 56 km of streams. Conse-
qguently, 185 papers on small watershed research at thlgyfdwve focused on streams that were
not represented on government magdeyer et al, 2005. Meyer et al.(2005 point out two factors
that may lead to the poor representation of headwater clgrihe extreme variability in state and
federal de nitions for the classi cation of intermittentreams and the fact that little societal value
has been placed on the functions of these streams. In mouetions of North Carolina, 1:24,000
scale USGS topographic maps show few headwater strearas, @ity depicting 30% of the true
headwater networkHebbe et a].1996.

There has been little quantitative investigation into theusacy of published of stream

maps compared to ground truth survey data. Thus, there isrect dneasure of uncertainty as-
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sociated with various blue line productSniith and Hermanr200§. Despite their high number,
Smith and Herman(2006 assert that headwater streams are the least mapped add tiéncy is
related to loose de nitions of channel origins. Even wherG$blue lines are extended with aerial

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

3.2.2 Stream Representation Standards

The determinant factor in the accuracy of stream networksvshon maps is the im-
plementation of standards that determine when and whereanstis included in the published
product. Standards used in producing the current map ptedacy among cartographic agencies
and among cartographers within agencies. The literatutlisriopic indicates that these products
were not intended for use in assessing the true extent of tdercheadwater stream networks.

In a comprehensive review of stream mapping standards usedribus U.S. agencies,
signi cant differences were found in the standards by whioth perennial and intermittent streams
are drawn on map<Dfummond 1974. Drummond(1974) noted that USGS standards claim to
include all perennial and intermittent streams yet the hwadeks must terminate 304.80 m (1,000 ft)
downstream from the drainage divide and only intermittér@asns greater than 609.6 m (2,000 ft)
in length were considered. The USDA Soil Conservation $er¢CS) (now NRCS) limited both
stream types to 6.35 mm (0.25 in) of map length. The U.S. Dey@ant of Interior (USDI) Bureau
of Land Management (BLM) limited intermittent streams t8@km (0.5 mi) or greater in length
on published mapsDrummond(1974 further suggested that BLM maps generally only include
every other intermittent stream in areas with high streansithe and that large scale topographic
maps should be used with caution in stream research.

There are no published ndings on the accuracy and usefsiipéstreams depicted on
USDA NRCS soil survey maps. However current standards fdudtiing streams on soil survey

maps state that any stream type be included if longer that®1@m (0.5 in) at 1:12,000 or 1:24,000
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scale USDA, 2009.

Procedures for USGS cartographers that guide the inclusigtreams on topographic
maps state speci cally that: (1) “all perennial streamspublished regardless of length,” (2) “All
intermittent streams are published that are longer thar66892000 ft),” and (3) “In general, head-
water drainage shown on the published map should termimakegher than about 304.8 m (1,000
ft) from the divide, or at the upper con uence of streams, ehlever appears most appropriate.”
(USGS 1980.

Stream network depiction standards for USGS and USDA F&esstice Single Edition
Quadrangle Maps state that a stream or river shall only berskfayreater than 762 m (2500 ft) in
length or if it is known to be perennial in an arid regiddSGS 2003. The same guidelines state
that if the origin of a stream or river feature is closer th&4.80 m (1000 ft) from the drainage

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

3.2.3 Impact of Cartographic Generalization

Cartographic generalizations used to represent compdédxwerld features, such as stream
channels, introduce a certain amount of error on publishagsmGeneralization of map features,
such as stream blue lines, can profoundly reduce the agcofanapped streams, further reduc-
ing their usefulness in implementations of regulatory @es and hydrologic model assessments
(Veregin 2000.

Also contributing to under-representation of stream neta/ds cartographic feature dis-
placement in order to prevent overlap of symbols and/orl$afddcmaster 19878. Other factors
in uencing cartographic line generalization included piircation, smoothing, and enhancement.
A fair amount of variation exists in the generalization ofppad streams among various cartog-
raphers involved in manual creation of map lines. Such tiariacan be attributed to differences

in skills, working conditions, hand-eye coordination, agebgraphic knowledge of the aredd-
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mastey 1987g. Mcmaster(19873 stated, “Even the most skilled manual cartographers woane
trouble precisely replicating their results from one daghtonext.” In the process of digitizing paper
maps with mechanical instruments such as digitizing taldlesks(1981) identi ed two forms of
error that lead to inaccuracies in the data: (1) psycho&bgicror which stems from the operator's
ability to consistently reproduce the same results, angli®¥siological error which describes the
tendency of the operator to experience muscle spasms atthésiwhich cause the digitized line

to be displaced laterally.

3.2.4 Digital Stream Maps

To meet the increasing demand for digital map products, tefst is underway to scan
blue lines from printed 1:24,000 scale topographic mapscantplete a high resolution stream net-
work as part of the National Hydrography Dataset (NHD). Th¢INs a combination of the USGS
digital line graph (DLG) hydrography and reach attributesitained in the U.S. Environmental
Protection Agency (USEPA) Reach File Version 3 (RF3) datd$8GS 20013. The USGS DLG
hydrography is the digital representation of streamsysivend water bodies found on USGS paper
topographic maps. The origin of a stream or river includethan NHD is where the feature be-
comes most evident as a channel, yet no guidance is sugdestld cartographic technician as to
what constitutes “evidence” of a channBIRGS 1999. Classi cation of perennial and intermittent
streams included in 1:24,000 scale topographic maps andsifién rely on information obtained
from local sourcesyYSGS 2002. The NHD was originally produced at 1:100,000 scale and an
on-going effort is underway to incorporate the continett8lat 1:24,000 scale.

The NHD also contains various types of stream mapping errémsa comparison of
1:100,000 scale and 1:24,000 scale NHD owlines from 20 babins in 18 states, the 1:24,000
scale product was found to contain about three times moeadireaches than the 1:100,000 scale

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



60

scale data over the 1:100,000 scale was the increased esfatisn of stream sinuosityeisze

et al.(1997 cited numerous errors in the 1:100,000 scale DLG and RH@&septations of channel
networks. These include: (1) omission of headwater streardseach segments, (2) inconsistencies
across map boundaries, and (3) inconsistencies in thetabepaf arti cial ow paths through water
bodies.

Vector stream layers from the NHD are often used to conditiigiital elevation models
(DEMS) in order to enforce known ow paths in the terrain swd. However, this procedure has
been shown to introduce errors when the 1:100,000 or 1:24568le NHD owlines are used with
DEMs produced at different scales and resolutidBauphders1999. This problem has become
more prevalent as DEMs with higher accuracies and resakitwe being produced with elevation
data collected by airborne remote sensing platforms. Heweéhe resolution and accuracy of the
NHD has remained xed.

An example of a common error in depicting rst order streamsUWSGS topographic
maps can be found in western North Carolina. Borderlessatligiosaics of 1:24,000 scale USGS
topographic maps, by county, can be obtained from the N.@aBment of Transportation Geo-
graphic Information System (GIS) distribution centdrt{p://www.ncdot.org/it/gis). The digital
format allows GIS software examination of the continuitystieam blue lines as they cross quad-
rangle boundaries. Common errors associated with thess tyigally involve stream blue lines
at map boundaries as shown in an example in Transylvaniatdd@ (Figure3.1). The northern
guadrangle (Shining Rock) shows three rst order strearggrating from Brushy Mountain, how-
ever, the streams abruptly terminate at the boundary ofdbhthern quadrangle (Rosman). Along
the entire north/south boundary of the two map sheets, #2rsis are terminated in this manner,
some of them third order at the point of termination. Streanessing the south, east, and west
map quadrangle borders (Rosman) did not exhibit this tezydérhis type of omission error, found

on USGS maps throughout North Carolina, may be attributdtbeto differences in map publi-
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cation dates or different cartographers working on adjagaadrangles, using different mapping

techniquesPlastino et al.2000.
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Figure 3.1: Stream omission error on USGS topographic n&tpsjng Rock (North) and Rosman
(South) Quadrangle, NC.

3.2.5 Calculation of Hydrologic Indices Using Blue Lines

Accurate representation of channel networks is fundarhémtaliable hydrologic analy-
ses. Many different types of watershed hydrologic and waatity prediction models are designed
to use stream network parameters that are derived fromntun@ccurate digital mapping products.

In a characterization of hydrologic response time based waoying degrees of input

parameter scaldjohamoud(2004) stated that channel length is positively correlated tesirime,
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with longer channel networks exhibiting longer times of cemtration and recession periods.

Of particular interest to decision makers is the calcutaiio ungauged watersheds of
stream discharge parameters, such as peak discharge gadunthémes, to assist with the design of
infrastructure projects or the development of Total MaximDaily Loads (TMDLs). The USEPA
software system for runoff and water quality prediction,ttBe Assessment Science Integrating
Point and Nonpoint Sources (BASINSY$EPA 2001, contains two watershed hydrologic and
water quality models to assist in the development of TMDLE) Hydrological Simulation Pro-
gram: FORTRAN (HSPF)Oonigian, Jr. et a).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 sensitivehemnel length which is used
in the calculation of travel time (channel length divided\mlocity) (Yen and Lee 1997 Spruill
et al, 2000. With regard to the development of TMDLs, SWAT has been shtwvbe sensitive
to sediment transport parameters which are linked to reamgth. Uncertainty in the true length
of the stream network therefore contributes to uncertamtyMDL development Benaman and
Shoemaker2004). Variations in channel slope and drainage density, botiveld from channel
length, in uence sediment yield predictions in SWATh@ et al.2002. In calibrating fecal col-
iform transport models, researchers have suggested thattaimty in hydrologic parameters such
as the source of reach length may alter model predictaul et al. 2004).

Many widely used hydrograph prediction models are derivethfunit hydrograph (UH)
theory, based upon gauged watersheflsefman1932. The UH theory has been further re ned
to produce hydrographs for un-gauged watersheds basedtcmEnt geomorphologyShyder
1938 Gray, 1961). Clark (1945 developed a space-time rainfall component to the UH riesult
in what is known today as the instantaneous unit hydrogréighl)((Chow, 1964. Rodriguez-
Iturbe and Valdeg1979 added a geomorphologic component to the computation ofikkby

relating Hortonian indicesHorton 1945 to IUH output, an approach popularly referred to as the



63

geomorphologic instantaneous unit hydrograph (GlUBI)igta et al.1980. Input parameters for
the GIUH which depend on the accurate determination of istieagth and order from available
data sources include: (1) length of longest strebliast) 1957, 1959 1960, (2) travel time in higher
order channels to determine rst order channel travel tiRediriguez-Iturbe et 811982, and (3)
channel network structuré&(naldo 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 servexg®aents in the calculation of GIUH,
had a signi cant effect on the output of the GIUH. The GIUHsided from DEM generated and
eld-observed stream networks were relatively similart the model results differed signi cantly
when using stream networks derived from aerial photo in&ation and map blue linesandol
and Bischett(1996 demonstrated that signi cant differences exist in netageometries of stream
networks obtained from different sources, and that theereihces introduce signi cant effects
on geomorphological indices used in the calculation of bpdrographs. Furthermore, it was dis-
covered in this particular research that blue lines on a,0scale USGS map had the greatest
number of channel omissions/en and Leg(1997 proposed that in the absence of highly accu-
rate and detailed source data it is dif cult to estimate tlegrée of uncertainty in GIUH output.
Kumar et al.(2002 found that stream ow peak values derived from the Clark Glodel were
most sensitive to length of the highest order stream andweded that stream lengths must be more
precisely determined in order to produce reliable ood logiaphs.

Water surface slope (WSS) is a controlling factor in streamargy and many aquatic
metrics are linked to WSXhighton 1998. In the calculation of WSS using eld surveying tools,
USGS topographic maps and map wheels, and Gk et al (1999 determined that both the
GIS and map wheel methods overestimated WSS when compaaetLtd values obtained using a
surveying level. Both the GIS and map versions of the stregimwark underestimated stream length

consequently increasing the values for WSS. In a review aihdge network indices used in the
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determination of runoff prediction¥yharton(1994 summarized the problem of sources of channel
network data used in runoff models and stated that differeexist in channel representation based
upon the source of the data, the standards by which streanregines are de ned, and the scale
at which the data is published.

WSS = 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 &t Bé&anagement Practices (BMP)
in riparian zones in eastern Kentucl8yeca et al(2005 have shown that errors in USGS stream
classi cation can lead to either costly implementation8BdMPs where they are not needed or no
BMPs being applied where they are most nee@huller et al(2001) found that when developing
stream buffer plans, locations of streams to be potentialffered can only be determined by eld
survey as 1:24,000 scale topographic map blue lines do mt sifi perennial and intermittent
channels, nor do they accurately portray the transitiowéen the two ow regimes.

In an attempt to determine the linear extent of functionalfyni cant headwater streams
in Ohio, researchers found that the U.S. Environmentaldetioin Agency (EPA) reported 70,677
km of streams in Ohio whereas the Ohio EPA listed 185,074 krheaidwater streams derived
from soil survey mapsRankin 2005. The author pointed out that Ohio has the "most extensive
biological database on streams and rivers in the Unite@&tadith Ohio cataloging some streams
with drainage areas as small as 776 ha, it is obvious that thaome discontinuity among states in
both classi cation of streams targeted for protection amgaired 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 ttenquality improvement, satel-
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lite data acquisition can be used to classify sources ofi@ras riparian corridors. Ciritical to
the data processing reduction and the identi cation of pti& riparian zones is the inclusion of
stream network location dat&hristianson et al2005 found that NHD blue lines for all of Major
County, Oklahoma, incorrectly classi ed all streams asepeial and that aerial photography and
locally produced map analyses were required to accuratgctithe stream network used in the
prediction of adversely impacted riparian corridors. Reske completed within the city of Raleigh,
North Carolina found that USGS 1:24,000 scale maps are ritatbdel for riparian buffer analyses

(Halley, 2002.

3.3 Conclusion

Published stream maps have been shown to be problematicugkdrnn analysis consid-
ering the true extent of headwater stream networks. Theg baen shown to under-represent low
order stream position and length, a possible result of mdytigation standards and discontinuity
between maps belonging to a single series. Therefore, thefiisese maps can hinder the decision-
making process in natural resource management due to teetaimty associated with model output
such as riparian buffer locations and peak ow rates, andgustream layers as input data that do
not depict the true channel network. Watershed manageneeigions area further complicated by
the number of watershed hydrologic models currently alglgl#éhat use stream length and location
in the landscape as an input variable. It is important to tfwdé accuracy in hydrologic models is
not uniquely dependent upon accurate representation afttbam network for results to replicate
observed conditions. Other map inputs can be the sourceceftaimty in model predictions such as
the spatial uncertainty in the mapped boundaries of soilpimgpunits, measures of relief, distribu-
tion (or lack thereof) of rain gauges, and determinatiomitiél conditions. But it is clear that some

of the more widely used hydrologic models (SWAT, BASINS, Glll.Are sensitive to incorrect data
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on channel geometry (stream length, order, and associademts). Such inaccuracies can result in
signi cant tweaking of these models during the calibratipocess, possibly introducing undetected
errors in other outputs.

Due to the spatial variability of watershed charactersstitistributed hydrologic models
are the most commonly used in hydrologic engineering. Thesg#els require detailed representa-
tion of the watershed drainage structufi@icotte et al.2001). Suitable stream network location
data can be obtained from the delineation of drainage n&smaesing DEMs. A great deal of re-
search has investigated the suitability of DEM-derivedrdrge networks for use in geomorphology
and hydrology Q'Callaghan and Mark1984 Jenson and Domingu&988 Tarboton et al.1991;
Wharton 1994 Jones 2002. Increasingly, DEMs have become the sole source of chdonel
cation information for hydrologic models such as SWATh@ubey et al.2005, and HEC-HMS
(Knebl et al, 2005. Several tools have been developed for the sole purposetraicéng channel
location from DEMs with a variety of de nable parameters govng ow routing and channel
initiation (Tarboton 2005. DEMs are now produced with better technology, accuracy, r@so-
lution (Hodgson et a).2003 Wang and Liy 2009. Light detection and ranging (LIDAR) DEMs
available for North CarolinaNCFMP, 2003 are providing researchers and administrators unprece-
dented accuracy in the representation of topographictiiesthat govern channel formation and
the delineation of stream channel networko(ton 2005.

A recent Supreme Court decision (Rapanos v. United States,04-1034) established
that the United States Army Corps of Engineers can exerars&ljction over a wetland under the
provisions of paragraph 404 of the CWA, (42 U.S.C. paragrEpi), only if that wetland has a
"signi cant nexus” to a navigable water. Nexus was de nedb relatively permanently owing
(perennial) waters and that the Corps has no jurisdictioer @phemeral or intermittent waters.
The rami cations of this decision will be staggering to tedssked with the preservation of water

guality in the United States. Omission of headwater strefaoms government produced maps have
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made an impossible task of determining the true extent cérsatnpacted by this decision, as many
headwater, and likely intermittent streams are not showanymrmaps.

DEM-generated stream networks are not currently used guiaory purposes in North
Carolina. Disparity exists among methods for determinérgain characteristics such as ow direc-
tion (Gallant and Wilson1996 and the determination of channel origin from DEM&andol and
Bischetti 1997. However, stream networks automatically delineated fidEMs are now com-
monly used in many hydrologic models as a replacement of raplime inputs. Consequently,
despite the recent advance in the acquisition of terraia dat its incorporation into hydrologic
models, stream management decisions continue to rely oihsrake maps which are inappropriate
for use in situations where detailed representation of tife&a network is required. To this effect,
efforts are now being made to quantify the ability of LIDAR@ology to accurately depict stream
channels. Further investigation is in process as part sftgject to build upon the knowledge base
of ow direction and channel initiation methods in order t@ke their use acceptable to regulatory

agencies in lieu of paper maps or their digital equivalent.
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4.1 Abstract

Riparian buffer protection rules for select river basinblorth Carolina require eld iden-
ti cation of intermittent and perennial stream origins.ré&tm evaluations by consultants and state
agencies utilize geomorphologic, hydrologic, and biatdgdicators in a point-ranking format. In-
formation pertaining to origin location and charactecistis recorded on paper but rarely entered
into a computer. This study applied modern geographic mé&tion technology to create an ef -
cient system for recording, analyzing, and presentingsirtypes and locations for riparian buffer
applications. The mobile GIS application for eld data inpuas developed by integrating GPS
and touch-screen hand-held computer systems. Spatialttdite data from the mobile applica-
tion were then integrated with a geodatabase maintained @racle database. Advantages of this
mobile hydrologic information system allow for the transéé geographic data directly from the
hand-held application using broadband wireless techyolbgese systems also reduce the time and
cost of data input, storage, and transfers between caolfgetjencies and the public. Additionally,
the database schema for storage of stream origin and stre@vork 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 Geologicav&u(USGS) topographic
maps, are used to identify the locations of stream chanmelsaee widely used in regulatory and
planning purposes. However, exclusion of a high propomionst and second order streams, along
with the reduced positional accuracy of smaller streamsherse maps limits the effectiveness of
these sources in determining stream locations, types, agidofor planning and regulatory pur-
poses. Historic work byMorisawa 1957 and (Mark, 1983 concluded that the majority of rst
and second order channels are not found on topographic nmapsuggested that the map “blue
lines” of smaller streams positions are highly subjectechitographic generalizations and drafting
errors when compared to eld veri cationgieine et al(2004 compared automated geographic in-
formation systems (GIS) stream mapping approaches anovéisx that USGS topographic maps
underrepresented streams when compared to digital streaacton methods.

Poor map accuracy of headwater stream networks affectsgaarent decisions which
depend upon stream location and classi cation. Quali edspanel must conduct site visits to lo-
cate, classify, and document the streams. Intermittenpanehnial stream origins and ow regime
transitions are usually marked for further surveying. Hesvehe exact locations of these streams
are often not digitally recorded during agency surveys assalt of time, cost, and labor limita-
tions. The North Carolina Division of Water Quality (NCDW@)nducts an estimated 600 stream
origin and type determinations each year. Few determinsigwe recorded with global positioning
systems (GPS) for developing relationships with otheriaplatyers (geology, soils, slope, land use,
etc.). As aresult, it is often dif cult to perform statisicanalyses on important catchment factors
that in uence the location of these unmapped streams. Satd ate needed to establish channel
initiation thresholds for stream networks extracted fragitdl elevation models (DEM). These data

are especially needed for the investigation of the vamatiof rst order catchment and stream ori-
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gins across physiographic provinces, as having an accowat®er of streams and their locations is
critical in determining local and regional in uences on ohal formation processes.

Three stream types (ephemeral, intermittent, and per@imaee typically been de ned in
accordance with annual ow duration or ow duration plus wasourcesflansen2001). However,
only the perennial and intermittent stream types are ctiyr@enti ed by the stream identi cation
standards for the National Hydrography Dataset (NHD). i@ed streams contain water throughout
the year, except for periods of extreme drought. Intermitséreams contain water for only part of
the year, but for more than just after rainstorms and at sreltvewents YSGS 2000. For purposes
of Clean Water Act Section 404 permits, the U.S. Army CorpBrajineers de nes intermittent and
perennial streams in terms of ow duration and groundwatettigbution to ow (USACE, 2002.
For application of riparian buffer rules, the North CaraliDivision of Water Quality (NCDWQ)
developed de nitions for all three stream types in relatiorthe geomorphologic, hydrologic, and
biologic characteristics of the chann&IGDWQ, 2005.

