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surface conduits is apparent in comparisons of pre- and post-development stream maps. These results
suggest that topographic modification, in addition to impervious surfaces, contributes to altered
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Abstract

Urban development practices redistribute surfacesmnads through filling, grading, and

terracing, causing drastic changes to the geomogrianization of the landscape. Many studies
document the hydrologic, biologic, or geomorphiaseguences of urbanization using space-for-
time comparisons of disparate urban and rural lzequiss. However, no previous studies have
documented geomorphic changes from developmeng usittiple dates of high-resolution
topographic data at the watershed scale. This sttiliked a time series of five sequential Light
Detection and Ranging (LIDAR) derived digital eléea models (DEMS) to track watershed
geomorphic changes within two watersheds througleuelopment (2002-2008) and across
multiple spatial scales (0.01-1 KmDevelopment-induced changes were compared agains
undeveloped forested watershed during the sameptamied. Changes in elevations, slopes,
hypsometry, and surface flow pathways were tratkealighout the development process to
assess watershed geomorphic alterations. Resgliesuthat development produced an increase
in sharp topographic breaks between relativelysiafaces and steep slopes, replacing smoothly
varying hillslopes and leading to greater variatioslopes. Examinations of flowpath
distributions highlight systematic modificationsttiavor rapid convergence in unchanneled
upland areas. Evidence of channel additions iridiva of engineered surface conduits is
apparent in comparisons of pre- and post-developstezam maps. These results suggest that
topographic modification, in addition to imperviosisrfaces, contributes to altered hydrologic
dynamics observed in urban systems. This work lggtd important considerations for the use

of repeat LiDAR flights in analyzing watershed cbarthrough time. Novel methods introduced

here may allow improved understanding and targetitigation of the processes driving
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geomorphic changes during development and helgedutdre research directions for

development-based watershed studies.

Keywords: LIDAR time series; urbanization; land cover chandigital elevation models;

anthropogenic geomorphology; watershed

1. Introduction

At least one-third of the Earth’s continental sogfdnas undergone some form of anthropogenic
geomorphological activity (R6zsa, 2010). Of thesiviies, construction and urban
development stand out as ongoing and expandingesaigjeomorphic change characterized by
rapid, complex, and multiscalar processes. Throughdan development, extensive landscape
grading, leveling, and terracing can change thedomental organization of topography within a
watershed (Tenenbaum et al., 2006; Csima, 201@) clilrent ability to track, quantify, and
predict development-induced geomorphic changemdehed by insufficient data and reliance
on methodologies developed for traditional geomimrgtudies in natural settings (Djokic and
Maidment, 1991; Haff, 2003; Gironas et al., 2016z8%1, 2010; Szabo, 2010). High-resolution
topographic data, such as Light Detection and Ren@liiDAR), is required to resolve surface
flowpaths and visualize roads and other fine-stedéures in urban landscapes (Djokic and
Maidment, 1991; Tenenbaum et al., 2006; Huntet.e2@08; Gironas et al., 2010). Sequential
topographic data sets are needed to track andifyudna multiscalar (Bochis and Pitt, 2005;
Tenenbaum et al., 2006; Bochis, 2007) and tempovalliable (MDE, 2000; Dietz and Clausen,

2008) topographic changes throughout developmemstddies have utilized a high-resolution
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digital elevation model (DEM) time series to trggomorphic changes throughout the

development process.

The topographic footprint of development is visyaliriking on the ground and from the air,
highlighting large-scale landscaping carried ouirduinitial development phases (Csima,