Various methods have been utilized by private, state, aderét agencies for the deter-
mination of intermittent and perennial stream origins. TGS in Massachusetts used a logistic
regression procedure to predict the probability of a stré&mng perennial or intermittent based
on drainage area, drainage density, mean basin slope npefcgtrati 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 watershezhawidth-to-depth ratio, entrenchment
ratio, and stream channel slope gradient. However a uni ethod for determining intermittent
and perennial stream origins still does not exist. In a sindpe Northwest Cascades mountains,
most headwater streams were considered to be intermittdryi lay within 200 m of the channel
head, and a 21 acre drainage area represented a minimurnatldrésr a perennial streanvgld-
huisen 2009). In the Southern AppalachianRivenbark and Jacksof2004 used drainage area

and channel width to de ne perennial ow. In North CarolindCDWQ and other state agencies
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currently utilize a methodology with 29 ranked indicatom/e&ring geomorphologic, hydrologic,
and biologic characteristics to assist in the eld idendton of intermittent and perennial stream
origins. In addition, the state of North Carolina uses theeasment of benthic macroinvertebrates
as an option for identifying perennial stream origifnkCDWQ, 2005.

Advances in computing technology have provided a numbeolatisns to the challenge
of locating, classifying, and digitally mapping headwatgeams. Geographic Information Systems
have been utilized to predict and generate locations ofustreetworks with a high degree of re-
liability in the accuracy of these data sets when using themaat of impact assessment models
(Clarke 2004). still newer advances, such as digital elevation modelweld from Light Detec-
tion and Ranging (LIDAR) data, provide high-resolutionagpaphic representations which further
increases the accuracy of modeled stream netwdtkstfepo and Waisang2004). The availabil-
ity of low-cost Personal Digital Assistants (PDA) and snfabtprint GPS receivers has led to a
variety of hand-held mobile GIS-enabled platforms that iaord positional information, as well
as integrate various spatial attributes witnessed andedewhile the investigator is still in the
eld. Recent applications in mobile GIS have ranged from} d&veloping a hand-held platform
to locate airport pavement distres$u@ang et al.2005, (2) delineating lithostratigraphic structures
in the eld (Briner et al, 1999, (3) publishing spatial data to eld devices utilizing wless net-
works (Vivoni and Camilli 2003 Casademont et al2004) (4) viewing satellite imagery of real
time position while in transition across the terraidopson 2001, (5) writing positional data to
digital photographsSpinellis 2003, (6) supporting archeological survey&ncona et al. 1999,

(7) teaching students scienti ¢ eld procedureAr(nstrong and Bennet005, and (8) guiding
blind pedestriansGolledge et al.1999.

As mobile technology permeates the scienti c communitynedraditional limitations
have been alleviated while new ones must still be overconoe.ekample, as wireless hardware

achieves exponential gains in output power, battery tdokyohas not kept pace with wireless



83

power consumptionSimunic 2005. Physical constraints such as battery life, combined tiéh
effects of environmental conditions such as rain and hedit the usefulness of mobile devices
in harsh and remote locationsdng et al 2003. However, the convenience of having a mobile,
eld-ready solution outweighs these limitations.

Spatial data collected with heterogeneous mobile platfocan be shared easily among
decision makers and server platforms, highlighting theessf semantic interoperability of data
schema larvey et al. 1999. Development of a mobile GIS platforms requires a compmsive
understanding of the data to be collected and the semaritizswothe data will be usedPundt
2002. These constraints have been satis ed in a mobile GISqguatfsupporting geological eld
mapping Brodarig 2004). The FieldLog application developed Byodaric(2004) utilizes a design
that incorporates interoperability between the user fiateron the mobile device and the database.
Such standardization allows for easy use of the mobile syated the ability to perform data anal-
yses without the need to modify data dictionaries. Intégnabetween remote devices and central
data storage via communication protocols allows for thditglio implement real time situation
monitoring, which enhances the response time during disasinagement scenaridsrfaruyi and
Fairbairn 2003.

A mobile stream identi cation system was designed in thiglgtto facilitate ground truth
surveying of headwater stream networks and the developaietitjital stream mapping methods.
However, this system is also well suited for routine streateigminations for planning and regu-
latory purposes. For stream network mapping, the systeorde@oint locations and descriptive
data for various elements of a stream network. The cliemt aidhitecture of the mobile GIS incor-
porates the 29 characteristics used by NCDWQ to identify@daskify stream origins in the eld.
Spatial information, collected and entered in the eld, then be wirelessly transmitted or manu-
ally uploaded to an enterprise database system. Informattlected with this system can then be

used to develop methods for determining channel initiativasholds necessary for automatically
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generating stream networks across North Carolina. Fumibier, this system may also be used to
collect other pertinent data pertaining to stream netw¢eks. locations of channels, con uences,

culverts, etc.) to asses the horizontal accuracy of auioaligtgenerated stream networks.

4.3 System Design

The principle requirement of the stream identi cation mebGIS is that information
pertaining to the 29 NCDWQ indicators of stream origin typa e written to a shape le along
with a unique identi er. The hardware component consista défewlett Packard 5150 hand-held
computer running MS Windows Pocket PC 2003. ESRI's ArcPadag imstalled and con gured
to interface with an external GPS. The ArcPad program seasesscaled-down version of ESRI's
ArcMap desktop GIS and is speci cally designed to run on rfedevices with minimal hardware
requirements. ArcPad additionally allows for basic edijtiof spatial data and basic map functions.
The computer is contained within a ruggedized and watefpgrage. This system was originally
designed to interface with a mapping grade Leica GS50 GR8maysa a serial data cable; however,
the 5150 has also been successfully deployed with GPS dnaitsoutput the standard National
Marine Electronics Association (NMEA) GPS transmissiontpcol via Bluetooth wireless or a
serial port (e.g. Trimble GeoXT).

During the course of this study the hand-held computer wss iaterfaced with several
recreational type GPS units (such as Garmin and Magellanizhnare capable of mapping grade
precision dill et al., 2001). However, various serial port receptacles among modeldiffgrent
manufacturers required a separate cable for each deviceudihtrial and error it was discovered
that it was best to attach a stand-alone Bluetooth transniitthe GPS device, thus eliminating the
need to maintain lengthy cables which also proved cumbezsghile operating in rough environ-

mental conditions.
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To improve GPS performance in dif cult operating envirormie (steep terrain, dense
brush, and tree canopies) typical of stream surveying naateables were constructed using high
quality cabling and connectors which reduced some of theslgss. Mounting the GPS antenna on
an extendable berglass poles allowed for a better “viewttwf satellite constellation. The mapping
grade GPS system, enclosed in a backpack and a Bluetootimaritesend standard NMEA signals
to the hand-held device, allowed for the positioning of tHeS3levice at a stationary location. The
stream assessor could then move throughout the stream ariga observing and recording stream
attributes on the hand-held device while the GPS unit cartinto transmit position data to the
PDA.

To make stream type and origin determinations for ripari#feb rule applications, NCDWQ
employees utilize a form to assign values to each of 29 gegemotwgic, hydrologic, and biologic
characteristics of the stream segment being surveyedg#abl The sum of the points are used to
assist the evaluator in making stream type determinatidreyeva minimum of 19 points represents

an intermittent stream and a minimum of 30 points represepesrennial stream.

Table 4.1: North Carolina Division of Water Quality Streade-
ti cation Form. Version 3.1

Date: Project: Latitude:
Evaluator: Site: Longitude:
Total Points: County: Other e.g. Quad Name

Stream is at least intermittent
if 19 or perennial if 30

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 set 0 1 2 3
qguence

4. Soil texture or stream substrate sorting O 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 15
12. Natural valley and drainage way 0 0.5 1 1.5
13. Second or greater order channel |oNo =0 Yes =3
existingUSGS or NRCS map or other do¢-

umented evidence.

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| 0 1 2 3
rain, or

Water in channel — dry or growing seasor

16. Leaf litter 15 1 0.5 0

17. Sediment on plants 0 0.5 1 1.5
18. Organic debris lines or piles (wragk0 0.5 1 1.5
lines)

19. Hydric soils (redoximorphic feature$)No =0 Yes=1.5
present?

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 15
25. Amphibians 0 0.5 1 15
26. Macrobenthos (note diversity and abum 0.5 1 1.5
dance)

27. Filamentous algae; periphyton 0 1 2 3

28. Iron oxidizing bacteria/fungus. 0 0.5 1 15
29. Wetland plants in streambed FAC=0.5 FACW=0.75 OBL=1.5 SAV=2.0 Other=p

The NCDWQ stream identi cation method was used to develomead template for the

mobile stream identi cation system. Using ESRI's ArcPadpfpation Builder software, a graphic
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interface was created to include each of the NCDWQ streamactaistics. To assist ease of use in
the eld, a drop down menu was also incorporated into therfate to allow users the convenience
of selecting “Absent,” “Weak,” “Moderate,” or “Strong” r&mgs of each characteristic indicating
the presence and degree of feature development. In song tiesehoices of “Yes” and “No” were
used if the indicator is ranked only by whether it is presemiat. Each choice was mapped to a
numeric value which ranged in ascending or descending .dfderexample, the “Strong” presence
of brous roots in the stream channel indicates lack of paianow and therefore is assigned 0
points. Inversely, the “Strong” presence of head-cuts ismditator of perennial ow and receives
a value of 3.

Once the user has assigned values to each of the 29 streatincat@m indicators, a
Visual Basic script calculates the total points of all irdars and returns the stream origin type to
another eld. The user could then specify whether the streautd be classi ed as a natural stream,
a modi ed channel or a drainage ditch, and if the origin traos type was from an ephemeral
stream, a wetland or a storm water out ow. The PDASs stylughien used to input additional
information pertaining to the site, such as county name aameique identi er for the point labeled
“Reach Code.” To guarantee that the reach code entered walsemed one higher than the last,
code was inserted into the application that automaticalbramented the reach code each time
the form is opened. A time and date stamp was also writtendaskiape le for the purpose of
matching stream origin locations to digital pictures takereach site. This feature is signi cant
when conducting a multi-day survey involving dozens of atneorigins. ArcPad 7 included an
extension for adding position information to the digitalopdy, which reduced the amount of time
required to match digital photographs to their respectivgiress. Coordinates for the stream origin
are recorded in NAD 1983 State Plane North Carolina FIPS 3f2@®). With a position update rate
set to 2 seconds on the GPS receiver, ArcPad was con guresktam average of 90 points for the

“Point in Channel” feature class and 180 points for the “&tmeOrigin” feature class. The feature
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coordinates are computed as the average of all positioas. dftempt was made to close the feature
before the default averaging value had been reached, thésusati ed by a warning that position
determination is not complete.

Additionally, GPS signal quality information, such as thenber of satellites observed
during the logging interval, Position Dilution of Precigi(PDOP), Horizontal Dilution Of Precision
(HDOP) values, and type of GPS x (uncorrected, differelhtiaorrected, real time kinematic) are
recorded. All stream attributes including the value forreexlicator were stored in a shape le on
a Secure Digital (SD) card. Observations concerning theacheristics of the stream origin such
as terrain type, dominant landforms, vegetative cover,aanutic insect assemblages could also be
recorded with the notebook application built into the PDAvplication screens available during the

digital classi cation process are depicted in Figdré.
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Figure 4.1: Stream ID application: (a) topographic map gasknd, (b) attributing stream origin
features, (c) determining origin type, and (d) labeledastrerigin.

An additional feature class necessary to complement theging of headwater stream

networks was con gured to be used with the mobile applicatidn order to assess the hori-
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zontal accuracy of current map products as well as digigatyduced ones, it was necessary to
record point features pertaining to the location and charaaf the stream network in the feature
class “StreanPoint.” Table4.2 summarizes features recorded with the mobile GIS. As wi¢h th
“StreamOrigin” feature class, the auto-increment code was reuseditomatically populate the

reach code eld each time the form was opened. Reach codestrirm points were coded so
that study site and day of survey could be ascertained frenmttmber. The same code that was
used to record GPS signal information for stream origins wtdiged 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




91

The shape les stored on the SD card were imported into idahfeature classes in an
ESRI SDE geodatabase incorporated into an Oracle 9i eigergatabase. The “Strea@rigin”
and “StreamPoint” feature classes exist within the “Stre&urveys” feature dataset, which au-
tomatically assigns a default spatial reference to all ttzded within that feature dataset. The
database schema was developed with Computer Aided Softvagmeering (CASE) tools using
the methodology developed I@olson et al(200§. One advantage of using CASE tools to develop
the database schema was the ability to de ne attributes andeause those de nitions for multiple
features. Class inheritance allowed for the de nition dfitites common to both features, for
example, time and date, without having to repeat the creatidhose attributes for each feature
class.

Many of the attributes have coded value domains which edatble ability to edit at-
tributes using drop-down menu choices within ArcMap, pded that a review of the digital pho-
tographs dictated such changes. A further advantage ofoithedcdomains is that attribute values
are de ned by the developer during the requirements arglytsige of the design process and en-
force the rule that only certain choices are presented taghefor any attribute value. This design
greatly minimizes the risk of erroneous data entry. UsirggAlnc Hydro extension, a unique iden-
ti er (HydrolD) was assigned to each origin feature and ldogographic variables were recorded,
such as drainage area and average slope gradient. The Byeaidlalso allowed surveyed loca-
tions (points) to be related to vector features generatatidoyarc Hydro tool. Additional attributes
were stored in the geodatabase such as project name, la@i@renent variables taken from geo-
logic and soil layers, and yearly average rainfall. Sta@s$tsoftware packages, such as SAS and R,
were then con gured to access the Oracle database to perfuitivariate or principal component
analyses to determine which environmental variables nmag¢énce the intermittent and perennial
stream origins.

Comprehensive metadata were developed for each featsss wlih detailed descriptions
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for each attribute and the possible choices for each codeé d@amain, as well as instructions for
classifying each of the stream origin indicators. Includethe metadata are also speci ¢ software
parameters used during the GPS data post-processing steps.

An additional real time wireless server connection was lb@easl to complement the mo-
bile nature of the hardware. This connection utilizes bb@ad wireless connectivity and, through
ArcGIS Server, writes attribute updates directly to the cralatabase. Upon completion of the
data input form, a Visual Basic script assembles a URL strilige URL consists of a domain
corresponding to an ARCGIS server page as a post requestURhestring includes all the eld
names from the stream identi cation form and values. Eadd rame and value pair are separated
by the character "$” and the eld name is separated from itseplavalue by the ™ character. For
example, a “Weak Headcut” is represented as “SHEADCUTS$The script can further be used to
initialize the URL through any existing network connectiddpon successful transmission of the
post request, the ArcGIS Server page establishes a comméctan ArcSDE feature class and the
URL string is then parsed to a one-dimensional array. Thees@age then loops through this array
and utilizes the split method again on each cell splittinghen”_" character. This yields two strings
per array cell, a eld name, and a value for the eld. With thdsting connection to the feature
class, the server page will populate each eld in the Orael@lohse with the corresponding value
and repeat the loop until the array is exhausted. Utilizinig method, eld surveyors can update
database records without having to physically return to fasedocation. Further con guration

would allow instantaneous access to the spatial informatia 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 60@i representing 4
different physiographic sub-regions in NC, were surveysidgithe mobile GIS application. More
than 69 km of stream channels were were accessed via footwfoeel drive, and boat. Tabke3
summarizes the number of origins identi ed among Level IVAEERcoregion Grif th et al., 2002

and North Carolina Soil Systeréniels et al.1999.

Table 4.3: Distribution of surveyed stream origins amongsiib:
graphic sub-regions of NC

Soil System
Ecoregion | Carolina Felsic Low and| Middle Grand To-
Slate Belt | Crystalline | Inter- Coastal tal
mediate Plain
Mountain
Carolina 77 77
Slate Belt
Eastern 28 16 44
Blue Ridge
Foothills
Northern 22 22
Outer
Piedmont
Rolling 28 28
Coastal
Plain
Grand To-| 77 50 16 28 171
tal

Future research is necessary to investigate the GPS stnegim data to determine the

effectiveness of incorporating variables such as hypsdamiettegral, source drainage area shape
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indexes, and topographic attributes such as slope andtaggéch are all derived using the drainage
boundary delineated from the origin points. Most of the ded¢ae collected using a Leica System
500 GPS with a real time beacon and were post processed eeesubiguties in the computed
GPS position solutions. The remaining data were collectiéd & Trimble GeoXT loaded with
Trimble Shape Correct and post processed using Trimble GiEtsrider Of ce. Table 4.4 gives

the overall PDOP, HDOP, and estimated horizontal accuréayl points surveyed.

Table 4.4: GPS accuracy estimates

Attribute Average Average Average Standard
PDOP HDOP Horizontal Deviation
Accuracy
Stream Origin| 4.29 2.51 501 m .36 m
Stream Point | 4.32 3.91 521m A4 m

Sixty-three of 171 stream origins and 395 of 2000 stream reblgmoints did not contain
any GPS signal accuracy information. This was the resultdd@imented software failure within
Trimble GPS Correct to record the GPS information within shape le on the hand-held at in-
termittent intervals. This error did not prevent the pastegssing of the GPS data using Trimble
GPS Path nder Of ce. However, this software failure did ibh the ability to make speci ¢ claims
about the overall estimated accuracy of the GPS coordifiatése entire dataset.

“Point in Channel” was the most common feature type recqradétl a point being logged
approximately every 20-40 m of channel length, with dengéntp being logged on highly sinu-
ous channels to represent major direction changes. The \MaimBeaver” attribute led to several
beaver ponds being thoroughly investigated with a long pwl&d the relic stream channel. Na-
tional Geodetic Survey Benchmarks were used to comparecitwacy of the GPS unit to local
benchmarks. Wherever a culvert was encountered, regamlleize, both the upstream and down-

stream ends were surveyed with the GPS. During generatistredm networks using DEMs for
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another phase of this research project, lines represecingrts were hydrologically enforced onto
the original DEM in order to support ow continuity throughdse featureKgenny and Matthews
2009.

The mobile GIS proved most useful as a host for displayingygahic data such as dig-
itized USGS topographic maps or aerial photography. Fis&tsiwere able to locate their relative
positions in the watershed with ease by adding these rasterd as background data in ArcPad.
Also, vector reference layers such as property boundaneasls, known stream locations, and soil
mapping units were also used to provide positional awaseokthe eld surveyors. A routine was
established where the application code and relevant rastevector layers were assembled in the
of ce and stored on a SD card and a CD-ROM. A laptop computempeently mounted in the
project vehicle provided a mechanism to reload the hand-tielice in the event of a system failure
and also served as a means to upload and view survey resthitsiaa

Stream surveys were often accomplished with two persoresgh equipped with the
stream identi cation application, and a portable radio.clEgurveyor would “leapfrog” the other
while navigating the stream channel, advancing by roughlyakintervals within the stream chan-
nel. When using the Bluetooth equipped GPS units, it wasilplest temporarily con gure the
PDA to receive a GPS signal or transfer data from the other G#tSThis was particularly useful
in challenging eld environments when exact location wefscdit to ascertain with the GPS. Often
one surveyor was sent to higher ground (e.g. a tree) to get& GRith one unit while another
utilized the Blue tooth signal to establish present locatia the second unit.

This stream identi cation application developed for ArcHaas been tested on numerous
mobile computing devices including tablet PCs, ruggedlaptbp computers, and proprietary GPS
devices that use Pocket PC or Windows CE. When using GPSedetfiat do not receive real time
position correction through a beacon receiver, such asblefGEO XM, the ArcPad extension

Trimble GPS Correct is used to differentially correct theghle on a workstation. The digital
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stream identi cation form has also been replicated as anetgy Trimble and Leica data dictio-
nary. Users who cannot accommodate ArcPad in scal opegdtirdgets can still bene t from the
features of a standardized interface for recording streifnibwtes. However, additional operations
are necessary for uploading the GPS data to the Oracle gdadat which may prove to be more
technically challenging than the procedures describee. her

Field surveys of stream networks with GPS present some ahitet dif cult operating
environments for GPS hardware. Streams exist predomyjnamthe bottoms of valleys, often with
steep, long slopes blocking a signi cant portion of the khon and thereby reducing the number
of satellites visible to the GPS unit. GPS accuracy has bleewrsto improve while moving from
valley to ridge survey position®geckert and Bolstad 996. “Field Season” in academia most often
take place during the summer months, which also repredemseak vegetative growing season and
therefore a time of maximum canopy cover. While manufactigocumentation claims that GPS
performance is not in uenced by leaf cover, studies sugtest positional accuracy is negatively
in uenced by high forest coverRiedallu and Gegou005, and that an increase in tree basal area
in forested areas leads to a decrease in GPS position agd¢itaesset1999.

While holding a GPS receiver or in a backpack con guratiod aimultaneously logging
a point, it is often dif cult for the user to remain perfectigotionless. This problem is magni ed by
the logging time which can be three to ve minutes under idsdeéllite geometry, or much longer
when the satellite signal is intermittent. Consequenttlg,rmotion introduced by the user can cause
the GPS to loose satellite lock or introduce minor errorg ihe position computation. By extending
the hardware to include a hand-held computer connectedetds®S via cable or Bluetooth, it
became possible to leave the GPS entirely stationary alpwhe freedom of movement at the
survey point. This feature became extremely useful in meiargites where the time required to log

a satisfactory number of points for position averagingrofias 30 minutes or more.



97

45 Conclusion

With the aid of the mobile GIS a tremendous amount of inforamatvas obtained for each
stream origin in a data format that is compatible with adstmative protocols set forth by North
Carolina state regulatory agencies. During preliminanyeys using the system it was discovered
that additional attributes needed to be added to the schmrmol,as “Contributing Area” and “Basin
Relief”. The use of the Oracle geodatabase as a centralitegofor project data provided an
advantage to make changes to the database schema at oimnlacat distributed to users system-
wide. Attribute elds mimicked output from Arc Hydro toolfhat are used to generate values for
those attributes. Immediately after the uploading of dsilyvey data, DWQ project managers were
able to review the information from remote locations andthsedata for multiple projects.

The ArcPad application provides the advantage of workingmncomputing device ca-
pable of running ArcPad 6.x or higher. The application idlalse for download athttp://arcscripts.
esri.com/details.asp?dbid=1373 this study, 171 stream origins have been surveyed usisg th
platform with plans for approximately 400 more utilizingatas of private consultants. The mobile
GIS discussed here demonstrates how signi cant resoupcedominantly time and labor expenses,
can be saved by forward engineering many time intensivestabkese tasks include paper record
keeping, and delivery of results into a portable clientreearchitecture that accomplishes all facets
of a stream survey from collection of eld data to classi mat and presentation of survey data by
various levels of decision makers and the general public.

The system architecture presented here can be easily hiaptaany data collection
scenario. With simple modi cation of attribute labels anage layouts, this application could be
modi ed to perform data collection functions such as watealdy sampling, timber surveying,
public utilities inventories, and soil sampling. During e@mency situations GPS data pertaining to

the location of disaster victims or dangerous areas coulsebenlessly 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 wsrédefinology. Advances in wireless
technology are introducing the concept of Location BasewiSes (LBS). Stream identi cation
application could bene t from the type of application belmthat activates data entry pages as a
user approaches a stream or provides synthesized speecliadis to previously mapped stream
features.

One major drawback to the system is cost. The steep per-ssiadfcArcPad puts com-
prehensive deployment of this application out of reach afgat restricted regulatory agencies.
Further re nement of this application should include pogtiit to Linux-based hand-helds as well
as standardizing mobile GIS architecture for open souratqrms.

Additional hindrances encountered throughout the depémnof this system revolved
around the fragility and performance of the hardware. THd surveyors were often hours away
from vehicles with laptop computers after frequently ocityy system failures which required a
reload of the eld background data. As previously mentionéata cables were the most sensitive
component, and on average, a set of antenna and data catikxs$ flar ve days of eldwork.
Batteries presented another challenge, with the Leica @B8ra requiring the storage of six ten-
ounce camcorder batteries. Additional batteries posethanproblem in that they required toting
into the eld, usually somewhere in the surveyors' backpackl adding a signi cant amount of
additional weight, in addition to extra PDA batteries, mdiligital camera, cellular phone, etc.
Tripcevich, N.(2004 pointed out that “. .. scientists are bringing miniaturengaiter labs into the
eld and will have to tackle scripting and network problefng.he stylus used to interface with
the PDA touch screen was dif cult to manipulate with glovemhds and often ended up lost in the
bottom of a stream. The eld solution to that problem was lgasicti ed by using a twig. However
this adaptation resulted in permanently scratching the B&&ens, as well as making the screens
hard to read. Despite variable brightness and contrashgettthe small screen of the hand-held

computer was often dif cult to read in sunlight. These draks, however, do not detract from the
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overall usefulness of the system when compared to the atteena soggy notebook.
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Chapter 5

Accuracy and Completeness of Stream

Maps
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5.1 Abstract

Headwater streams permeate the landscape more than amynatheal aquatic feature
and therefore are at the most risk to deleterious effectaisfam impacts. Decision makers com-
monly rely upon printed paper maps to make regulatory datssivhich include determining if the
stream in fact exists and the potential placement of prwciparian buffers around the known
location of the stream. However, current stream maps dohwt & sizable portion of headwater
streams known to exist. The planimetric accuracy and caempdss of paper maps, recently de-
veloped oodplain maps, and county GIS data were assesseddayailed ground survey of nine
watersheds. A combination of aerial photography and digitaam mapping techniques have been
found to be superior in representing stream network pasaitd extent compared to existing digital

streams based on paper maps.
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5.2 Introduction

Headwater stream networks serve as a critical hydrologlc ietween the surrounding
landscape and the larger, connecting stream out ows widhwmatershedStanford 1996. Small
rst order streams can represent up to 85% of the drainageankt(Peterson et al2001) and often
drain a signi cant portion of the watershed ard&cGLynn and Seibey2002. Various government
agencies tasked with implementing water quality protecimnitiatives typically rely on US Geolog-
ical Survey (USGS) 1:24,000 scale topographic maps to mi@terthe location of these headwater
streams for planning purposes. In North Carolina, the waiatity protection legislation applicable
within the Neuse and Tar-Pamlico River Basins speci es fitatn wide (50 ft) vegetated riparian
buffers must be maintained around a stream “... if the featuapproximately shown on either the
most recent version of the soil survey map prepared by therbldResources Conservation Service
of the United States Department of Agriculture or the mosene version of the 1:24,000 scale (7.5
minute) quadrangle topographic maps prepared by the USitses Geologic Survey” (15A NCAC
.02B .0233).

The determinant factor in the accuracy at which maps relidepict headwater stream
networks are the standards that determine when and whereaansts included in the published
product. In a comprehensive review of various U.S. mappiggneies’ map standards, signif-
icant differences were found to exist in the standards byckviioth perennial and intermittent
streams were “drawn” on map®iummond 1974. Drummond(1974 also noted that United
States Geological Survey (USGS) standards for topographijos include all perennial and inter-
mittent streams yet the headwaters must terminate 304.800 (t) downstream from the drainage
divide and only intermittent streams greater than 609.600@4t) in length are considered. Appar-
ently, these rules are contradictory as they exclude swehat start close to the drainage divide, a

common feature in mountain regions, and many intermitteaams.
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For hydrologic modeling applications, density of the degje network directly in uences
predicted hydrograph variables such as peak stream ow. |gingth of the drainage network de-
rived from maps has been found to be the most sensitive coempan the estimation of stream
discharge and sediment loa@regory and Ovendei979. Several studies indicate, that in spite of
their widespread use, USGS topographic maps do not incldelguate representation of headwater
streams for hydrologic analysiMprisawag 1957 Coffman et al.1972, and their use for regulatory
purposes can lead to inadequate implementation of bestgaarent practices (BMP)

As digital map products increasingly replace paper mapssa effort is underway to
scan blue lines from 1:24,000-scale topographic maps amghlede a high resolution digital stream
network as part of the National Hydrography Dataset (NHEW(ey, 2003. The well documented
problems with the blue lines on USGS topographic maps raisstgpns about this approach.

The NHD is a combination of digital line graph (DLG) hydroghy data and reach at-
tributes from the U.S. Environmental Protection Agency BP8) Reach File Version 3 (RF3)
(USGS 20013. The hydrography DLG data contained within the NHD is ot by scanning
USGS topographic maps, and is available at the 1:100,00@ sedion-wide. However, some
have found the 1:100,000 scale NHD to be insuf cient for maiyplications because many low-
order streams are not shown at that scale and some statesdla®rated with the USGS to scan
1:24,000 scale USGS topographic maps to create a 1:24,@08 lsypdrology DLG dataset for in-
corporation into the NHDNCGIA, 2006.

The USGS acknowledges that there are inconsistenciesmnstmapping standards that
are apparent when comparing two adjacent topographic magrguogles, yet con rms that these
inconsistencies are reproduced in the digital scans of ggesnySGS 2000. Positional accuracy
of streams depicted in the DLG dataset (source of the NHDj)Ighoe “. . . con dently positioned
within 0.02”, at map scale, of the true ground position (9211 on the ground at 1:24,000 scale)”

(USGS 20018.
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The guideline for locating the origins of streams or riversluded in the NHD are dif-
ferent from the rules applied to topographic maps as dest@bove. The location of a rst order
stream origin is placed on the map when the feature becomesevigent as a channdU§GS
1999. However, no guidance is provided for a cartographic taxan as to what constitutes “ev-
idence” of a channel. Classi cation of perennial and intétemt features included in 1:24,000
scale topographic maps and digital line graphs (DLG) ofédynon information obtained from local
personnel and no scienti ¢ judgment is used for the deteatin (USGS 2002.

An example of the problems with representation of streanpécted on USGS maps is
shown in Figure5.1 The USGS topographic map (Raleigh West) shows one rstrostieam
owing uphill across a slope face and across an unimproved revhen in fact the stream ows
in a direction 90-degrees from that depicted on the map.idadly, the road leads to the USGS
North Carolina Water Science Center less than one mile aWay. type of discrepancy and others
can be found on USGS topographic maps throughout North i@arahere often, blue lines do not

continue between USGS map sheets, many often terminatiugtiabat 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 aeid digital equivalent
in water resource management have been studied, the styitabiother types of maps depicting
surface waters has not been fully investigated. This stumhg 0 Il in the information gap and
quantify the quality of various NC stream data products imteof their representation of low
order streams and their suitability for watershed managémeivities. Stream maps analyzed in
this research include the high-resolution NHD, Naturaldrese Conservation Service (NRCS) soil
maps, stream features contained in county GIS databasgd|ath Carolina Floodplain Mapping

Program (NCFMP) surface water lines derived from LiDAR algwn data.
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5.3 Methods

Ground truth data on headwater stream networks were cetlgot test the accuracy of
streams depicted on the 1:24,000 scale NHD (1:100,000 &mal&ayne County study site), sev-
eral NC county GIS databases, NRCS soil survey maps, andcsuwater lines produced by the
NCFMP. The accuracy of cartographic stream representati@s analyzed for 8 watersheds in the
Neuse River Basin and 1 in the Catawba River Basin in Nortlol®er with drainage areas be-
tween 40 and 360 ha. Study site locations were selected litdim@ diverse set of Level IV EPA
Ecoregions and North Carolina Soil Systems among the foyompaysiographic regions in NC,
the Coastal Plain, Piedmont, Slate Belt, and Mountaden{els and Ditzler1999 Grif th et al.,
2002. The blue lines on the four types of maps were compared 1t sekveyed streams in terms
of horizontal accuracy and network characterization ugjeggraphic information systems (GIS)

analysis. Locations of study sites relative to EPA Level IsbEegion are shown in Figue?2
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3 Falls Lake 150
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5 UmStead 178 0 25 50 100 150 200
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7 Nortwest Durham 429

8 Timberlake 757

9 White Mountain 286

Figure 5.2: Locations of study catchments relative to EPRelL&/ Ecoregion.

5.3.1 Data Acquisition

With the exception of streams shown on NRCS soil maps, theddsue line data were
available in digital form from public data sources publdhen the Internet. Soil map streams
required georeferencing of paper maps and manual digdizat he 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 watensbeel surveyed with mapping
grade GPS by starting at the mouth of the watershed and peattires were recorded along the
thalweg and at each con uence, direction change, and hgdiokontrol (e.g. beaver dam, culvert),
with an average linear spacing of 30.48 m between GPS-sedvelyeam point features. A total of
2000 stream channel points were recorded using the mokilgrgghic information system (GIS)
developed byColson et al(2006. In addition to the data representing horizontal strearations,
the locations of 171 intermittent and perennial streamimsigvere determined in accordance with
the NC Division of Water Quality (NCDWQ) protocol for streamnigin 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 poiat ddine feature class
was created in ArcMap by connecting the GPS points, reguitira digital stream network with
headwater segments beginning at the surveyed streamrigttribute consistency was achieved
by adding a eld “SegmentD” to the GPS data dictionary which allowed the eld surveyo
assign a unique identi er to each stream segment, elimmigatie possibility of a manually digitized
stream line being connected to the wrong GPS point. Averdtgrehtially 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 testhveaditiD owlines based on
the scanned USGS 1:24,000 topographic maps. NHD geodatafashe 8 digit hydrologic units

in which the study sites occur (Taliel) were downloaded fronitp://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 Waer Lines

As part of the effort to accurately delineate oodplains ioth Carolina using DEMs
derived from statewide LIDAR surveys, selected surfaceergaivere mapped by the NCFMP to
provide three-dimensional breaklines for the hydrologmdeling applications that determine po-
tential ood extent. The locations of these surface wateesenderived from 1:12,000 scale aerial
photography and LIiDAR elevation data and were downloadeah fhttp://www.nc oodmaps.com.
The criterion used by NCFMP for determining the origin of dace water line was when a critical-
drainage area has been reached (259 ha in rural areas, 18QHzn areas). When two streams
are found originating within the critical-drainage aregiom, the stream that is assumed to have the

greatest effect on drainage is mapphic@y, 2004).

5.3.5 NRCS Soil Map Stream Lines

NRCS soil maps are best known for their representation dhsapping units, however,
they also contain a wealth of other spatial information)uding aerial photography obtained at
the time of the survey and locations of stream networks ddrivom eld observation and aerial
photography. While a digital version of soil mapping unitgses for each county in North Carolina,
no stream networks were captured during the map digitizgifocess. A new soil survey book was
obtained from the NRCS of ce for the relevant counties, amelfold-out soil map containing each

study site was scanned at 300 dots per inch (dpi) on a wideafoscanner normally used for the


http://www.ncfloodmaps.com.
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scanning of aerial photographs (Fig&&).

Figure 5.3: Scanned soil map showing locations of the streatmiork at Schenck Forest in Raleigh,
NC.
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The scanned images were geo-referenced using Erdas Imagihmore recent USGS
aerial photography obtained fromttp://seamless.usgs.go®tream networks were then digitized
from the georeferenced maps using ArcMap. The horizontal ef the georeferencing procedure
ranged between a RMSE of 1.29 m for the White Mountain studyasid 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 soumties in which study
sites were located. These datasets were obtained from eacity's GIS of ce via download

through a web interface.

1. Wake County (Falls Lake, Schenck, Umstead study sitesjyyrilbaded from http://www.
wakegov.com/gis/gisdigitaldata.htnMetadata for this stream layer indicate that it was cre-
ated in year 2000 using aerial photography (1:1200 scalk)0a80 m interval contours de-
rived from stereo photography mass-points. The origin dfeam in this dataset was deter-

mined by the point where the feature was no longer visiblehereerial photograph.

2. Johnston County study site: Downloaded fronttp://www.johnstonnc.com/ The entire
Johnston County hydrology data set was provided by the NGeCéar Geographic Informa-
tion and Analysis (NCCGIA), which produced the data frommsmad USGS 1:24,000 scale

topographic maps.

3. Wayne County study site: Downloaded frohttp://maps.waynegov.com/viewer.htnirhis
stream dataset was also described as the 1:24,000 scatddgyddataset provided by the
NCCGIA. Metadata from the NCCGIA states that the data is & adfihe USGS 1:24,000
scale DLG hydrology layer that may have been supplementédasiditional 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 fiwtp://gis.personcounty.net/connectgis/
Map/Default.htm. No metadata were available for this dataset, as it wasedeatta time
when metadata standards were not applied and the origiealorrof the hydrology layer is

no longer available.

5. Orange County (Northwest Durham and Eno study sites): rilmaded fromhttp://gis.co.

orange.nc.us/No metadata were available for this dataset.

6. Caldwell County (White Mountain study site): No hydrojdgyer available.

5.3.7 Assessment of Horizontal Accuracy

The horizontal accuracy of the mapped streams was detedrbineomparing the loca-
tions of digital stream lines to that of the GPS-surveyedastr channel points. Automated mea-
surement of the distance between the GPS points and thestlosat on a mapped channel was
problematic due to the uncertainty associated with the GR& and their relation to the stream
segments. Although the post-processed horizontal accofabe GPS dataset was estimated to be
better than 0.6 m, some dif culties were encountered in maiteing which stream segment to use
for the horizontal displacement measurement. Such difiesloccurred in situations where a GPS
point was either equidistant from two blue lines or was adldsea stream with a different segment
ID. For example, a GPS point associated with segment#D fall closer to stream segment;|D
and the distance would be incorrectly measured fromitistead of ID, or the map may not depict
that segment at all. In Figurg4, GPS point number 40123 is 10.85 m from the stream segment
“C”, and 11.27 m from stream segment “A’. In measuring dis&ato the nearest stream segment
for the entire GPS dataset, GPS point 40123 would be measwendectly from stream segment

C, when the correct measurement would be distance fronnstsegment “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 chaaieis from NHD owlines.

A simpler means of assessing the horizontal accuracy ofilnestream maps was devel-
oped for this project. Multiple ring buffers were createddach blue line feature class with buffer

widths of 3.05, 6.10, 9.14, 15.24, and 304.80 m (10, 20, 30ab0 1000 ft) measured from the line
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feature. Each stream-channel GPS point was attributedthéthouffer ring width class in which

it occurred, which means the GPS point was outside the nesxtwer buffer. In Figures.5 GPS
point 40123 is shown between the 9.14 and the 15.24 m buffeotbf stream segments “A” and
“C”", correctly classifying the point as being within 15.24fram stream segment “A’. Point 40124
is shown to be in the 304.8 m buffer, thus indicating that tbiapis between 15.24 and 304.80 m
from the stream line. The 308.4 m value was chosen to eli@i@®S points classi ed as having
“0” in the distance eld (occurs in no buffer), and consedtigskewing calculation of percentages.
The horizontal accuracy of the mapped stream was then nezhsiging the percentage of GPS
points in each buffer class, providing information on howsel the mapped stream is to the GPS
points.

With the multiple-buffer ring approach the most accuratepped streams had the largest
percentage of points within the narrowest buffer with thenbar of GPS points decreasing with in-
creased buffer width. The buffer approach takes into adcthat stream lines drawn on USGS
1:24000 scale maps tend to be .035 cm in width, corresportdiagwidth of 8.4 m on the ground
Hansen(1999. Therefore, we can use the 6.10 m buffer width as a conses\aist to determine if
a GPS point occurs within (3.05 m of either side of the ceimeYlthe mapped stream channel. As
GIS stream extraction tools draw the streams through thicehthe DEM pixel, the minimum
buffer distance should take into account the cell size (pe®olution) of the DEM used to delineate
the stream network. The minimum buffer distance used he®@5n3 (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 horizérdacuracy of the mapped
streams: 1) 3 m buffer test - | determined the percentage & @dnts located within the 3.05
m wide buffer, i.e. percentage of GPS points located withan@.10 m wide zone centered on the
stream blue line. Conversely, the percentage of GPS pao&dd beyond the 3.05 m wide buffer

represents the probability of horizontal error that is thaly detectable” at the scale and line size of
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the USGS 1:24,000 scale maps, and 2) minimum accuracy ticetdst - the accumulated the per-
centages of GPS points in each buffer width class and detednwhether 90% of the GPS points

were within the 15.24 m buffer.

Legend

e Eno Study Site: NHD Hi Resolution
e Surveyed Points in Stream Channels

Point in Chagnel Point in Channel

40124

Figure 5.5: Multiple buffer ring analysis of blueline acaay.



120

5.3.8 Network Indices

In addition, several topological indices that are reldyiveasy to compute within GIS can
be used to provide a numerical representation of the bragdtructure of a stream network. Most
commonly used are the topological indices developeddrgon(1945. The bifurcation ratio is the

ratio of the number of streams with order 1 to the number of streams with order.

Rp= N 1=Ny (5.1)

The length ratio is the ratio of average length of streamé witler! to the average length of
streams with order  1:

Ri=Lw=L 1 (5.2)

These indices were used to quantify the differences inrstneetwork structure across the tested

stream maps.

5.4 Results

Visual assessment of NHD, NCFMP, soil map, and county GI8 bhes showed differ-
ences in horizontal location and the number and distributicstream map network segments when
compared to the GPS surveyed networks. Figuédllustrates the differences between the blue line
data sources and the GPS-surveyed stream network for asitadgcated in Person County, North
Carolina. The most apparent error in the mapped stream rietwas in the number and distribu-
tions of stream segments and total stream network lengtietd “completeness” of the network.
The NHD owlines and the NCFMP surface water lines lacked enhar of rst and second order
channels that were mapped during the GPS survey. There \ger@ifferences in the horizontal

stream locations for the soil and county stream maps. Quatitin of the horizontal accuracy
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and the completeness for all study sites provides a more i@rapsive picture of the comparative

reliability of the tested stream maps.
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Figure 5.6: GPS surveyed streams at Timberlake study sitgpared 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 e tap stream lines showed
that differences occurred among the different publisheelast maps for the percentage of GPS
points surveyed within the 3.05 m buffers drawn around tls¢etk blue lines. First, only GPS
points that had an associated mapped stream segment wierdeithén the accuracy computation,
re ecting the horizontal accuracy of streams represemiezhth tested data set that relate to a stream
surveyed with GPS, and not streams depicted on the maps ¢natnet surveyed (did not meet the
NC de nition of an intermittent or perennial stream). Theanegercentages of GPS points within
3.05 m of a mapped stream are: 1) county GIS sources, 39.68MCEMP, 33.65%; 3) NHD,
15.72%; and 4) soil maps, 16.12% (Tabl@). These percentages of GPS points represent how well
the particular map source, on average, represents the dsigops of headwater stream networks
on the ground and do not penalize the map for not showingragdhat have been found to exist

during the survey or vice-versa.

Table 5.2: Accuracy of stream lines on maps, by study sitewsh
ing area, number of GPS survey points for that site), repgipier-
centage of GPS points within 3.05 m buffer for all GPS poimg a
only GPS points with an associated stream.