2010). Final smoothing and regrading occurs ar fioales that are less immediately apparent in
topographic data, but are nonetheless importaniriderstanding surficial drainage and altered
geomorphic characteristics (MDE, 2000; Tenenbaual.e2006). How best to quantify such
topographic changes is unclear in terms of selgg@omorphic variables and spatial scales that
most effectively capture observed changes (Hafi32®Rbzsa, 2010). Topographic variables
such as slope, curvature, and their distributidettiree to watershed area play important roles in
sediment transport and erosion dynamics (Mooré,e1291; Montgomery and Foufoula-
Georgiou, 1993; James et al., 2007), channel foom#&Band, 1993; Montgomery and Foufoula-
Georgiou, 1993), and surface water — groundwatehanges (Beven and Kirkby, 1979; Moore
et al., 1991; Tenenbaum et al., 2006). Howevedogphic controls on hydrologic and
geomorphic processes may be altered in urban lapdsdecause of infrastructure (e.g., roads,
pipes) (Djokic and Maidment, 1991; Tenenbaum e28l06; Gironas et al., 2009; R6zsa, 2010;

Choi, 2012).

Five sequential LIDAR-derived DEMs spanning thealepment of two small, historically
agricultural watersheds were obtained to track gephic changes throughout development.
The goal of this study is to understand how andresigeomorphic changes manifest within these

watersheds and to understand their implicationsvidershed geomorphic and hydrologic
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processes prior to accounting for influences afnsteater infrastructure. The DEM coverage of
a third, forested reference watershed was useddk temporal variation not attributable to
development. This work will introduce a number ofrel methods for tracking temporal
geomorphic changes using sequential LIDAR DEMsitichighlight uniqgue geomorphic
signatures of the development process. Resuttisotudy will help guide ongoing research
efforts that focus on the coupled influence of gmaphy and infrastructure on watershed

function.

2. Site description

For this study, three watersheds in Montgomery Gguviaryland, within the Piedmont
Physiographic Province were examined. All threeensiteds are within the Mt. Airy Uplands
District, characterized by siltstones and quartzitb underlying crystalline bedrock consisting
of a phyllite/slate unit, with average annual ppé&eition of 106.4 cm (Reger and Cleaves, 2008;
Hogan et al.2612014). Soper Branch (forested control) drains an afea®4 knf with an
overall mean gradient of 13%. Land cover is preaamily classified as deciduous forest (~
85%) and small percentages of low-density housimhagriculture (6 and 9%, respectively)
(Hogan et al.2623014 Dr. J.V. Loperfido, USGS, oral communication,yJAD13). Tributaries
104 and 109 (T104 and T109, urbanizing) drain aofasl.2 and 0.9 kfwith mean gradients
of 11 and 8%, respectively. Tributaries 104 and di@historically agricultural watersheds that
underwent extensive suburban development from 20@3e present. Tributary 104 land use
shifted from 41% agriculture, 0.3% barren, 42% $6rand 17% urban in 2002 to 2%

agriculture, 15% barren, 19% forest, and 64% uib&008. Across the same time period, T109



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

changed from 64% agriculture, 1% barren, 25% foeesd 10% urban to 45% agriculture, 13%
barren, 25% forest, and 17% urban (Hogan eR&l2014). Both T104 and T109 were used in
analyses of development-induced geomorphic chahmsever, development in T109 was not
complete at the time of the last LIDAR flight, $eetfinal T109 DEM represents a different stage

of development than T104.

Tributaries 104 and 109 fall within the Clarksb&gecial Protection Area (CSPA, established in
1994) and are subject to development guidelinegestdctions (Maryland DEP, 2013). Broadly
speaking, the Special Protection Area designatientifies areas with high quality natural
resources and requires ongoing and future developprejects to implement best available
water quality and quantity protection measures.aiatiality and quantity measures often
exceed minimum local and state regulations andidfeckxtensive Best Management Practices
(BMPs) implementation during (sediment and erosiomntrols; S&EC) and after development
(stormwater management; SWM) (Hogan etz8132014). Each watershed has extensive storm
sewer (SS) infrastructure in addition to noted Baffl SWM structures. While SS infrastructure
likely plays a key role in dictating watershed tgldgy, the purpose of this study is to document
geomorphic changes and their hydrologic implicatiomdependent of SS influence. Ongoing
research will incorporate SS infrastructure toidgtish its effects from geomorphic impacts and

better account for watershed hydrologic dynamics.