Study Site Data Set Percentage

Falls Lake Wake 60%
County

(150 ha, 120) NCFMP -
NHD 6%
Soil Map 14%

Johnston Johnston 13%
County

(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 53%
County

(757 ha, 345) NCFMP 48%
NHD 15%
Soil Map 16%

Northwest Durham Orange 39%
County

(429 ha, 220) NCFMP -
NHD 29%
Soil Map 13%

Eno River Orange 19%
County

(488 ha, 368) NCFMP -
NHD 18%
Soil Map 13%

Umstead Wake 59%
County

(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 58%
County

(44 ha,45) NCFMP -
NHD 0%
Soil Map 18%

Distribution of points in the set of buffer rings providesdé@bnal information about
the horizontal representation of the streams. The sitesakeéVCounty (Falls Lake, Schenck, and

Umstead), Person County (Timberlake) (Figbré (a)), and the NCFMP surface water lines (Fig-
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ure5.7 (b)) have the most points located within the narrowest buffich number of points rapidly
decreasing with increasing distance from the stream. Johr@ounty GIS(Figuré.7 (a)), NHD
(Figure5.7(c)), and soil map streams (Figuser (d)) have even distribution or increasing number
of points in the farther buffers indicating possible condairimpact of three factors: error due to
recti cation (with Wake apparently the worst, see Fig&.& (d)), manual digitization ,and age of
the map.

The minimum accuracy threshold test indicated that nedirlyf ahe tested maps did not
meet that minimum criterion. Only the Wake County GIS strealataset exceeded that criterion

with 95% of GPS points located within 15.24 m of the mappeelastr lines.
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Figure 5.7: Number of GPS survey points within buffer diserlasses for related GIS stream
segments only. County GIS stream lines (a), NCFMP surfadendiaes (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 dathsetumber of segments, by or-
der, that each dataset either over represents or undesegpsehe stream network when compared

to eld data is referred to as bias (Tabie3d). For rst order stream designation, no distinction is



made between intermittent and perennial streams.

Table 5.3: Completeness of stream lines on maps, by stuely sit

showing bias (shows more or less “-” stream links than trubi)

furcation ratio and length ratio.

Study Site Data Set 1 2 3 4 Rb RI
Falls Lake Wake County 26 6 2 - 3.67 | 1.79
NCFMP -7 -2 0 - - -
NHD -4 -2 0 - - -
Soil Map 13 3 1 - 450 | 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 Caldwell County
Mountain (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 Orange County 0 0 2 - 3.50 | 1.43
Durham
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...

126



127

Table 5.3 — Continued

Study Site Data Set 1 2 3 4 Rb RI
NHD -7 -2 -1 - 2.00 | 0.44
Soil Map 14 0 0 - 9.17 | 1.78
Ground Truth - - - - 450 | 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 - - - - 550 | 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 asrsreshown on soil maps
apparently include lines representing ephemeral charihatswere not classi ed in the eld as
rst order streams, leading to positive bias in the rst ordgreams in some test sites. On the other
hand, the NHD and NCFMP datasets in all study areas do natdachost of the rst order channels
found during the eld survey, lack a a number of second ordemnels, and in some cases, lack a
number of third order channels.

Bifurcation ratios ranged between 2.0 and 9.17 with the ésginatios computed for the
soil map stream data. All GPS surveyed stream network kifime ratios range from 3.0 to 5.5, a
far more consistent range than the other map sources. Thealfigcation ratio for the Wayne GPS
stream network can be considered an outlier, with nine reeo streams draining into two second

orders, draining into one third order resulting in an unllgudgh ratio.
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5.5 Discussion

The results demonstrate inconsistencies among the igagsti data sets both in terms
of their horizontal accuracy and completeness. For the mosirate data the largest number of
GPS points is closest to the tested blue line and then ragittyeases farther from the line, while
in the less accurate data sets, the number of points is edésthjouted or even increases in the
buffers farther from the lines representing streams. Tdicates possible combination of random
error, errors introduced by recti cation and data projectisystematic errors and gross mistakes.
Completeness of investigated data sets appears to be itedemostly 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 amairate stream lines
within 3.05 m of a mapped channel for 60% of GPS points (Wakmgosites) and the least accurate
having only 17% of GPS points within this distance classesSih the counties with a longer record
of rapid urban development, such as Wake had the most aeairaam data. To support and keep
track of the new development, Wake county needs frequemttiated high resolution data, such
as the 1:1,200 scale aerial photographs that provide ®ritailetail for relatively accurate stream
mapping. However, it is important to note that manual digiion from high resolution photos is
time consuming and expensive (also prone to human errodsjt amay not be feasible for larger,
less developed areas. Second most accurate county dateesetisom Person and Orange counties
(Timberlake, 53% and Northwest Durham, 39% of GPS pointiwi8.05 m of a county GIS
stream), unfortunately, the source of these data is not know

In cases where counties are using hydrology data providédteta by the NCCGIA, the

horizontal accuracy is relatively low, with less than 17%G#®S points within the 3.10 m buffer.
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Slight differences between the county data and the correipg NHD owline layers (based on
the USGS 1:24,000 scale topographic maps for Johnston 400,000 scale for Wayne) suggest
that some of the county stream data may be outdated. An stilegedifference exists between the
number of GPS points within 3.05 m of Wayne County GIS streimesland NHD owlines for
the same area. Wayne County GIS data at 17% of GPS points\giibb m of a mapped channel,
appear to be less accurate than the NHD owlines, availabliis county only as “medium reso-
lution” data derived from 1:100,000 scale maps, that aeh#2f6 of GPS points within 3.05 m of
a mapped channel (using only associated GPS points). Thgests that, for this area, either the
1:100,000 scale NHD owlines have better horizontal accyrdnan the 1:24,000 scale version, or
through pure random chance, GPS points were logged onlgatidms where the medium resolu-
tion owlines were more accurate than the higher-resoluttounty data. The other site that shared
the same data source for the County and NHD versions of tharstines was Johnston, with both
datasets having the same number of GPS points (13%) witbi 18. 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 accuracyl({®8.of GPS points within
3.05 m), with the stream lines drawn on the original soil magisg aerial photography analysis.
However, the scale of the aerial photographs is not known. pAhted soil maps used in this
research are at the same scale as the USGS topographic m2$9@0) with the exception of
Wake County soil maps, which were printed at 1:15,840 sc@igprisingly, the larger scale Wake
County stream lines exhibited the poorest horizontal aurThis is probably due to the fact that
the Wake County soil map scanned images were dif cult toifyetiecause of the age of the aerial
photography used for the original printed maps. It was diftdo nd corresponding features on

the soil map aerial photographs (e.g. road intersectiond)oa the USGS aerial photography for
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the purpose of establishing GCPs, therefore the RMSE faetttecation procedure was relatively
high (13m) compared to other maps (1.3). Also, the older Wakenty soil maps may not have

captured any potential changes in the stream locationsritagihave 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 scaleabphotography (supported
by LIDAR based elevation data) had better horizontal aagutiaan the soil map streams and NHD
owlines (33.65% GPS points within the 3.05 m buffer whenynbrresponding stream segments

were considered), and better described the stream geothatrghe NHD owlines (Figures.8).

5.5.4 Horizontal Accuracy of NHD Flowlines

NHD owlines scanned from USGS topographic maps (1:24,0%0e) had relatively low
accuracy, with 15.72% of GPS points within 3.05 m of a NHD avd. However, the published
accuracy for this data set is 12 m and only 17% of the GPS p(@wué&sage, all study sites) are within
the 6m buffer, indicating that this accuracy is not met. @gndphic generalization that straightens
sinuous channels combined with the fact that many of the Gitfgowere logged at meander bends
contributes to the relatively low percent of GPS points tinat close to the tested NHD owlines

(Figure5.8).
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Figure 5.8: NCFMP surface water lines and NHD owlines in $ter County, NC.

5.5.5 Completeness

Completeness, re ected in % GPS points within the givendauifhen all stream segments

were considered and measured by the number of stream segatsnte or below the observed
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number of segments (bias), greatly varied among the testedsgtts. Comparison of bifurcation
ratios of the observed stream network with the ratios of theasn data sets provided additional
insight into representation of the structure of stream odta: However, bifurcation ratios provided
meaningful results only for the data sets that had at leas¢ thrders of streams.

The county GIS data for Wake and Person Counties includedga laumber of stream
lines upstream from the observed intermittent or pererstigam origins, indicating that a sub-
stantial number of ephemeral streams is included on thetses#ds. The Wake county criteria
for a stream is based on visual inspection of high resolutienal photography; a stream is in-
cluded whenever a visible channel is present. This apprapphrently leads to inclusion of those
ephemeral streams that erode suf ciently to create a @siblannel, although other criteria listed
in the NCDWQ stream origin de nition are not met. The high riaenof rst order channels also
explains the high bifurcation ratio of 6.33 for this datasmtmpared to the bifurcation ratios for
the Eno River and Umstead ground truth networks (Wake couatyl.2 and 4.5 respectively, that
correspond to geologically con ned streams, typical fos #rea. The stream networks depicted on
soil maps also contained a high number of rst order channefiicating inclusion of ephemeral
streams (do we know what the different line symbols on thémeaps mean?), leading to high
bifurcation ratios.

The NCFMP surface waterlines were the least complete dgtdiseto the relatively high
value of the minimum drainage area required for the indgraif a waterline. This was re ected in
a low number of surface water lines located within 3.05 m ofRS@oint (8.8%) when all stream
segments were considered, high negative bias for rst stieams, and two larger sites (Eno River
and Northwest Durham) where even the third-order streamreia were missing. Stream data
for several sites did not include suf cient hierarchy ofestms to provide meaningful bifurcation
ratios. These were: Falls Lake (NCFMP and NHD), White Moum{Blo county GIS data), North-

west Durham (NCFMP), Eno River (NCFMP), Umstead State Rd@&HMP), and Schenck Forest



133

(NCFEMP and NHD)

NHD owlines were the second data set that does not inclu@egelnumber of low-order
channels, probably due to generalization and lack of adeqlata sources at the time when these
data sets were produced. This is re ected by a high negai&® for the number of rst order
streams and by the fact that only 8.23 % of the surveyed GRfspwas 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 currenesarirdigital stream data pro-
vide only limited information about low order streams. Tlagtographic generalization and age
of NHD makes it the least complete data set both in terms ohthmber of stream segments and
stream geometry representation. Our results con rm thaéngd of previous studies that NHD is
not suitable for use by decision makers at the local levelvater resource management. Stream
data represented on soil maps are more complete, but theptagailable in digital format and can
be obsolete. Also, their horizontal accuracy is lower theat bf the more current data sets. Stream
networks were included on USGS topographic maps and NRG3nsqis for different purposes
and drawn with different standards. Their suitability irca@tely representing headwater streams
needs to be carefully assessed before these maps are upedgoses other than their primary ap-
plication, which does not include, for example, determaorabf the applicability of riparian buffer
rules to a 300 m long 1st order stream.

The few buffer distance classes selected for the accuraaysas unfortunately did not
allow for the determination of the 90% accuracy range fohedataset, as most datasets did not
achieve 90% accuracy within 15.24 m, the largest buffeadist drawn around a stream line. With

NC regulations stating that a 15.24 m undisturbed buffer bentained around streams depicted
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on USGS topographic maps and NRCS soil maps, estimatiomdfuae change impact on aquatic
habitats is problematic given that these two maps exhbigvenage 60% accuracy within a 15.24
m buffer.

Digital stream mapping techniques using combination ofentraerial photography and
digital elevation data, that were used for NCFMP or the Wakenty GIS, provided the location
of stream channels at the level of accuracy more acceptaaitefound on older paper maps, with
the highest accuracy (Wake county GIS) achieved from thiedsigresolution (largest scale) aerial
photography, as expected. Even the best data, missed @i AGPS points (if we consider 6 m
buffer). However, the completeness remains a problem evethé newer data sets. The NCFMP
surface water lines, delineated for the purposes of oddpi@apping, do not include large numbers
of rst order streams, while the Wake county GIS data inckitdgge numbers of rst order streams
that are probably ephemeral and were not identi ed in thel &b intermittent or perennial.

The presented results indicate that there is a need forefurédsearch in digital mapping
techniques both to improve the horizontal accuracy andoeduoss errors in the stream data. How-
ever, the most important issue from the point of view of wajieality management and regulatory
purposes is to nd methodology that identi es streams ofulatpry and management importance
to decision makers in NC.

Issues that need to be addressed include determining widgdape features, extracted
from a DEM, can best predict the exact point of channel ititrafor an intermittent or perennial
stream. Ongoing research being conducted by the State ¢fi Harolina 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 delineannel networks for use
in hydrologic studies. Many studies have investigated ffects of DEM source and resolution,
ow routing algorithms, and arti cial sink-removal techqiles on the calculation of topographic at-
tributes. Few have investigated the horizontal accura@uadmatically mapped stream networks.
The advent of high-resolution LIDAR DEMs presents uniqueatunities to generate highly ac-
curate stream networks. However, these DEMs also preserd sballenges of dealing with micro-
topographic features not found in lower-resolution DEMs, Wwhich most automated channel ex-
traction tools were developed. In this research, LIDAR DEMse interpolated with ANUDEM
and several depression-removal procedures were testesan®t were extracted from the DEMs
with TAUDEM, and their horizontal accuracy was comparedtteans surveyed with GPS across
a range of physiographic provinces in North Carolina. A uerignethod of assessing accuracy was
developed by creating buffers around the mapped strears. liResults were reported as percent-
age of GPS points within 3.05 m of a mapped stream. The owatallracy of the mapped stream
networks showed that there was little statistical diffeein the accuracy of stream networks de-
lineated from DEMSs treated with ve different depressi@mroval methods. However there were
signi cant differences in the horizontal accuracy of streadelineated from DEMSs obtained from
the United States Geological Survey and the North Carolioadplain Mapping Program, and from

interpolated DEMSs using the same source data used to clreatest two DEMSs.
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6.2 Introduction

The path of water through the landscape is controlled bygmgahy and digital eleva-
tion models (DEMSs) are the best means of depicting and aimglytopography 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 watersheohderies fark, 1983 O'Callaghan
and Mark 1984 Jenson and Domingu&988 Tarboton et al. 1991, Fern et al. 1998 Turcotte
et al, 2001).

DEMs can be obtained from agencies that maintain them foligpdistribution or cre-
ated using surface-elevation data to suit the needs of eylart project. With publicly available
DEMs, little is known about the type and extent of errors aored in the DEM. Errors can be
introduced during the DEM creation process, or are contbin¢he source data. By creating their
own DEMSs, researchers can model the distribution of intetjsm error as part of the interpolation
processllolmes et al.2000. In the past, U.S. Geological Survey (USGS) DEMs at 10 anth30
resolution have been the common source of terrain data,Jeswecent statewide projects involving
the collection of Light Detection and Ranging (LiDAR) el&iea point data provide researchers the
opportunity to create their own DEMs while controlling outgesolution and accurac({l and
Neary, 2005.

Another form of DEM, or DTM (digital terrain model) is the amgulated irregular net-
work (TIN) model. Triangulated irregular networks are waliata structures consisting of points
of elevation connected with lines, forming non-overlagptriangles. This research, however, did
not utilize TINs due to the dif culty in deriving surface paneters such as slope and ow direction
from the TIN data format.

While a large amount of research has established the effédtee source and quality

of DEMs and their derivatives on the calculation of topodniagparameters, little work has been
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done that quantitatively assesses the planimetric acgcwfegiream networks derived from DEMSs.
Some have evaluated channel mapping techniques and pedatatistical analyses on the output
(Wang and Yin 1998 Wang and Zheng2005 Lindsay, 2006 Baker et al, 2006 or used USGS
topographic map bluelines as a benchmaikife et al. 2004).

McCleary et al.(2002 used a total station to survey small streams in Alberta,a@an
and found that streams extracted from a 25 m resolution DEdkrestimated sinuosity by 29%.
Mouton (2005 used Arc Info to extract streams from 2, 6, and 10 m resoiutiDAR DEMs and
a 10 m resolution USGS DEM and found that the 2 m LIDAR DEM pitlithe most accurate
channel networks compared to surveyed strearnmset 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 thateiment of the channel initiation point
was the dominant factor in network accuradgrump (2004 used a differential GPS to record
the locations of stream channels and found that the Natidgdtography Dataset (NHD) grossly
under represented headwater streams. Streams extramtec 0 m DEM tended to exhibit poor

positional accuracy.

6.2.1 USGS DEMs

The USGS is the primary creator and distributor of elevatlata in the U.S. There are
several types of DEMs available from the USGS, at varyindescand levels of accuracy. These
include: 1) Shuttle Radar Topography Mission (SRTM) 1 andc3sacond (30 and 90 m) grid cell
resolution, 2) Global 30 Arc-Second (1 km grid cell resalnji Elevation Data Set (GTOPO30), and
3) NED (National Elevation Dataset 1/3 and 1 arc-second (D39 m) grid cell resolution The
NED is comprised of “...the best quality data available” @adtions of the NED available for the

State of North Carolina include 10 and 30 m resolution DEM=stxd from LiDAR data collected

Lhttp://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 camount of pre-processing
of the DEM in order to replicate the proper direction of owddlocation of known stream channels,
a process referred to as “hydrologic conditioning.” The $Earth Resources Observation and
Science (EROS) Center has produced a derivative of the NH&dd&e Elevation Derivatives for
National Application (EDNA). Other datasets produced wviite hydrologically conditioned NED

include a ow direction grid, a ow accumulation grid, and'eam network position.

6.2.2 LiDAR DEMs

In characterizing the accuracy of LIDAR DEMs produced by eth Carolina Flood-
plain Mapping Prograntiodgson et al(2003 found that LIDAR DEMSs represented surveyed ele-
vations sigi cantly better than U.S. Geological Survey S) DEMs.Hodgson et al(2003 also
found that the distribution of elevation error was poslinveorrelated to slope and vegetation class,
and distance of survey point from LIiDAR elevation point. lmther research assessing error present
in LIDAR elevation dataHodgson and Bresnah&®004) found that steeper terrain exhibited higher
errors, and attributed this to the horizontal error in thBAR point due to the scan angle of the Li-
DAR instrument and the degree of slope. Howetardgson and Bresnahd2004) suggested that
interpolation can improve the nal accuracy of the DEM inHigof errors caused by variations in
land cover and slope. Finally, the season during which LiDe®a is collected also in uences the
accuracy of the laser returns, and subsequently the reldEdd, with the optimal time being “leaf-
off” (Hodgson et a).2005. The North Carolina Flooplain Mapping (NCFPM) progranpstates
that LiDAR elevation data for coastal counties in NC achi20em root mean square error (RMSE)
and inland counties 25 cnTfompson 2001). Quality reports were compiled for each county in
NC, using 100 surveyed points spread across ve land coyestygrass, weed/crop, scrub, forest,

built-up). The accuracy of NC county LIDAR DEMs distributegt the NCFMP exceeds the stated
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criterié.

6.2.3 Creation of DEMs

Creation of DEMs from irregularly spaced points of knownface elevation is frequently
accomplished with geostatistical interpolation methaatshsas inverse distance weighting (IDW),
kriging (Lloyd and Atkinson 2006, and regularized spline with tension (RSMitasova and Mi-
tas 1993. Many studies have compared the accuracy of interpolandsresearchers have not

collectively concluded that one is better than the oth€tsaplot et al.2006.

6.2.3.1 Kriging

The use of kriging to interpolate elevation points for DEMsn data sources such as
aerial photography analysis is a common method to creatldidevation models (DEMs). Much
work has analyzed the distribution of error in kriging oututhe form of RMSE, the most common
measure of DEM accuracy@uilar et al, 2005 2006 Gaqg 1997). Kriging was used to interpolate
ground survey data in order to analyze geomorphologic ahang river channel over three periods,
with RMSE's of the interpolated surface models all below 6 @happell et al.2003. RMS of
interpolation errors has been found to be 0.2 to 0.6 timestdredard deviation of the difference in
elevation of the surrounding pointR¢es2000. Toyra et al (2003 achieved a 0.22 m RMSE when
using kriging to interpolate LiDAR point elevations. Hovesysuch accuracy was only achieved by
selecting an output grid cell resolution equal to that ofdherage spacing between each LiDAR ele-
vation point (0.25 m), then re-sampling the kriged grid tmarser and more manageable resolution
(4 m). Anderson et al(2005 found that due to the very high number of LIDAR elevationrisi
produced by the NCFMP, data reduction of the points to 5% eif thriginal number achieved a

RMSE 8 cm greater than datasets reduced to 50% of the origumaber 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 tgamgrinterpolation in this study.
In studying the effects of terrain type on interpolation ofr elevation data to DEMs,
Meyer et al.(2005 has shown that transitions of terrain type (e.g. uvial tanat) cause krig-
ing models to produce “rips” or “tears” in the interpolategiface. These phenomena occurred
when extrapolation estimates for one planar neighborh@oded the assumptions of terrain type
to the next neighborhood. When a discontinuous surfacedswgttered or vice-versa, a discon-
tinuity results in the extrapolation between the two neihbods. However, when using larger
neighborhoods of points for the estimation, the possybditintroducing greater prediction errors
is introduced Gribov and Krivoruchkp2004). Lloyd and Atkinson(2002 have shown that kriging
with trend and ordinary kriging predict more accurate dieves than IDW, when evaluated using
cross-validation. When DEMs created by kriging were corapgdao DEMs created by Delaunay tri-
angulation,Hancock(2005 stated that little difference existed between geomordioal indices
generated from the two, and that as accuracy of source iEev@dta increases, the differences in

output of interpolation methods decreases.

6.2.3.2 RST

The RST function described bylitasova and Mitag1993 can be used in the interpola-
tion of LIDAR DEMs with good resultsNlitasova et al.2005. The tunable tension and variable
smoothing in the RST algorithm developed for GeographicoRees Analysis Support System
(GRASS) minimizes the effects of noise and reduces ovetst{@ertner et a].2002. When com-
pared to spline methods of interpolation, kriging was fotmihtroduce greater errors, particularly
in the representation of slope gradients, curvature, apdcagirections Desmet 1998. When
applied to the creation of continuous glacier elevatiorfaz@s on Nanga Parbat (ninth highest
mountain in the world), RST was able to smooth variation i thrrain while at the same time

preserving important terrain feature®ohk, 2002.
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6.2.3.3 ANUDEM

In order to interpolate DEMs from digitized contour and pi@levation datalHutchinson
(1989 developed the Australian National University Digital #ddon Model (ANUDEM) software.
The software is unigue among DEM interpolation procedungbat the algorithms developed are
derived from the morphological properties of the resultiegain surface, and produces DEMs
that are hydrologically conditionedBarringer and Lilburng1997. Furthermore, the procedure
incorporates a depression-removal step as part of thepol&ion process. A thin-plate spline is
tted to the elevation points and roughness is controlleébynput parameter, similar to the tunable
tension described hylitasova and Mita$1993. Locally adaptive smoothing was later built into the
tool where the interpolation is performed iteratively imer to de ne terrain slope, which weights
the amount of smoothing donkltchinson 1996 2000. DEMs have been produced with superior
results for the entire continent of Australibltchinson and Dowling1991), Alaska Sasowsky
et al, 1992, and portions of ChinaYang et al, 2001). Hilton et al. (2003 compared a 250 m
resolution DEM created with ANUDEM to European Space AgefitiRS) satellite altimetery and
found the ANUDEM DEM to correlate well with the satellite nse@ed heights. Interpolation of
GPS data into DEMs using ANUDEM has been shown to result ifases a few centimeters
more accurate than surfaces interpolated with kriging gulaces {estphalen et §l2004. Other
researchers have compared DEMSs created by interpolati@P&f elevation data using regression,
kriging, and ANUDEM and have found ANUDEM to be the best iptaation tool for DEMs
(Bishop and McBratney2002. Researchers assessing the rate of ice elevation cha@ithern
Patagonia have found that the ANUDEM interpolation methsogliperior to IDW and TIN methods
(Rivera and Casass2004. The use of ANUDEM for the development of DEMs is supportgd b

many researchers as the most accurate metBbdgman et al2005.
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6.2.4 Effects of DEM Resolution on Terrain Analysis

A large volume of research has investigated the effects afiD&solution (cell or pixel
size) on the calculation of several topographic attribukdenzle (2004 showed that DEMs inter-
polated to a higher resolution (20 m) from the same sourcerégulted in more accurate represen-
tation of rst order terrain derivatives (slope and aspectyl second order derivatives (pro le and
plan curvature) than DEMs interpolated at 100 m resoluttier topographic attributes shown to
be sensitive to DEM resolution include: 1) the topographitex developed bBeven and Kirkby
(1979, which is inuenced by changes in the measure of slope armpeh/\olock and Price
1994; 2) slope and aspecChang and Tsall991); 3) catchment area bompson et a|2001); and
4) oodplain delineation Omer et al. 2003. Accurate determination of slope is highly dependent
upon DEM resolution, with signi cant differences in estitea of slope derived from 1 m and 12.5
m DEMs Warren et al.2004).

Many researchers have also shown that the accuracy of stre@work position is in u-
enced by the scale and resolution of the DEM used in the dkiramodel. Garbrecht and Martz
(1999 stated that if small drainage features are the focus ofttiears network delineation effort,
then DEM grid cell size must be relative to the size of thoselkf@atures. When DEM grid-cell size
exceeds average hillslope length, stream network positimmot be reliably predictedAcMaster
2002 zZhang and Montgomery 994 Wolock and Price1994 Yang et al, 2001). Low-resolution
(30 m grid cell size) USGS DEMSs poorly represent micro-tappdic features, making their use
in closed-drainage studies problemaiitt¢mpson et al2001). However, with the advent of very-
high resolution DEMs derived from LIDAR elevations, a largember of arti cial depressions are
introduced during the interpolation process, althoughUiBAR data itself can be the source of

these depressiongdéndbergen20089.
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6.2.5 Spurious Depressions

DEMs often contain pits, de ned as pixels with no neighbgrpixels of lower elevations
(O'Callaghan and Mark1984). Some pits are the result of errors in the source data uskdete
polate the DEM and some are artifacts of the interpolatiamt@ss. Other pits, however, represent
actual depressions in the surface. In the case of LIDAR DEMpgcially high-resolution ones,
many micro-depressions can be present in the DEM surfadecaps 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 netnMoication as it is dif cult
to ascertain the correct drainage path through them, anditbdetion of ow through them cannot
be resolved. When attempting to extract stream networks &Ms with numerous and/or large
depressions (arti cial or natural), the stream-extractinodel “ lIs” the depression with “water”
and forces ow direction to follow a path around the depressintil it nds a downstream pixel
with an elevation lower than the depression wall (berm).sTlsults in stream lines being wildly
inaccurate in the vicinity of depressions. Early attemptseimove these pits involved smoothing
the DEM (Mark, 1983 O'Callaghan and Mark1984), but Band (1986 countered that smoothing
tended to alter important information in areas of the DEMawuitaining pits.

Martz and De Jon@1988 avoided the problems introduced by smoothing by devetppin
a tool which scanned a 10 pixel by 10 pixel region draining emtdepression and selected the outlet
which had the lowest elevation. The uniqueness of this ntettas that if multiple outlets were
de ned (two or more cells with the same lowest elevationg time with the steepest owpath to
the next pixel was selected. The authors noted that drawgtiadkis technigue arise when the scan
window is smaller than the depression, a situation that @abhe overcome when working with

high-resolution LIDAR DEMs.
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Jenson and Domingu@ 988 developed a popular procedure that raises the elevation of
identi ed depressions to the elevation of the lowest neagiriy downstream cell. For the analysis of
soil depression storage capaci®fanchon and Darbou2001) developed an algorithm applicable
to conditioning a DEM for depression removal. A high waterface elevation is assigned to all
DEM cells then drained. Then, an outlet cell for the DEM isitled and upstream cells connected
to that outlet cell are iteratively drained. During the ntdration, water in depressions is drained
only to the level of the highest outlet cell in the ow path cmtted to the DEM outlet cell. All
other cells are completely drained and retain their origétevation values.

Hutchinson(1989 developed an algorithm that interactively resolves spugipits during
the creation of the DEM and leaves what appear to be natupaégsions (e.g. quarries). It should
also be noted that many users of DEMs may not have access &btiiee data used to create
them and therefore do not have the opportunity to create DES$itsg the method developed by

Hutchinson(1989.

6.2.5.2 Breaching

Tribe (1992 noted that the lling method developed kenson and Domingu@ 988
had dif culty determining surrounding cell elevations it areas, resulting in parallel ow lines.
Tribe (1992 proposed a depression-conditioning method for at arelasre an inlet and outlet cell
are identi ed (upstream and downstream of the pit) and a attpis enforced between the two
through the depression berm, thus avoiding parallel dganimes. This technique, however, does
not account for pits that have irregular shapes.

A procedure known as "carving” has been proposed where DE®I palues (elevation)
are lowered from the depression, through the berm, theretadhrest 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 inappiate. He suggested an alternative known
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as “breaching”, where the outlet of each depression isiigelhand the owpath pixels are lowered
from the DEM outlet upstream to the depression outlet. Aatam of this method limits the length
of the breached channel to two pixels and lls the remainimgreéssionsNlartz and Garbrecht

1999.

6.2.5.3 Impact Reduction Approach

Breaching and carving consider only a single depressiortiateaand may require mul-
tiple iterations of the depression-removal process. Thepudational ef ciency and accuracy of
this process is uncertai#lju et al, 2009. Furthermore, none of the lling and breaching methods
described, with the exception of the one developedibichinson(1989, account for real depres-
sions Temme et a].2006. The development of previous depression removal algosttook place
when only coarse resolution DEMs were available (e.g. USG#&JB Ancillary features such as
roads, culverts, and drainage ditches are not represemtidmibse coarse datasets. However, with
very high-resolution DEMs created from LiDAR data now bedagreadily available, the presence
of these features creates real depressions such as ondphdiich are represented in the DEM
and through which water must ow in order to realisticallyrsilate the real channel network (e.g.
through a culvert under a road)(ke et al, 2003.

LiDAR DEMs tend to be computationally massive, and tradiéib lling algorithms often
run out of memory before completing the conditioning of tHeND Wang and Liu2006 resolved
this with their technique of employing a computationallycieit least-cost search approach to
determining the spill elevation of an interior cell and @igrthe elevations of the cells between
that cell and the DEM outlet cell in memory while the elevatif the interior cell is raised, if it
is a pit. Lindsay and Cree@2005 found that lling and breaching depression-removal mel$o
severely altered terrain attributes in LIDAR DEMSs. Theiluimn was to combine breaching and

lling in a tool that analyzes the degree of change to the DEaMsed by either method, and applies
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either method to particular cells identi ed as depressimna manner which has the least amount
of effect on the statistical distribution of elevation veduin the DEM. This method is referred to as

the impact reduction approach (IRA)ifdsay and Cree005.

6.2.6 Flow Direction

6.2.6.1 Single Flow Direction

The second step in the process of delineating stream nedvilankn DEMs is the assign-
ment of the direction of ow to each cell. The method most coomhy used is the one introduced
by O'Callaghan and Mark1984), which determines the direction water will ow from a cedl bne
of its eight neighboring cells with the lowest elevation.isTsingle ow direction (SFD) is also re-
ferred to as Deterministic 8-Direction (D8). The D8 ow daten determination method has been
long considered inappropriate for use in hydrologic mauglihe chief drawback being the limi-
tation of ow direction to only one of eight cardinal direotis at a timeKair eld and Leymarie
199% Quinn et al, 1991, Costa-Cabral and Burge$994 Wolock and McCabgl995 Tarboton
1997 Endreny and Wood2001 McMaster 2002 Kenny and Matthews2005.

Use of D8 algorithms can also alter the direction of the streetwork by as much as
44 degrees due to grid orientation and generates multiptdlplaow paths in at areas Raa aub
and Colling 2006. Fair eld and Leymarie(1991) proposed a modi cation of D8 by adding a
random component to the computation of ow paths and acéogrior cell aspect in order to
minimize parallel ow paths. This alternative, random digiode (Rho8) has since been deemed
an unsuitable replacement to D84llant and Wilson1996. Neither D8 or Rho8 are capable of
modeling ow dispersion anioore 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 dowslope to one or more pix-
els. Freemar(1991 modi ed D8 and Rho8 by allowing ow to exit a pixel to all of thdownslope
neighboring pixels, thus honoring ow divergence, and thedired SFD algorithms are referred to
as FD8 and FRho8. However, even MFD ow proportioning algoris lead to problems in stream
network prediction by braiding channels or over-dissip@tiow (Quinn et al, 1991, Mendicino
and Sole1997).

Desmet(1998 compared SFD and MFD algorithms and found that SFD algostllo
not accurately show divergent hillslope ow. Consequertadwater stream channel positions
derived from DEMs conditioned with SFD techniques will beialikely locations. SFD algorithms
are also extremely sensitive to errors in DEM elevations. tl@nother handDesmet(1998 also
found that MFD algorithms tend to cause higher order chanioeleer back and forth across valley
bottoms, and concluded that both types of ow direction alkipons will produce different results
when applied to varying terrain types.

In the development of the digital elevation model networkantion (DEMON) program,
Costa-Cabral and Burg€$994 modeled ow with stream tubes where ow is generated at each
pixel, following a stream tube until a pit or the edge of theNDEs encountered. Unique in the
DEMON algorithm is that rather than using the elevation\atifrom the center of the pixel (block
centering), each corner of the pixel is assigned the celhéilen and ow is modeled using the plane
created from each pixel. This method has been showfablyoton(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 n{tiy 1 ) algorithm. Endreny and Woo2001)
assessed the accuracy(6f1 ) (and others) and concluded t{@&1 ) 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 stlieaswith origins starting
at a drainage threshold of approximately ve kiarénken et a).2001). Elevation Derivatives
for National Applications have been used to identify impdimater bodies for watershed-based
sampling design®etenbeck et ali2005. Pfafstetter codes assigned to each synthetic streamline
by Verdin and Verdin(1999 make incorporation of EDNA derivatives into 303(d) regaatviable
and more accurate alternative than using National Hydplyrdataset (NHD) bluelineBfown

et al, 2005.

6.3 Objectives

The objective of the research reported here was to exam@nddtizontal accuracy of
headwater stream networks extracted from DEMs of diffesogrces treated with depression-
removal methods. An in nite number of permutations of condtions of stream-delineation tech-
niques based on various ow-routing and depression-reinoedhods and interpolation techniques
can be tested, a lengthy process sure to outlive the authberefore, one DEM interpolation
method, ve depression-removal methods, and two strealneadgion tools were tested. A re-
view of the literature suggests that ANUDEM is the most appete tool for the interpolation of
DEMs used in hydrologic studies and that & ow routing algorithm is best for determining
ow direction across a diverse range of terrain types.

Four of the depression-removal methods were incorporatedie Terrain Analysis Us-
ing Digital Elevation Models (TAUDEM) software developeg Barboton(1997), which incorpo-
rates theD1 ow routing algorithm into the stream-delineation procesbhe nal depression-
removal method is part of the fully-automated stream datioa extension for ArcMap, Arc Hydro

(Maidment 2002.
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Actual stream networks surveyed by differential GPS wemamared to automatically
generated stream networks extracted from DEMs interpbhaith LIDAR data using ANUDEM,
DEMs produced by the North Carolina Floodplain Mapping Paog and DEMs produced by the
USGS. The high resolution of the LIDAR DEMs presented sonadlehges of routing ow through
features normally not represented on lower-resolution BENCh as roads and bridges. Therefore
another focus of this research was on which depression @@nmoethods work best on various
terrain types, and which DEMs are most suitable for the ateudetermination of headwater stream
networks.

Ground-truth data were obtained in nine watersheds rarfging40 to 600 ha in drainage
area, and representing four different physiographic sgiiens in NC. The streams networks were
surveyed using the mobile GIS application developebison et al(2006. Variability in the ac-
curacy of stream networks extracted from the combinatidDE¥1 sources and depression-removal
methods was correlated to EPA Level IV Ecoregio@sif(th et al., 2002 and North Carolina Soll
Systems Daniels et al. 1999. Results are presented as the percentage of GPS poineysdrv

within each of a series of buffer rings drawn around the aigily mapped channels.

6.4 Methods

6.4.1 Experimental Design and Statistical Analysis

This research tested the feasibility of automatically getieg headwaters stream net-
works from digital elevation models that were treated tarojae the horizontal accuracy of the
extracted stream networks. DEMSs readily available for doaa from online resources were tested
against DEMs developed from LIDAR elevation point data kgiipolating with ANUDEM. Meth-
ods of hydrologically conditioning all of the DEMs were alsgsted. Arc Hydro and TAUDEM,

two methods for automatically extracting stream networksifhydrologically conditioned DEMs,
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were also compared.

The stream networks automatically generated by GIS metiveds tested for horizontal
accuracy by collecting ground truth data with GPS on streatwarks in small watersheds among
several physiographic regions of NC. Sampling the physipigic variability among headwaters
stream networks across the state was designed to deterntiireedptimal GIS methods for stream
extraction varied with physiography. The independentalde in this design, i.e. the stream hori-
zontal accuracy criterion, was the mean percentage ofnstobannel 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 differenEMs, covering the areas of
the ground truth study watersheds, that were treated wighdifferent methods of depression re-

moval (Figure 6.1). The DEMs tested for stream extracticueacy were:

1. USGS 10 m DEM

2. NCFMP 6.10 m DEM

3. DEMs interpolated from LIDAR elevation point data to thrgifferent resolutions: 6.10 m,

3.05mand 1.52m

The ve DEMs above were treated with four methods of depmssemoval and the digital stream
networks for the study watersheds were extracted with TAVOE produce 20 stream maps for
each study watershed. Depression removal methods testedRlanchon and Darboux, impact
reduction approach, slow breaching, and constrained hirggacThe ve DEMs then were extracted
with ArcHydro which gave a fth depression-removal methdke default method in Arc Hydro,

and ve additional digital stream maps for each study wéteds
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6.4.1.2 Ground Truth Stream Networks

The physiographic subregion sample areas for selectiotudf svatersheds were deter-
mined by intersecting Level IV Ecoregions and Soil Systefrisarth Carolina in order to incorpo-
rate the common physiographic variability inclusive intbghysiographic classi cation systems.
Very limited resources for eld surveying restricted theognd truth study watersheds to a total
of nine, representing the three physiographic regions of di@ physiographic subregion in the
Coastal Plain, two physiographic subregions in the Piedrand two physiographic subregions in

the Mountains (Figuré.1).
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Label Site Name Area (ha)

1 Johnston 580

2 Wayne 757

3 Falls Lake 150

4 Schenck 44

5 I']mStead 178 0 25 50 100 150 200

6 Eno 488 - Kilometers
7 Nortwest Durham 429

8 Timberlake 757

9 ‘White Mountain 286

Figure 6.1: Locations of study catchments relative to EPRelL&/ Ecoregion.
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6.4.1.3 Statistical Analysis

The ve methods of depression removal and the ve source DEdted lend themselves
well to a block design method of statistical analysis whetis thei™ block (DEM source) effect on
mean percentage of GPS points 3.05 m from a mapped channisithe; ™ treatment (depression-
removal method) effect on mearpercentage of GPS points 3.05 m from a mapped channel;jand
is the random error. The statistical model showing the efEDEM source and depression-removal
method on accuracy of extracted stream networks is:

Yj = + 4 ij (6.1)
Throughout this paper, the ve different source DEMs arenedd to as "DEM blocks” and the ve

different depression-removal methods are referred to &MWikreatments”.

6.4.2 Description of Study Site Locations

Small watersheds in rural areas were chosen using USGSraggdig maps, aerial pho-
tography and feature polygon classes delineating EPA UgVEtoregions and North Carolina Soil

Systems within a GIS. Study site locations, descriptions, @ame of EPA Level IV Ecoregion are

as follows:

1. Eno (ER): 488 ha; half in Eno River State Park, half on stateed wildlife management

area in Orange County. Carolina Slate Belt

2. Falls Lake (FL): 150 hain Falls Lake State Park, locateNorih-eastern shore of Falls Lake,

Wake County. Northern Outer Piedmont.
3. Johnston (JC): 580 ha in North-central Johnston Courtiirf§ Coastal Plain.

4. Northwest Durham (ND): 429 ha in East-central Orange Gowarolina Slate Belt.
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5. Schenck (SF): 44 ha in Schenck Memorial Forest, WestraldiMake County. Northern Outer

Piedmont.

6. Timberlake (TL): 757 ha in Central Person County, neart¢inn of Timberlake. Carolina

Slate Belt.

7. Umstead (UP): 178 ha in Umstead State Park, Wake Countatéd in Northern end of park

near Raleigh-Durham Airport. Northern Outer Piedmont.

8. Wayne (WC): 757 ha in Northern Wayne County, near Nahuw&n® and Pikeville. Rolling

Coastal Plain.

9. White Mountain (WM): 286 ha in North-east Caldwell Coyntgar Lenoir. Eastern Blue

Ridge Foothills.

6.4.3 Stream Surveying

More than 69 km of stream channels were surveyed for a totaZ000 GPS points over
an 18-month period. Tablg 1 summarizes the number of origins identi ed among EPA LeVvél |

Ecoregions and North Carolina Soil Systems.
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Table 6.1: Distribution of surveyed stream origins amongspbgraphic sub-regions of NC.

Soilsystem
Ecoregion | Carolina Felsic Low and| Middle Grand To-
Slate Belt | Crystalline | Inter- Coastal tal
mediate Plain
Mountain
Carolina 77 77
Slate Belt
Eastern 28 16 44
Blue Ridge
Foothills
Northern 22 22
Outer
Piedmont
Rolling 28 28
Coastal
Plain
Grand To-| 77 50 16 28 171
tal

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 streaetworks extracted from the
interpolated DEMSs to input parameters in ANUDEM. ANUDEM iagkaged with ArcMap as
the TOPOGRID (TG) tool in the Spatial Analyst Toolbox. Theigcautomated the following

functions:

1. Interpolate a DEM using the LIDAR bare-earth points asrbpeit.
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 agmint 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 poiiroed in (e.g calculated the per-

centage of GPS points occurring in the 3.05 m buffer distaterss).

8. Wrote the results to a table.

9. Deleted all grids.

10. Looped through the entire procedure using a range of P@tiparameters; 1) roughness
penalty (0-2 in steps of 0.1), 2) discretisation error fa¢@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 6r&3atution. The drainage enforce-
ment option in TG was not used, as initial testing showed tivathorizontal accuracy of stream
networks generated from DEMSs conditioned with TG drainagiereement was poor. Quality in-
dicators used to determine the most appropriate TG inpanpaters were the percentage of GPS
points that occurred within 3.05 m of a mapped channel preduc step 5. The three parameters
were tested individually and inserted into the script asdiéfoefore the next loop was executed.
For example, the optimal roughness penalty was determinddnserted as the default roughness
penalty value when testing discretisation and verticaldaded error. Testing all permutations of the
parameters of interest (800) was beyond the capabilitiesiohardware.

For each study site, a different range of TG input parametas found to result in the
most topologically accurate DEM for the extraction of stneaetworks. Using these site-specic
values, DEMs were also interpolated at 1.52 and 3.05 m riéson&) 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 ol#difrom the North Car-
olina Floodplain Mapping websitd{tp://www.nc oodmaps.com Using the GPS surveyed mouth
of each study site watershed, the boundaries of the watigshere delineated using the Arc Hydro
(AH) extension (version 1.1) for ArcMap (version 9.1). Aeteame time, bare-earth data in the
form of an ASCII le representing LIDAR point elevations wedownloaded from the NCFMP
website. Ten meter resolution DEMs were also obtained fioendSGS ahttp://seamless.usgs.
gov. All data were projected as State Plane Feet, NC, NAD 83.dilmvs were measured in feet.
In order to make the LiDAR bare-earth datasets as small aslpesthe ASCII les for each study
site were trimmed to encompass a rectangular area that @assed just the estimated extent of

the study site watersheds.

6.4.5 DEM Treatment

Each DEM was converted into an ASCIl XYZ le using ArcMap. Theeach ASCII
DEM was imported into the Terrain Analysis System (TAS)waifte developed biindsay(2009.
For each resolution DEM (TG 1.52, 3.05, 6.10 m, NCFMP 6.10 833 10 m) covering each
study site, four different depression-removal algorittangilable 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 thBlanchon and Darbou2001) method (PD).

4. Breach All Depressions, using “slow breaching”(SBjgger 1998.

5. Constrained Breaching (CBWartz and Garbrechfi998 Lindsay and Creed2005.


http://www.ncfloodmaps.com
http://seamless.usgs.gov
http://seamless.usgs.gov
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6. Impact Reduction Approach (IRA)ihdsay and Creed®009.

7. Export DEM to ASCII format.

8. Import ASCII DEM into ArcMap

A fth method of depression removal is contained within thalf-automated Arc Hydro stream
network delineation tool in ArcMap, and makes use the ofnaples described bipark (1988.
This method was applied to each of the ve DEMs for each of time 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 usirgg Tarrain Analysis Using
Digital Elevation Models (TAUDEM) software developed bgrboton(1997. TAUDEM was se-
lected over Arc Hydro due to the limitations of the Arc Hydamk to only the D8 ow direction
algorithm which has been shown to be inappropriate for usbencomputation of accurate ow
paths.(D 1 ) is part of the TAUDEM stream extraction tool. Another tooAAES-G, used to gen-
erate most of the common ow routing procedures was evatbated was deemed not useful for
this project as the size of the DEM used as the input is limiteti600 cells, a prohibitive feature

where some of the DEMs used in this analysis exceed 6,00@€l30Gallant and Wilson1996.

6.4.6.1 TAUDEM

A useful feature of TAUDEM is the ability to generate “pusktbn” stream networks by
specifying an input DEM and all depression-removal, owing, and channel determination steps
are performed. Additional procedures allow the user to ggaea stream network upstream of a
speci ed outlet, thereby reducing computing time. Howeasrwe were substituting the depression-

treated DEM normally generated with TAUDEM with each of tfegenerated 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 createingle-pixel wide

network).

2. D8and(D1 ) ow accumulations.

3. Network characterization (stream order and length) asmd network raster.

4. River network raster to polyline feature class.

Several popular methods of channel initiation determamaéire available in TAUDEM. The object
of this stage of the research is to determine the horizomtlracy of stream networks extracted
from DEMs. Use of DEMs to determine the factors that most @nae the point of channel initiation
cannot be accurately determined without rst establishimg DEM parameters most appropriate
for accurately representing stream networks. Channéiinih analyses will be performed during
future research. Therefore a contributing area threshmichber of DEM cells owing to a point
that represent the breakpoint between divergent ow andegent ow) was selected that insured
that generated streams would extend well past the GPSy&ehatream origins in order to capture
the entire network. This procedure was repeated for eachec?® depressionless DEMs for each
study site. This resulted in 20 TAUDEM stream networks focleaite with generated stream

segments only corresponding to surveyed stream segments.

6.4.6.2 Arc Hydro

Finally, in order to benchmark the performance of TAUDEMeatn networks were ex-
tracted using the “push button” automatic delineationdfesabf Arc Hydro for each DEM block (TG
1.52, 3.05, 6.10 m, NCFMP 6.10m, and USGS 10 m) resulting @Avc Hydro stream networks

for each site. Figuré.2 shows the steps performed in the entire process.



164

%&%
1"#$ #3$

I |

&
N

Figure 6.2: Flowchart showing major steps in DEM acquisitimterpolation, conditioning, and
extraction process.

Each of the 25 generated stream networks per study site waraatty pruned to remove
streams that were generated by the automatic delineatamegs but did not exist in reality as de-
termined by the GPS survey. This eliminated the potentiatife multiple-ring buffer to be drawn
around an arti cial stream segment that was within a shastagice of a true segment and conse-
quently in ating the accuracy percentages. The followirmgtpprocessing 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 pwitit distance class (automated with

script).

3. Record results in a table.

6.4.7 Accuracy Determination

Assessing the horizontal accuracy of the mapped streammelsaby determining the dis-
tance of the GPS stream-channel points from each of the #&5eatit DEM-derived stream networks
for each study site by Euclidean distance was problemagdalthe uncertainty in the GPS data and
the relation of each GPS point to the corresponding stregmeets. The estimated post processed
accuracy of the GPS dataset was calculated to be less tham, Gl@wvever, some dif culties were
encountered in determining the stream segment from whiahei@sure the distance to a GPS point
where a point was either equidistant from two stream linesas closer to a stream with different
segment ID. For example, a GPS point associated with segidewian fall closer to stream seg-
ment 10, and the distance would be incorrectly measured fromitiStead of 1D, or the map does
not depict that segment at all. Furthermore, stream deloretools draw the stream lines through
the center of the DEM pixel, therefore it is impossible to swea the true distance of the GPS points
from the modeled stream line

To determine the horizontal accuracy of the stream netwdekseated from the 25 “ex-
periments” multiple-ring buffers were drawn around eaclhhef 25 extracted stream networks for
each study site. The GPS stream channel survey points ofstadh site were merged with the
25 multiple buffer ring polygon feature classes resultim@5 point feature classes containing GPS
co-ordinates, unique identi er of the GPS point, and whiciffér-width class (from the respective

modeled stream segment) the GPS point occurred in. Thednegof the percentage of GPS points
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in each width class, for each of the 25 experiments, was decto a table.

Width classes used were: 1.52, 3.05, 4.57, 6.10, 7.62, 9487, 12.19, 13.72, 15.24,
16.76, 18.29, 19.81, 21.34, 22.86, 24.38, and 304.80 m (8,30, 25, 30, 35, 40, 45, 50, 55, 60,
65, 70, 75, 80, and 1000 ft). Initially width classes of 3.65,0, 9.14, 12.19, 15.24 and 304.80 m
were used for testing the horizontal accuracy of publistiezhsn maps (Chapter 5). For comparing
the horizontal accuracy of the DEM-derived experimentaasn maps, the number of buffer width
classes was increased and the width of the classes was sltlieaorder to establish the accuracy
in meters at the 90% con dence interval for each datasetchvhias not possible with the number
of width classes used in the analysis in Chapter 5. The mimrbuffer width used should not be
less than the cell size (pixel resolution) of the DEM used dtingate the stream network. The
minimum buffer width used to assess extraction performaB@b m (3.05 m on either side of the
line), represents the cell size of the DEMs used by the NCFBAFO(m). Stream network accuracy
was assessed by the percentage of GPS points within 3.05hm sfream line for each dataset.

In Figure6.3 an example is shown where ve buffers of incrementing dgistaare drawn
around a mapped stream (dashed line). GPS stream-channg& faots) for an actual stream
segment are shown to occur in each of the buffers. Here, 29@8P& occur in the 3.05 m buffer-
width class, which is 76% of the total (38) GPS points in thpwation. Therefore the accuracy of
this stream segment would be reported as “76%”. Map accuoadihe con dence band at which
there is a 90% probability that the mapped channel accyrptetrays the real channel, is reported
in meters. Here, the 90% threshold is reached at 6.10 mateosher words, 35 out of 38 GPS
points occur within 6.10 m of the mapped stream, or this sire@ap portrays the real stream to
within 6.10 meters of its real position at 90% accuracy. Tovarat this gure for each experiment,
each buffer-width class was attributed with the percentdd&PS points within the population that
occur in that buffer-width class, and the rst buffer-widthass containing equal to or more than

90% of the GPS points was labeled with the 90% accurate ioriter
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Figure 6.3: Example showing GPS points within each of a seriduffers 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 testecaviPython script in
Arcinfo to determine the speci ¢ parameters needed to jrutkite the most topologically correct
DEM. For each input parameter (roughness penalty, diserete factor, and vertical standard er-
ror), the range of possible values tested was from 0 to 2 psst€0.1. During the testing of each

parameter, the values of the remaining two parameters veéte their default values:
1. Roughness penalty: 1
2. Discrete error factor: 0.1
3. Vertical standard error: O

Figure6.4 shows one result for the interpolation test for the John€tounty site. The output DEM
is 6.10 m resolution. All plots show several vertical linds@sults. For example, Figui@4(b)
shows a distinct vertical line at discrete error factor = Inudnber of points are vertically clustered
in the 26 to 28% range, with another cluster at the 18 to 20%eakVith discrete error factor set
to 1, the range of roughness penalty from O to 1 results inrac@s ranging from 26 to 28%. This
exempli es the inter-dependence of all three parametetspological accuracy of the output DEM.
Unfortunately, a more comprehensive test investigatiegodgrmutations 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 patamvalues on percent of GPS points
3.05 m from a mapped channel, Johnston County site: roughpesalty (a), discrete error factor
(b), vertical standard error (c) and, 3-way plot of all paedens (d).

Table 6.2 summarizes the combination of TOPOGRID input parametexsrésulted in
the most topologically correct 6.05 m DEM, evaluated baseohuhe 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 | Discrete er-| Vertical percentage

penalty ror factor standard of GPS

error points 3.05

m from a
mapped
channel
JC 0.05 1 0.25 29.48%
wcC 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 accuradypiexedures was recorded as
the percentage of GPS points within each of the buffer distarlasses for each study site. The
benchmark for accuracy was the percentage of GPS pointg@i®5 m of a mapped stream line.
This number represents the grid cell resolution of the DEMdiphed by the NCFMP, 6.10 m. This
section reports the individual results for each study sitdditionally, the mean accuracy of each
treatment (depression removal method) was determineddak {DEM) and the mean accuracy of
each block by treatment was determined to show the in uehatedepression conditioning method

and source DEM have on the accuracy of extracted stream retviay each study site.

6.5.3 Coastal Plain

In Appendix6.10 Table 6.19 the percentage of GPS points occurring within 3.05 m of

either side of a mapped stream line are shown for each treatwi¢hin block. At the end of
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Table 6.19 the mean results of all treatments by block, then block bgttnent are given. The
mean results show small differences among the depressinaval methods but larger differences
among the DEM sources. Little difference in stream line zmmtal accuracy occurs between the
TG interpolated 1.52 and 3.05 m resolution DEMs. Figbugshows the mean percentage of GPS
points 3.05 m from 50 mapped channels extracted in the Addata, with effect of DEM treatment

(Figure6.5 (a)) and block (Figur®.5 (b)) on means.
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Figure 6.5: Mean percentage of GPS points 3.05 m from all @gpreams 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 ambodg@iession removal proce-
dures. These tended to occur mostly in wetland and swampyg arigh extremely dense understory
vegetation. In these cases, all mapped stream segmentsalwesst identical in their placement.

Figure6.6 shows the worst instance of horizontal error at the JohrStmmty study site.
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Figure 6.6: Sensitivity of depression-removal methodsaband swampy terrain on a 1.52 m reso-
lution DEM interpolated with ANUDEM: a) Arc Hydro and conained breaching and b) Planchon
and Darboux, slow breaching, and impact reduction apptoach

The displacement shown in Figuée6 was not limited to the 1.52 m DEM interpolated
with ANUDEM. Figure6.7 shows that all DEMs exhibited the same tendency when tredtbdhe
IRA method, the most accurate for this site. This type of reocxurred several times throughout
the Johnston County study site experiments, and the lacafithe horizontally inaccurate stream

segments was consistent throughout all of the block anthies# results.
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Figure 6.7: Streams extracted from DEMSs treated with impadtiction approach: a) 3.05 m reso-
lution DEM and USGS 10 m DEM and b) 6.10 m resolution DEM and IMPFDEM.

6.5.3.2 Wayne County Site

Figure 6.8 shows the results of some depression-removal methods wieurtering
a large man-made obstacle in low-relief terrain at the Wastndy site. A two-lane road on an
elevated road bed crosses the main channel and a largetdracubsert conveys the channel under
the road. The road bed traverses the oodplain for approteigal50 meters. The CB and PD
treatments raised the elevations of the oodplain upstre&the road to the same elevation as the
road, and the SB and IRA treatments carved a channel thrinvegtoad bed. In this case, however,
stream lines extracted from DEMSs treated with all of the depion-removal methods failed to
route ow through the exact location of the culvert. In faal, DEM treatments routed the stream

approximately 75 meters north of the culvert.
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Figure 6.8: Comparison of depression-removal methodswtiedng a man-made obstacle on a
3.05 m resolution DEM interpolated with ANUDEM, Wayne CoyritiC: a) constrained breaching,
b) impact reduction approach, c) Planchon and Darboux, astbal breaching.
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In Figure6.9 more obvious differences are apparent in how the depressianval meth-
ods treat a large swamp and beaver pond complex. The daprebisig and D8 ow direction
procedures in AH create straight and parallel ow lines whihe stream network extracted from
the DEM treated with SB comes fairly close to the GPS pointthefsurveyed stream channel.
Similarly, the CB treatment also created parallel ow lirig did achieve closer accuracy than AH,

and in the extent shown in this example, the CB and IRA-tceBEM stream segments are almost

exactly alike in positioning.
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Figure 6.9: Comparison of depression-removal methodsweniedng a beaver pond and swamp
complex on a 3.05 m resolution DEM interpolated with ANUDEWayne County, NC: a) slow
breaching and Arc Hydro and b) constrained breaching anddétmeduction approach.
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6.5.4 Carolina Slate Belt

Block and treatment means of percentage of GPS point 3.05mn érmapped stream in
the Carolina Slate Belt were notably higher than for the @dd&ain sites. Tablé.20shows that
differences (by treatment) of GPS points occurring withid63m of either side of a mapped stream
line peaked by as much as 12% (ER 1.52 m). Streams generatgfAld consistently had the
worst accuracy. Block means show an increase in streantigooaiccuracy with a decrease in DEM
resolution, with the exception of the Eno River site, whéeeghift from 3.05 m to 1.52 m resolution
netted a decrease in accuracy. Figerg0shows the mean results of the mean percentage of GPS
points 3.05 m from 75 mapped channels in the Carolina Slale Bith effect of DEM treatment

(Figure6.10(a)) and block (Figur&.10(b)) on means.
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Figure 6.10: Mean percentage of GPS points 3.05 m from allp@dstream 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 chavashighest for streams
extracted from DEMs treated with the SB depression-remavaithod. The CB, IRA and PD
depression-removal methods exhibited nominal accuratylewhe fully-automated Arc Hydro
stream extraction process exhibited the poorest strearhbnzontal accuracy for the interpolated
DEMs, yet performed better than the PD method for the NCFMPW@8GS DEMs. Stream lines
extracted from the sites located within the Carolina Slagk &id not exhibit the same type of gross
horizontal differences shown in the Coastal Plain res&tgher, the presence of man-made obstruc-
tions introduced gross horizontal errors that exempli éfedences among the depression-removal
procedures. Figuré.11shows the horizontal error precipitated by a road crosdiegstream. In
this example, a deeply-incised stream channel, 3 m in widtis through a large-diameter culvert
under a road, also 3 m in width. The roadbed [l extends forragpnately 30 m across the stream
ood plain. The stream segments in the extent shown areickrfor the CB and PD methods.

In Figure6.12the effects of the depression-removal methods are illigstrdn Figures.12
(a), a higher-elevation road bed is discernible running-e&st, with the upstream inlet to a cul-
vert (same as shown in Figufell) denoted as a white cross. The SB and IRA DEM treatments
(Figure6.12(b) and (c) correctly carve a channel through the road be@ OB and PD methods
(Figure6.12(a) and (d) merely raise the elevations of the pixels upstrefthe road bed to be
equal to the highest elevation of the road. The road surlaepproximately two meters above the
channel bottom, therefore a large number of pixels had #evations raised upstream in order to

remove the depression.
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Figure 6.11: Sensitivity of depression-removal methoda krge man-made obstruction (culvert)
at the Timberlake site on a 1.52 m resolution DEM interpalatith ANUDEM: a) slow breaching,

constrained breaching, and Planchon and Darboux and b) ydaoo-and impact reduction approach



179

O O
Legend o Legend o
® GPS Point ® GPS Point
+  Culvert o +  Culvert o
] O
O O
O _ 00 O _ 00
o © o
O O
0° 0°
O O
O O
C CC—— — C CC—— —
a) b)
O O
Legend Legend
O O
® GPS Point ® GPS Point
+  Culvert o +  Culvert o
O O
O O
O _ 00 O _ 00
o © o o
O O
0° 0°
O O
O O
C CC—— — C CC—— —
c) d)

Figure 6.12: Timberlake DEM showing affects of depressimmoval methods on 1.52 m resolution
DEM: a) constrained breaching, b) impact reduction apgrpagslow breaching and d) Planchon

and Darboux.
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6.5.4.2 Eno

Results of the stream extraction experiments for the EnemRR38tate Park site differed
signi cantly from the Timberlake results. Variation betarethe depression-removal methods was
almost nil. The biggest departure from the trend, howesdhe accuracy of streams extracted from
DEMs of various resolutions created with ANUDEM. The 3.05ewalution DEM (65.85% of GPS
points within 3.05 m of a mapped channel) performed bettan the higher resolution 1.52 m DEM
(63.32% of GPS points within 3.05 m of a mapped channel).a8tseextracted from the USGS and
NCFMP DEMs had the lowest accuracy of all datasets for thes (Jiable6.20). For each block,
streams extracted from DEMSs conditioned with the ve depi@s-removal methods were, for the

most part, nearly identical.

6.5.4.3 Northwest Durham

Streams extracted from the Northwest Durham site DEMs diginaw the same types of
errors when encountering man-made obstacles as the dbensntioned previously. There were
however, horizontal differences in the placement of strehannels between depression-removal
methods. Figurés.13 (a) shows the rather straight ow paths generated by AH anikzbnotally
inaccurate ow paths extracted from a DEM treated with CBgufe 6.13 (b) shows the DEMs
treated with IRA and SB (almost identical) most accuratedynd surveyed channels, while the
DEM treated with PD also exhibits horizontally inaccurateeam channel location in the extent
shown in the example. This phenomena was only repeated amone isolated section of the
entire Northwest Durham stream network, immediately @astr of the mouth of the watershed.
Table6.20shows little difference in the mean results of the ve depres-removal methods (42-

44%).



181

Legend 3 o \
S A e GPS Points A
— IRA
Arc Hydro !
Slow Breaching
...... Constrained

----- Planchon

|:| Depression |:| Depression

.
-----

012525

0 12525 50 75 50 75

00 0
Meters Meters

a) b)

Figure 6.13: Comparison of depression-removal methodsealNbrthwest Durham site on a 1.52
m resolution DEM interpolated with ANUDEM: a) Arc Hydro andrstrained breaching and b)
impact reduction approach, Planchon and Darboux, and sleaching.

The greatest effect on the accuracy of stream network pasitas DEM resolution. In
the example shown in Figui&14 as DEM resolution is shown to decrease, the ability of th& IR
method to carve a discernible channel through the oodpfmultaneously decreases. DEMs
obtained from the USGS and NCFMP achieved 30 and 37% (régglgttaccuracy. When interpo-
lating a 6.10 m DEM (same resolution as NCFMP DEM) with TG, élseuracy achieved is 45%.
Interpolating to ner resolutions (3.05 m, 1.52 m) achie@/®accuracy, with no discernible dis-
tinction between 3.05 and 1.52 m resolution stream netwaorable6.20shows 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 tedion approach DEM treatment to
“carve” a channel at the Northwest Durham study site: a) 152G, 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 wigrawch smaller than the
watersheds surveyed in other physiographic regions. @ilgi these three sites were not intended
to be part of the survey dataset. Several other unrelatgdgbsorequired a GPS survey of the
headwater streams at these sites, all located in NC stdts, @and their close proximity made them
ideal for the development of the stream mapping mobile GBesy. However, mean results shown
in Table6.21 conform to the trend of little difference among treatmenid a greater difference
among blocks. Select examples show stream networks estdirficm the three TG interpolated
DEMs treated with the CB, IRA, and SB depression-removahaat show nearly identical stream
positions, while stream networks extracted from NCFMP 6ril@nd USGS 10 m DEMs exhibit
noticeable differences in their placement. Fig@ré5shows mean percentages of GPS points 3.05
m from 75 mapped channel extracted in the Northern Outemived, with effect of DEM treatment

(Figure6.15(a)) and block (Figuré.15(b)) on the means.
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Figure 6.15: Mean percentage of GPS points 3.05 m from alp@astream in the Northern Outer
Piedmont by (a) treatment and (b) block.



184

6.5.5.1 Falls Lake

The percentage of GPS points within 3.05 m of a mapped chatriké Falls Lake site
varied very little among depression-removal methods, iren§rom 55 to 58% of the total GPS
dataset within that distance class. However, the differgiiit stream line horizontal accuracy among
source DEMs was signi cant, with the USGS 10 m DEM achievib§®@accuracy, the NCFMP 6.10
m DEM 60% accuracy, and no perceptible gain in accuracy ke TG interpolated 3.05 m and
1.52 m DEM (70% accuracy). Figuel6(a) shows little horizontal difference among stream lines
extracted from TG interpolated DEMs conditioned with théAlRethod. Figure5.16 (b) shows
a much more detectable difference in horizontal accuracstri|am 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 treaté@t iwnpact reduction approach: a)
IRA 1.52, 3.05, and 6.10 m and b) USGS 10 m and NCFMP 6.10 m.



185

6.5.5.2 Schenck Forest

Differences among stream network positions derived froniviBEonditioned with the
ve depression-removal methods were quite small for theefck Forest site. Notably, accuracy
of stream network position was almost identical for all T&ipolated DEMs at the 1.52 and 3.05
m resolution (62%) with the exception of the TG 3.05 m resoluDEM processed with Arc Hy-
dro, which achieved 60% accuracy. DEMs conditioned withRie depression removal method
and stream networks extracted using AH achieved slighttjebeesults than the CB, IRA, and
SB methods. Figuré.17 (a) shows little horizontal difference among stream lingsaeted from
TG interpolated DEMs conditioned with the SB method. Figbu®7 (b) shows a much more de-
tectable difference in horizontal accuracy in stream liedsacted from USGS and NCFMP DEMs

conditioned with the SB method.
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Figure 6.17: Comparison of various Schenck Forest DEMdddewith 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 fromMSHEreated with the ve
depression-removal methods were quite small for the Urdsi¢ate Park site. DEMs treated with
the PD depression-removal method and stream networksceedrasing AH achieved marginally
better results than the CB, IRA, and SB methods. Signi carthe block (DEM) differences is the
fact that NCFMP 6.10 m DEMs treated with all depression restovethods achieved near-identical
mean horizontal accuracy of stream networks compared tetkatracted from TG interpolated
3.05 m DEMs. Figure5.18 (a) shows little horizontal difference among stream lingsaeted
from TG interpolated DEMs treated with the CB method. Fig@r&8 (b) shows a moderately
more detectable difference in horizontal accuracy in striae 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¥E#s treated with constrained
breaching: a) IRA 1.52, 3.05, and 6.10 m and b) USGS 10 m andWNZT&.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 Ridg¢hifisadue to travel costs
to that part of NC. Tablé.22shows the stream line accuracy difference among depressiooval
methods to be less than one percent. Accuracy of stream riepasitions extracted from the ve
source DEMs, however, exhibited slightly different resntith a two percent difference among the
streams extracted from the TG-interpolated DEMs. The NCBMP m resolution DEM produced
only marginally worse results, while the USGS 10 DEM only megh an average of seven percent
of stream lines within 3.05 m of a GPS point. Fig@d9shows mean percentage of GPS points
3.05 m from 25 mapped channels extracted in the Eastern BtigeeRRoothills, with effect of DEM

treatment (Figuré.19(a)) and block (Figur®&.19(b)) on means.
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Figure 6.19: Mean percentage of GPS points 3.05 m from allpe@stream in the Eastern Blue
Ridge Foothills by (a) treatment and (b) block.

One error encountered at this site is shown at the centegaf&®.20 In Figure6.20(a),

both the SB and IRA methods incorrectly enforce drainagelirb2 m resolution DEM toward the
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northern edge of the remnants of a relic slope failure. Iufe®.20 (b), the SB-treated NCFMP
6.10 m DEM is shown to correctly enforce drainage throughsitngthern side of the debris pile,

while the IRA-treated DEM places the channel in the samdilmtas the 1.52 m DEM.
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Figure 6.20: Comparison of slow breaching treatment on t&dblocks 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 nGS®EM. All other DEM
blocks showed a normal trend of decreasing percentage offeiP& as the buffer distance class
increased. Stream networks extracted from the USGS 10 m DieMever, showed a at trend
(equal percentage of GPS points in each buffer distance)aldth a large spike in the percentage

of GPS points occurring over 300 m from a mapped channel (Eig@1).
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Figure 6.21: Trend line showing percentage of GPS pointaah éuffer 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 Se@&ibsuggest that there are differ-
ences between DEM sources (block effect) and depressioovedmmethods (treatment). Statistical
analysis of the results show the degree of difference betwesults and what, if any, of the dif-
ferences are statistically signi cant. Results are evalddy EPA Level IV Ecoregion, in order to

detect the effect of variability among physiographic pnmés on fully automated stream mapping.
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6.6.1 Interaction Effects of DEM Source and Depression Renval Method

Block and treatment effects are shown in Figér@2 summarized by EPA Level IV
Ecoregion. In Figur&.22(a) and Figures.22(d) , the legend shows the 3.05 m DEM interpolated
with TG for the Rolling Coastal Plain and the Eastern Bluedridroothills at the top. This is
because there is one data point within each (Coastal Pl&m3.05 m, IRA, Blue Ridge Foothills:
TG 3.05 m, SB) that exceed the accuracy of other treatmenigirblock.

The interaction plots “appear” to be generally parallel andgest that there is no inter-
action effect (combination of DEM and depression removathoe) on percentage of GPS points
3.05 m from a mapped stream channel. An ANOVA test for intissads not possible due to the
lack of degrees of freedom (Tablés3through6.6) 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 treati{depression-removal method on stream
extracted from blocks (DEM source). (a) Johnston and Waymen€y sites, (b) Falls Lake, Schenck,
and Umstead sites, (c) Eno River, Northwest Durham, and &iitake sites and, (d) White Mountain
Site.

Table 6.3: Rolling Coastal Plain ANOVA table (Interaction)

Df SumSgq MeanSq Fvalue PBrF)
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 (Interacjion

Df SumSgq MeanSq Fvalue PBrF)

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 SumSgq MeanSq Fvalue PBrF)

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 (Intian).

Df SumSg MeanSq Fvalue PrE)

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 differencasthe ve DEMs used
and the ve depression removal methods used to treat thodd<DEThe null hypothesis tested
was: there is no difference in the mean percentage of GP$sp®id5 m from a mapped channel
extracted from the combination of DEMs and depression-kainmethods. Results of two-way
ANOVA show that there is a signi cant difference betweendddDEM) means for all Ecoregions
(p 0.001). There are some minor difference among treatmentbsrieathe Coastal Plain results
(p = 0.004, Tableés.7) and the Carolina Slate Belt (p = 0.02, Tal#i€®). However, it is obvious
that the choice of DEM used when delineating stream netwloaksa signi cantly greater effect on

stream network accuracy than does depression-removaboheth
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Table 6.7: Rolling Coastal Plain ANOVA table.

Df Sum Sq Mean Sq Fvalue PBrF)
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 SumSg Mean Sq Fvalue Prf)
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 Sgq Mean Sq Fvalue PBrf)
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 SumSg Mean Sq Fvalue Prf)
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, pairwtgemparisons of all treatment
means within each Ecoregion were computed using Tukey'sbktbnSigni cantly Different (HSD)
test. Results of the Tukey's HSD tests on mean percentagd8f iints 3.05 m from a mapped

channel (by depression-removal method) show the followiggi cant differences atp 0.1:

1. Coastal Plain (Tabl6.11)



(a) Slow Breaching and Arc Hydro (p =.007)
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(b) Impact Reduction Approach and Arc Hydro (p = 0.003)

(c) Constrained Breaching and Arc Hydro (p = 0.06)

2. Northern Outer Piedmont (Tabel12

(@) No signi cant differences

3. Carolina Slate Belt (Table.13

(a) Slow Breaching and Arc Hydro (p =.03)

(b) Impact Reduction Approach and Arc Hydro (p = 0.02)

4. Eastern Blue Ridge Foothills (Tak®el4)

(a) No signi cant difference

Table 6.11: Tukey's HSD test: Rolling Coastal Plain, treatitrmeans.

diff Iwr 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




Table 6.12: Tukey's HSD test: Northern Outer Piedmont,ttnesmt means.

diff Iwr 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, treatimeeans.

diff Iwr 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 Foothitesatment means.

diff Iwr 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
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Figures6.5and6.10both show the Arc Hydro method to have the lowest mean peagent
of GPS points within 3.05 m of a mapped channel, and the Také®D test implies that the impact

reduction approach and slow breaching methods are sugeriter ning ow through depressions.

6.6.4 Differences Among DEM Sources

When analyzing block (DEM) effect, Tukey's HSD test showsrthare signi cant dif-
ferences among most block means except for the DEMs cregt¢idebANUDEM 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 argnsicantly higher than those ex-
tracted from USGS and NCFMP DEMs (p0.001), and the mean percentage of GPS points 3.05 m
from a mapped channel extracted from NCFMP DEMs are signitlyahigher than those extracted
from USGS DEMs (p 0.001, Table$.15through6.18. There is little horizontal accuracy gain

in stream networks extracted from 1.52 m DEMs over 3.05 m DEMs



Table 6.15: Tukey's HSD test: Rolling Coastal Plain, blockans.

diff Iwr 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
TG3.05m-TG1.52m 0.0048 0.0224 0.0128 0.9149
TG 6.10m-TG1.52m 0.0233 0.0409 0.0056 0.0072
USGS10m-TG 1.52m 0.1860 0.2037 0.1684 0.0000
TG 6.10m-TG3.05m 0.0184 0.0361 0.0008 0.0380
USGS 10 m-TG3.05m 0.1812 0.1988 0.1636 0.0000
USGS 10 m-TG 6.10m 0.1628 0.1804 0.1451 0.0000

Table 6.16: Tukey's HSD test:

Northern Outer Piedmont, blmeans.

diff Iwr 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
TG3.05m-TG1.52m 0.0077 0.0186 0.0032 0.2373
TG 6.10m-TG1.52m 0.0364 0.0473 0.0255 0.0000
USGS 10 m-TG 1.562m 0.4113 0.4222 0.4004 0.0000
TG 6.10m-TG3.05m 0.0286 0.0395 0.0177 0.0000
USGS 10 m-TG 3.05m 0.4035 0.4144 0.3926 0.0000
USGS 10 m-TG 6.10m 0.3749 0.3858 0.3640 0.0000

Table 6.17: Tukey's HSD test: Carolina Slate Belt, block nea

diff Iwr 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
TG3.05m-TG1.52m 0.0112 0.0352 0.0128 0.6179
TG6.10m-TG1.52m 0.0814 0.1054 0.0574 0.0000
USGS10m-TG 1.52m 0.3510 0.3750 0.3270 0.0000
TG 6.10m-TG3.05m 0.0702 0.0942 0.0462 0.0000
USGS 10 m-TG3.05m 0.3398 0.3638 0.3158 0.0000
USGS 10 m-TG 6.10m 0.2696 0.2936 0.2456 0.0000
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Table 6.18: Tukey's HSD test: Eastern Blue Ridge Foothillsck means.

diff Iwr 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
TG3.05m-TG1.52m 0.0020 0.0155 0.0115 0.9908
TG 6.10m-TG1.52m 0.0158 0.0294 0.0023 0.0178
USGS 10 m-TG 1.562m 0.4152 0.4287 0.4017 0.0000
TG 6.10m-TG3.05m 0.0139 0.0274 0.0003 0.0430
USGS 10 m-TG 3.05m 0.4132 0.4267 0.3997 0.0000
USGS 10 m-TG 6.10m 0.3993 0.4129 0.3858 0.0000

6.7 Discussion
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Five methods of removing spurious depressions from DEMwested on two publicly

available DEMs (NCFMP 6.10 m and USGS 10 m resolution) aneeti’EMs interpolated using

ANUDEM (1.52, 3.05, and 6.10 m resolution). This resulte@inconditioned DEMs for each of 9

study sites in 4 Ecoregions. Results were evaluated in tefrtiee planimetric accuracy of stream

networks extracted from each of the DEMs compared to stream&yed with GPS at each study

site. Stream network accuracy was tested by determiningehsentage of GPS points occurring

within a series of buffers created around each stream nkp&od the criteria for success was the

DEM source and depression-removal method combinationréisadted in the greatest percentage

of GPS points occurring within 3.05 m of a mapped stream sagae6.10 m wide zone centered

on the stream line).

6.7.1 Block (DEM) Effect

Numerous gures and tables presented in Sediiditlearly show that DEM source has a

profound effect on the accuracy of stream networks extdgcten them. Appendi®.10 Table6.25
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lists the buffer widths for each study site, block, and tresit at which 90% of all GPS points occur.
This can also be interpreted as the accuracy, in meters, afftieydar experiment. A value of 6.10
indicates that the stream line dataset depicts streamsnvétihO 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 rdsmi have been shown to
be inadequate for use in automated stream mapping wherrmagwution DEMs are available. Ini-
tially, the USGS DEMSs were reprojected to a State Plane)(feejection using a nearest-neighbor
re-sampling scheme; streams extracted from these DEMs susg@ciously inaccurate, and sev-
eral extracted streams exhibited obvious horizontal shifhe USGS DEMs were re-downloaded
and reprojected to State Plane (feet) using a cubic re-sagnplethod (http://seamless.usgs.gov/
website/seamless/fag/ndaq.asp$#Stwentyseven and the accuracy results were different from
those of the rst attempt, but no better. Appen@idQ Table6.24lists the mean accuracy of streams
extracted from USGS DEMs as lower than most published magalaother DEMs, and Appendix
6.10 Table6.25shows that streams extracted from USGS DEMs have lower lbee@uracy (as

indicated by the larger buffer distance classes) than da#rer block result.

6.7.1.2 NCFMP 6.10 m DEMs

Digital elevation models provided by the NCFMP which areatee from TINs (which are
created from LiDAR elevation mass points), are better th&®S DEMs at representing true stream
position but also less capable than DEMs interpolated fiwgnsame source data with ANUDEM.
Appendix6.10 Table6.24show the mean accuracy of streams extracted from NCFMP DEMs t
better than all USGS DEMs and some published stream map#\@rehdix6.10 Table6.25show

that the 90% con dence band of streams extracted from NCFNEHMB 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 parameteusé in the
ArcMap “TOPOGRID” tool, an interface for ANUDEM, that resih the interpolated DEM that is
best for extracting stream networks for each study sitel€lal2). There was no “magic number”
input parameter that worked best within each physiograptgton, as parameters for roughness
penalty varied quite widely for the Coastal Plain and veitgtandard error of 0.2 (ft) tended to be
the best for most of the study sites.

Interestingly, the criteria for accuracy described in #&c6.4.4.1list 3.05 m accuracy
higher for the Wayne County study site (Tal@le?) than the accuracy's reported for TG 6.10 m
DEMs listed in Appendi6.1Q, Table6.24 This is due to the fact that the script used to establish the
ideal parameters often generated short streams (segmditt) resulted in additional multiple-ring
buffers being drawn around them, therefore causing GP3gtmibe counted in a small buffer class
whereas they may have been counted in a larger buffer cldss.amomaly was not detected until
after this part of the analysis had been performed. The wh@leedure described in Sectiérb.1
took, on average, 20 hours to compute on a relatively faspcoen.

Streams extracted from DEMs interpolated from LIDAR paigvation data using the
interpolation tool developed byutchinson(1989 were more horizontally accurate than streams
extracted from USGS and NCFMP DEMSs, and more accurate theanss depicted on USGS topo-
graphic maps, NRCS soil maps, NCFMP surface water linescandty GIS databases (Appendix
6.1Q Table6.24). Streams extracted from this class of DEMs also had namr®@% con dence
bands (90% of GPS points within a narrower buffer) than dig etiher dataset (Appendi&.10,
Table6.25.

Section6.6.2reports that DEM source (NCFMP, TG, and USGS) and resolytios2,
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3.05, and 6.10 m) has a signi cant effect on the horizontaluaacy of stream networks extracted
from DEMs. However, Appendi®.10 Table 6.25 shows that there is little increase in overall
accuracy when using streams extracted from 1.52 m DEMs vetseams extracted from 3.05 m
DEMs, as indicated by the nearly identical 90% con dencedssfor all study sites and treatments
for the 1.52 and 3.05 m DEMs. The implication here is thatehslittle accuracy to be gained by
increasing DEM resolution to 1.52 m from 3.05 m at the costoonputing 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 oastreetworks extracted from
DEMs are less detectable, with the overall differences betwall treatment methods being sta-
tistically insigni cant. Several examples were shown tdamonstrated that depression-removal
methods incorporating a pure breaching procedure routettoaugh depressions more accurately
than do sink- lling based methods. The sink-removal methmoglemented with Arc HydroNark,
1988, the lling method described bylanchon and Darbouf2001), and constrained breaching
method Lindsay and Creed®005 Martz and GarbrechtLl998 all tended to raise all upslope pixel
elevations (Il) to the highest elevation of the depressioall. Slow breachingRieger 1998 and
the impact reduction approachifdsay and Creed2005 both performed equally well when en-
countering man-made obstacles such as culverts by “cdrainfparly distinct channel through the
higher elevation pixels.

These observations substantiate the results presentéadisay and Cree®005, which
reported that lling methods altered the most DEMs cellsadese of the large number of pixel
elevations that must be modi ed to raise depression elenab the elevation of the downslope de-
pression lip, and that breaching and the impact reductipnoggh altered the least amount of DEM

cells. Lindsay and Cree2005 also concluded that depression lling, the most commordedi
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method, is the worst choice of DEM conditioning methods imitg of number of cells modi ed,
and that constrained breaching also performed poorly imsannere two-cell breach channels were
smaller than the depression.

Unfortunately, the mean percentage of GPS points occuwitign 3.05 m of a mapped
stream does not adequately support selection of one depressnoval method over another in
terms of statistical signi cance. The small difference raarily due to the percentage of GPS
points that were recorded along a stream segment owingutiita natural (real) or DEM artifact
depression.

Appendix6.10 Table6.23shows the number and size of depressions in the pre-treatmen
DEMs, and the percentage of GPS points surveyed within ttegessions. However, study sites in
the Coastal Plain and the Carolina Slate Belt show greateeptages of GPS points in depressions
than do the Eastern Blue Ridge Foothills and the NorthereCRiedmont, explaining why the only
detectable treatment differences occurred in the Coaksted 8nd Carolina Slate Belt results.

With the exception of the USGS 10 m DEM, there is a clear tremaatd greater number
and total area of depressions with an increase in DEM raealufThis introduces the possibility
that the percentage of GPS points that are in a depressiowiéimd 3.05 m of a mapped stream
channel from a SB or IRA conditioned DEM is not signi cantlyegiter than the percentage of GPS
points that are in a depression and within 3.05 m of a mappedratchannel from a AH, CB, or
PD conditioned DEM. This small difference is not readily apmnt in a statistical summary of a
dataset containing over 300 points. The increasing numb@gmressions with decreasing cell size
corroborates the ndings byZ@ndbergen2006, however, contradicts ndings in the same research

that show increasing cell size results in an increase iregeedepression area.
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6.7.3 Comparison to Published Stream Maps

In Chapter 5, the horizontal accuracy of published streamsnveas compared to sur-
veyed streams using the same accuracy assessment degti@maion5.3.7 Two analyses were
performed, overall accuracy of the stream network depiotethe map compared to all surveyed
streams, and accuracy of those stream segments with anaasdosurveyed stream. In the rst
comparison, maps not showing streams that were surveyesipeealized for accuracy, as the per-
centage of GPS points within 3.05 m from a mapped streameimgetd to be a small portion of the
total number of GPS points, which included GPS points of mestyorder streams not shown on
the map. The second comparison only compared like streatdst streams shown on the map and
surveyed with GPS, which was an assessment of strictly thedmtal accuracy of the published
stream map and not its completeness. Tékiddshows the results of the accuracy of four published
stream maps (using the second accuracy comparison didaissee) and the accuracy of all stream

networks extracted from ve DEMSs, each treated with ve degsion-removal methods.

6.7.3.1 NCFMP Surface Water Lines

It is important to note that: 1) creating DEMs from LiDAR TIN8quires operator in-
tervention and thus incurs great cost; 2) The method of odgitermination for a NCFMP surface
water line is when 259 ha of drainage area has been reaclyeddiess of the visible extent of the
stream on aerial photography; and 3), the results shown @FMP surface water lines are only
counting GPS points that occur within 3.05 m of a surface mlate, and not those GPS points of
eld surveyed streams that are not mapped by the NCFMP. Agigeti10 Table6.24 shows that
the horizontal accuracy of NCFMP surface water lines is moeler than the DEM based meth-
ods. Figure6.23(a) and (c) show an example of speci ¢ locations where gross és exhibited
by the NCFMP surface water lines when compared with the stneatworks extracted from the

NCFMP 6.10 m DEM treated with the IRA depression-removalhoét In both instances, the seg-
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ment shown is in an area of densely vegetated wetland anéibpamd complexes. Figu&23(b)

shows an instance where the NCFMP surface water lines éxshipérior accuracy when superim-
posed on a map of the GPS points, yet its overall effectiversediminished by the missed stream
segment captured by the DEM streamline. Finally, Figu3 (d) shows an instance where oper-
ator intervention successfully routed an arti cial pathaiigh 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 t@astreegments extracted from TG 3.05

m resolution DEM treated with impact reduction approach.yiWéa(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 ato#bgraphy analysis, which
explains why soil map streams are more accurate in some, aneels as low-relief wetlands, as
depicted in Figures.24 Here, the soil map stream segments, while lacking real@tiuosity,
comes closer to the GPS points along several stream segthantdo 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 BMDreated with impact
reduction approach stream networks, Johnston County sitely

Surprisingly, horizontal accuracy of soil map streams tsdo¢han the accuracy of streams

extracted from all TG DEMs (1.52 m, 3.05 m, 6.10 m resolutimn¥he Johnston County study site.
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6.7.3.3 National Hydrography Dataset

Flowlines depicted in the National Hydrography Dataset INivere horizontally more
accurate than streams extracted from USGS 10 m DEMs withxtep&on of study sites located
in the Northern Outer Piedmont and two sites in the Carolilate®Belt. Flowlines are obtained by
scanning USGS 1:24,000 topographic maps, and an examplgross horizontal error is shown in
Figure5.1 This type of error is found throughout NC on USGS topographaps and is discussed
in Section5.2 Figure6.25shows NHD owlines closer to GPS survey points than streamedi
extracted from the USGS 10 m DEM treated with Arc Hydro andst@mned breaching at the

Johnston County study site.
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Figure 6.25: Comparison of NHD owlines and TG 1.52 m DEM texh with Arc Hydro and
constrained breaching stream networks, Johnston Courdy site.
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6.7.3.4 County GIS Streams

Wake County, NC (Northern Outer Piedmont study sites) Gi€asts are compatible to
streams extracted from TG interpolated DEMs and better M@rRMP and USGS DEMs. Wake
County GIS streams were created using mass points derigatdfrl,200 scale aerial photography
and operator assistance in stream placement, therefoseastiating the claim that streams derived
from a combination of TIN elevation models and manual plaeenof stream origins is superior
in accuracy, but at a cost that is prohibitive to most usesiritig accurate stream networks. Fig-
ure 6.26 shows the placement of the Wake County stream lines clositetGPS points than the

stream lines extracted from the TG 1.52 m DEM treated withiriygact reduction approach.
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Figure 6.26: Comparison of Wake County GIS stream lines @ad..-62 m DEM treated with the
impact reduction approach stream networks, Umstead SaakesRudy site.
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6.8 Conclusion

This evaluation of the feasibility of generating streanwak maps which are more accu-
rate then the currently-available map products analyzéthimpters resulted in several signi cant

ndings:

1. Digital elevation models provided by the USGS do not aatmly represent terrain, in par-
ticular, the accurate location of valley bottoms which cohthe transition from divergent
ow to convergent ow. This is evident by the low accuracy dfesam networks derived from

USGS DEMs.

2. Digital elevation models created by converting TIN digierrain models (DTMSs) represent
terrain at a high level of detail, but the manual process firemg slope-direction changes in
the TIN with breaklines may be in uencing the locations ofleg bottoms, as evident by the
greater accuracy for streams extracted from the interpadl&t10 m resolution DEMs, which
is superior to the accuracy of streams extracted from 6.18solution DEMs provided by

the North Carolina Flood Plain Mapping Program.

3. Creating DEMs “in-house” with ANUDEM results in the mosirlzontally accurate stream

networks, however, the following caveats apply:

(a) There is little gain in accuracy by using 1.52 m DEMs coragdo 3.05 m DEMs

(b) There is a physiographic effect on the accuracy of DEMEMS interpolated in the
Coastal Plain exhibited less topological accuracy than BEiterpolated in the North-
ern Outer Piedmont, which in turn, exhibited more topolafiaccuracy than DEMs
interpolated in the Eastern Blue Ridge Foothills and theolta Slate Belt. This could
be attributed to: 1) the lack of relief in the Rolling Coad®din will magnify an error

(the difference between the LIDAR elevation and true elewtacross a great distance,
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and 2) the (more) rugged terrain of the Carolina Slate Bealttae Eastern Blue Ridge
foothills result in many LiDAR elevation points being maplpen a slope aspect that is
facing away from the aircraft ight path, which results inegiter uncertainty in the ele-
vations reported by these points than elevations repostgmbimts from at surfaces or
slope aspects that face the ight path of the scanning dirc@ver-lapping ight paths
are meant to eliminate the second issue but ight path dateiged by the NCFMP did
not provide the information necessary to establish therraEdéach LIiDAR point and

its relationship between slope aspect, scan angle, and pgthn.

4. There was little detectable difference in the in uencatttiepression-removal methods have

on the accuracy of stream networks extracted from treated$)Bowever:

(a) DEM treatment with methods that “breach” a owpath thgbua depression appear to
perform better than methods that “ [I” depressions, as ewnidby the examples shown,
with nominally higher results in stream network accuragyd&Ms treated with “breach-

ing” methods.

(b) The lack of statistically signi cant differences in sam network accuracies delineated
using DEMs treated with ve depression-removal methods padly in uenced by the
number and size of depressions (artifact and natural) ibtakls, which increased as

DEM resolution increased.

Furthermore, the use of “black box” GIS software platforrastsas ArcMap reveal de-
ciencies in the algorithms they employ in the manipulatiohDEMs. It has been shown that
the horizontal accuracy of streams extracted from DEMs arsitive to the ow-direction and
depression-removal methods applied during DEM processtiegs. The D8 ow-direction deter-
mination method which only establishes eight possiblectivas of ow,has been long determined

to be inappropriate for use in detailed hydrologic analysisrthermore, the depression-removal
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method packaged with ArcMap is based upon the rst one eveeldped Mark, 1988. Thank-
fully, many free GIS tools developed by the user communigyaaailable that work within ArcMap
and provide a work-around to these problems. For exampgeTehrain Analysis Software devel-
oped byLindsay (2005 provided the greatest number of terrain-based calculat{over 100) and
was the fastest and most stable software evaluated forrbjiscp (e.g., TAS performed depression-
removal three times as fast as ArcMap).

Future research possibilities based upon the resultsofdésearch are numerous:

1. The location and extent of natural depressions and theiemce on interpolated-DEM ac-
curacy is unknown. It is possible to attribute LIDAR poingetions with information about
whether that point occurs in a natural depression. Varigivleothing and tension parameters
in several popular interpolation methods such as splinke t&itsion can be easily modi ed to
account for this information, and the output surface candpesséed accordingly to reduce the

number of artifact depressions introduced during the jratiation process.

2. This research focused on a limited nhumber of geographieas, predominantly the Neuse
River Basin, NC, where the LIDAR posting density is less thtam LIDAR posting density
obtained in subsequent data-acquisition efforts in oth@rrNer basins. The in uence of
DEM interpolation parameters and the size and numbers ofalaand artifact depressions
may change with the density of the input data used to intatpadhe DEMSs, as well as the
accuracy of NCFMP 6.10 m DEMs created from TINs. This needsetmvestigated further
within each geographic region in which LIDAR data were ottiéel under different environ-

ments.

3. The low number of study sites within the Neuse River Beaaul the single site in the Yadkin
River Basin detract from the con dence in the statisticahsuaries used to analyze the data.

Standard practices in experimental design suggest usinghaer of samples that suf ciently
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represents the population. By using the stream extractiethoads described here, an esti-
mate of the total length of stream networks within each pigrsiphic region and river basin
should be determined, and an appropriate length of streabrestested established. However,
this number is sure to be cost-prohibitive, given the cogaqfipping enough technicians to
perform the stream surveys in a timely manner and the legistivolved in accessing such

an extent of privately owned land.

4. The criteria used to determine the presence of a streanbasesl upon an administrative
de nition: a signi cant number of streams and stream segmemcountered during the eld
surveys did not meet this de nition, but were clearly coment ow paths. This resulted in an
undetermined channel length not being used in the computafistream network accuracy,
which would in uence engineering applications that inaduthe analysis of ephemeral storm
ow. Lack of knowledge of the location of the ephemeral chainhead prevents further
research in this project from determining the exact pointrafsition from divergent ow
to convergent ow using topological properties of DEMs. liidre projects evaluating the
extraction of stream networks from DEMs, the GPS positioheplemeral channel heads

should be recorded, even if the information is not of inteteshe evaluating institution.
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6.10 Appendix



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)

NCFMP 6.10 m (IRA)
NCFMP 6.10 m (Constrained)
NCFMP 6.10 m (Arc Hydro)

NCFMP 6.10 m (Slow Breaching 22.89%
25.43%

25.14% | 24.10%

25.72% | 27.70%
24.86% | 22.89%

USGS 10 m (Planchon)
USGS 10 m (Slow Breaching)
USGS 10 m (IRA)

USGS 10 m (Constrained)
USGS 10 m (Arc Hydro)

14.46%

13.58%
13.58%
13.87% | 15.06%
13.58% | 15.06%

TG 1.52 m (Planchon)

TG 1.52 m (Slow Breaching)
TG 1.52 m (IRA)

TG 1.52 m (Constrained)
TG 1.52 m (Arc Hydro)

28.61%

37.35%
38.55%
39.16%
26.88% | 34.94%

TG 3.05 m (Planchon)

TG 3.05 m (Slow Breaching)
TG 3.05 m (IRA)

TG 3.05 m (Constrained)
TG 3.05 m (Arc Hydro)

27.46%
29.48%

28.03% | 36.14%
28.03% | 33.73%

TG 6.10 m (Planchon)

TG 6.10 m (Slow Breaching)
TG 6.10 m (IRA)

TG 6.10 m (Constrained)
TG 6.10 m (Arc Hydro)

23.99% | 34.94%
25.43%

24.57% | 38.55%
23.12% | 33.73%

Mean Planchon
Mean Slow Breaching
Mean IRA

23.70% | 30.72%
30.00%
30.36%

25.03%

Mean USGS 10 m
Mean TG 1.52 m
Mean TG 3.05m
Mean TG 6.10 m

Mean Constrained 24.22%
Mean Arc Hydro 23.24% | 27.35%
Mean NCFMP 6.10 m 25.49% 23.61%

14.16% | 13.13%

37.11%
37.35%

24.62%
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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 35.02% | 37.68%
NCFMP 6.10 m (IRA) 37.82% | 36.87%

NCFMP 6.10 m (Constrained)
NCFMP 6.10 m (Arc Hydro)

USGS 10 m (Planchon)
USGS 10 m (Slow Breaching)
USGS 10 m (IRA)

USGS 10 m (Constrained)
USGS 10 m (Arc Hydro)

21.45%
21.17%

21.45%
22.01%

TG 1.52 m (Planchon)

TG 1.52 m (Slow Breaching)
TG 1.52 m (IRA)

TG 1.52 m (Constrained)
TG 1.52 m (Arc Hydro)

TG 3.05 m (Planchon)

TG 3.05 m (Slow Breaching)
TG 3.05 m (IRA)

TG 3.05 m (Constrained)
TG 3.05 m (Arc Hydro)

TG 6.10 m (Planchon)

TG 6.10 m (Slow Breaching)
TG 6.10 m (IRA)

TG 6.10 m (Constrained)
TG 6.10 m (Arc Hydro)

Mean Planchon

63.87%
62.75%

36.41%

17.27%
16.36%
16.36%
16.36%

38.26%
36.89%
20.58%

20.29%
20.58%
47.83%

53.62%

62.46% | 53.00% | 46.67%
41.74% | 49.77% | 41.74%
50.69% | 43.19%

66.19%

66.19% | 53.00%

66.48% | 53.00% | 42.90%

65.33% | 49.31% | 37.39%
43.32% | 39.71%

53.01% | 46.08%

53.01% | 45.62% | 43.48%

53.30% 42.32%

53.87%

41.47%

36.81%

42.80%

38.43%

Mean Slow Breaching 48.25% | 43.69%

Mean IRA 48.42% | 43.59% | 42.08%
Mean Constrained 48.31% 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%

Mean TG 3.05 m
Mean TG 6.10 m

53.58%

51.98%

45.16%

43.36%
41.39%
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Table 6.21: Percentage of GPS points within 3.05 m of a mapped

channel, Northern Outer Piedmont

upP

Stream Map Data Set

NCFMP 6.10 m (Planchon)
NCFMP 6.10 m (Slow Breaching
NCFMP 6.10 m (IRA)

NCFMP 6.10 m (Constrained) | 59.17%
NCFMP 6.10 m (Arc Hydro)

58.62%
58.62%
58.62%
58.62%
59.11%

46.67%
46.67%
46.67%
46.67%

USGS 10 m (Planchon) 20.83%
USGS 10 m (Slow Breaching) 20.83%
USGS 10 m (IRA) 21.67%
USGS 10 m (Constrained)
USGS 10 m (Arc Hydro)

17.78% | 26.60%
26.60%
26.60%

26.60%

21.67%

TG 1.52 m (Planchon)

TG 1.52 m (Slow Breaching)
TG 1.52 m (IRA)

TG 1.52 m (Constrained)
TG 1.52 m (Arc Hydro)

68.33%

67.50% 59.11%

TG 3.05 m (Planchon)

TG 3.05 m (Slow Breaching)
TG 3.05 m (IRA) 58.13%
TG 3.05 m (Constrained) 68.33% 58.13%
TG 3.05 m (Arc Hydro) 66.67% | 60.00%

68.33% 58.13%

TG 6.10 m (Planchon) 64.17% | 60.00% | 57.14%
TG 6.10 m (Slow Breaching) 60.00% | 56.16%
TG 6.10 m (IRA) 60.00% | 56.65%
TG 6.10 m (Constrained) 57.78% | 57.14%

64.17%

TG 6.10 m (Arc Hydro) 58.33%

Mean Planchon 57.00% 52.88%
Mean Slow Breaching 57.83% | 50.67% | 52.49%
Mean IRA 50.67% | 52.51%
Mean Constrained 57.33% | 50.67% | 52.70%
Mean Arc Hydro 55.50%

Mean NCFMP 6.10 m 59.67% | 47.11% | 58.72%

Mean USGS 10 m
Mean TG 1.52m

Mean TG 3.05 m 68.67%
Mean TG 6.10 m 63.33%

24.83% | 24.00% | 29.86%

61.78% | 58.52%
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|jSISEREN
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)
USGS 10 m (IRA)

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)
TG 1.52 m (Constrained)
TG 1.52 m (Arc Hydro)

48.18%
48.18%

TG 3.05 m (Planchon)

TG 3.05 m (Slow Breaching)
TG 3.05 m (IRA)

TG 3.05 m (Constrained)

48.18%

48.18%

TG 3.05 m (Arc Hydro) 47.19%
TG 6.10 m (Planchon) 46.20%
TG 6.10 m (Slow Breaching) || EEN
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%




Table 6.23: Depression Analysis

Study Site DEM Number of| Area of | Number
Depressions| Depressions| of GPS
(m?) Points  in
Depressions
Eno TG152m | 72535 168468 14.90%
Eno TG3.05m | 19079 177249 17.77%
Eno TG6.10m | 4294 159570 12.03%
Eno NCFMP 3312 123077 4.01%
Eno USGS 1108 108994 3.45%
Falls TG152m | 3844 8297 19.17%
Falls TG3.05m | 1132 10516 18.33%
Falls TG6.10m | 249 9253 12.50%
Falls NCFMP 249 9253 12.50%
Falls USGS 13 1278 1.67%
Johnston TG 1.52m | 333040 773510 18.21%
Johnston TG3.05m | 81222 754577 16.76%
Johnston TG6.10m | 17802 661543 15.03%
Johnston NCFMP 12076 448758 12.72%
Johnston USGS 3549 349117 10.69%
Northwest | TG1.52m | 43353 100690 31.80%
Durham
Northwest | TG3.05m | 11459 106457 29.95%
Durham
Northwest | TG6.10m | 2574 95652 23.35%
Durham
Northwest NCFMP 2231 82906 19.35%
Durham
Northwest USGS 557 54792 12.44%
Durham
Schenck TG152m | 2084 4840 22.22%
Schenck TG3.05m | 639 5936 24.44%
Schenck TG6.10m | 129 4793 17.78%
Schenck NCFMP 96 3567 13.33%
Schenck USGS 80 7869 15.56%
Timberlake | TG 1.52m | 73780 171359 36.52%
Timberlake | TG 3.05m | 17912 166407 34.20%
Timberlake | TG 6.10m | 3157 117317 27.54%
Timberlake | NCFMP 3656 135861 22.32%
Timberlake | USGS 866 85188 14.20%
Umstead TG152m | 9910 23016 14.90%
Umstead TG3.05m | 2579 23959 12.89%

Continued on Next Page. ..
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Table 6.23 — Continued

Study Site DEM Number of| Area of | Number
Depressions| Depressions| of GPS
(m?) Points  in
Depressions
Umstead TG 6.10m | 497 18469 11.46%
Umstead NCFMP 330 12263 8.02%
Umstead USGS 47 4623 1.43%
Wayne TG 1.52m | 544278 1264127 51.81%
Wayne TG3.05m | 132067 1226942 46.39%
Wayne TG 6.10m | 30780 1143822 43.37%
Wayne NCFMP 34858 1295365 39.76%
Wayne USGS 11451 1126440 31.33%
White TG152m | 9568 22222 8.25%
White TG3.05m | 2791 25959 9.24%
White TG6.10m | 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 mappadnel, all stream lines

Stream Map Dataset| White Wayne Schenck | Falls Umstead | Northwest| Johnston | Timberlake | Eno
Durham

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 1.52m 63.32%
TG 3.05m 48.12% | 37.11% | 61.78% | 68.67% | 58.52% | 51.98%

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%nore
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
NCFMPIRA | 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
USGSIRA| 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 152 PLAN| 304.80| 16.76| 7.62 6.10 7.62| 9.14 13.72 13.72| 10.67
TG 1.52SB| 304.80| 16.76| 7.62 6.10 7.62| 9.14 10.67 13.72| 10.67
TG152IRA| 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
TG152AH| 304.80| 304.80| 7.62 6.10 9.14| 9.14 15.24 19.81| 10.67

TG 3.05PLAN| 304.80| 19.81| 7.62 6.10 9.14| 9.14 15.24 19.81| 10.67
TG 3.05SB| 304.80| 18.29| 7.62 6.10 9.14| 7.62 12.19 16.76| 10.67
TG3.05IRA| 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
TG3.05AH| 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 6.10SB| 304.80| 304.80| 7.62 6.10 9.14| 12.19 15.24 13.72| 10.67
TG6.10IRA| 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
TG6.10 AH| 304.80| 304.80| 10.67 6.10 9.14| 12.19 18.29 16.76| 12.19
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Chapter 7

Conclusion
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The ow of water is the critical variable that regulates atiti@cosystem characteristics
such as water temperature, channel geomorphology, andi@auma terrestrial biodivirsity Roff
et al, 1997. Variability in ephemeral, intermittent, and perennialv regimes have allowed aquatic
species to evolve around the timing of hydrologic cycléseenberg et g11996. Poff et al.(1997)
stated that: “Human alteration of ow regime changes thaldi&hed pattern of natural hydrologic
variation and disturbance, thereby altering habitat dyinarand creating new conditions to which
the native biota may be poorly adapted”. Government reiguiaiand administrative processes exist
to protect the ecological function of riverine ecosysteget, these are often established after the
fact, usually after some sort of environmental disastermiegni es the effect of human alteration
of the sensitive landscape. The reasoning behind wateityjuagjulations, however, soon fades
from memory as the pressures of the socio-economic characf@pulation expansion result in
steady march of parking lots and cul-de-sacs toward strdeannels. In highly-urbanized areas,
there is often no natural ecosystem left in which naturaldgical functions can occur except for
riparian corridors protected by lawliéyer et al, 2005. Classi cation of ow regimes in order to
de ne applicability of regulations that protect water gtiahnd interpretation of those classi cation
schemas is the greatest challenge faced by hydrologist emah@phologists Taylor and Stokes
2009.

Correct location of headwater streams shown on maps usediduaytists and decision
makers is of the utmost importance. In order to minimize thpdacts of human alteration such as
those discussed in Secti@rbon the ecological functions of streams reviewed in Se@idnNorth
Carolina has implemented a ow-regime classi cation systiat assists regulators in identifying
streams that are subject to protection (SeclBd). A key component of the North Carolina water-
quality protection legislation, however, is that a streanonly eligible for protection (under state
law) if it is shown to exist on either a USGS 1:24000 scale ¢gwpphic map or a NRCS soil map.

Both of these map products, while extremely useful for thppse of base-mapping or determining
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physical soil properties, have been shown to inadequatepjct the location and the extent of
headwater streams in North Carolina (Chap8asnd5).

In order to supplement decision maker's body of knowledge asere headwater streams
are “likely” to occur, this research investigated methodatineating streams from digital elevation
models (DEMSs). Using a technological solution that stréaed the collection of eld data (Chap-
ter 4), nine headwater catchments were surveyed throughoutNBatolina. The data collected
were used to assess the horizontal accuracy of stream®akelthfrom United States Geological
Survey (USGS) 10 m resolution DEMs and North Carolina FldaidpViapping 6.10 m resolution
DEMs. Digital elevation models were also interpolated gdifDAR elevation data, at 1.52, 3.05,
and 6.10 m resolutions. For each DEM and study site, ve degiom-removal methods were tested.

The result of measuring the distance of 2000 GPS points fr@nr2apped stream net-
works reveal that USGS and NCFMP DEMS do not possess thedmipal correctness required
to accurately delineate stream networks (Sec@dh4. Stream networks delineated from DEMs
created with an interpolation method that accounts for thar én LIDAR data and the variability
in terrain were signi cantly more accurate, yet there is seedinold of DEM resolution at which
little to no stream network horizontal accuracy is gainedc{®n 6.7.7). There was little to no
detectable difference in the in uence of depression-reamhonethods on stream network accuracy
(Section6.7.2), yet several examples show that “breaching” a depressionare favorable than
“lling” it (Figures 6.8, 6.11, and6.14).

The key point of these ndings is that there is a method of niragritical headwater
streams accurately using a combination of DEM interpofatisethods, depression-removal meth-
ods, and stream-delineation software that is cheaper ater fthan eld measurement or aerial-
photograph analysis. Those involved in a broad range o&reseand regulatory activities will nd

bene t in use of these methods to reliably locate stream assv
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One topic not covered by this research, however, and aargiep needed to establish
the most reliable method of stream network mapping using BES/etermining the origins of the
stream networks mapped using the methods described im8é&ci Critical to such hydrologic
engineering activities such as peak ow prediction, nutriend sediment deposition modeling, and
routing of containments entering the watershed is the coidenti cation of the channel head.
Continuation of this research will build upon the nding mped byHeine et al.(2004 and Mc-
Namara et al(2006, both of whom investigated the in uence of a broad rangeopbgraphic and

climatic parameters on channel-head initiation.
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