3. Data description and methods
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Five sequential LIiDAR-derived 1-m bare-earth paiouds were collected at semiannual
intervals from 2002 to 2008 to track developmemtdiced topographic changes in T104 and
T109 and background topographic changes in SogerdBr Detailed LiDAR vendor,
instrumentation, and accuracy information are gtediby Jarnagin (2010). Building removal
and bare-earth point cloud filtering was perforrbgceach LIiDAR vendor utilizing proprietary
software, summarized in Table 1. Differences irebearth filtering algorithms used by different
vendors may have caused interpolated topograptiynafittered building footprints to vary
between dates. Therefore, topographic patternsmlithilding footprints may reflect filtering

artifacts and should be interpreted with a degfaencertainty.

Insert Table 1 near here.

LiDAR was collected as part of a larger monitoraftprt to track watershed changes throughout
development and to document development effectsaah resources through time (Jarnagin,
2008). Detailed comparisons between LIDAR spotatiens and field-surveyed elevations
across a range of slope, elevation, and land asse&s$ are reported by Gardina (2008) and
Jarnagin (2010). One-meter resolution DEMs weterjiolated from bare-earth point clouds
using the natural neighbor interpolation algorit®ibson, 1981). The DEMs were then
coarsened to 2-m horizontal resolution to smoothraduce noise in the interpolated
topography. All subsequent spatial analyses werspned using the interpolated 2-m DEMs

in ArcMap 9.3 (EsriESR| Redlands, CA).

! Any use of trade, firm, or product names is for idécdiion purposes only and does not imply endorséimgthe
U.S. Government.
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3.1. Elevation change

Differencing sequential DEMs has been used to eséireediment budgets, to identify nutrient
and sediment sources and sinks (Thoma et al., 2868)to track gully evolution through time
(Perroy et al., 2010). Raw difference calculatidrsyever, do not incorporate any estimate of
the error inherent across different DEMs or LiDA&dors (e.g., they imply that all observed
elevation differences are real). Further, LiDARgs®nN has been shown to vary across land
cover classes—with forest cover exhibiting the Istygrecision (Gardina, 2008; Jarnagin, 2010).
Therefore, comparisons of absolute elevation chastimates across differing land cover

classes may be misleading.

To correct for the inherent variability in elevatiestimates through time, DEM differences were
expressed as standard deviations (SD) throughditeailated for each pixel in each watershed

as

N
1
D= |= > - wp? )

i=year

whereN is the number of DEM years (8),is the elevation for a given pixelin yeari, andu is
the mean elevation of pixglacross the five DEM years. The distribution ofvatéon SDs in
Soper Branch was then used to quantify backgrolewéon variability in T104 and T109. The
SD distribution in Soper Branch was filtered tolaxe all known areas with recent
anthropogenic activities or structures to assueeadtbtribution of SDs were indicative of the

background signal. Any remaining non-zero SD ine@dgranch was assumed to be attributable
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to either natural causes or uncertainty in the LiDdata. Because of the decreased elevation
precision observed within forested pixels (e.grdBe, 2008; Jarnagin, 2010), the use of Soper
Branch to quantify background LiDAR variability wasconservative baseline for detecting
change in nonforest areas. To detect elevationgasaassociated with the development process,
resulting SD maps were classified based on theldision of SDs in Soper Branch, with an
additional class added to distinguish SD valuesidatof the range observed in Soper Branch.
Classes represent SD values less than or equs tad¢an, within three standard deviations of
the mean, and SD values greater than three staddaiaions from the mean. Any elevation
change above the maximum SD observed in Soper Biarassumed to be attributable to the

development process.

3.2. Sope change

The distribution of local slopes from before angatlevelopment in T104 were quantified and
classified to ranges relevant to landscape devetopihecisions described by Csima (2010;
Table 2). Each slope class in the pre-developnaentsicape provides an indication of the
relative development costs and earth-moving presticsed across the watershed. A
representative cross section was extracted for(g882) and post- (2008) development years to
highlight changes in the juxtaposition of high &md sloping areas and to differentiate spatial
patterns associated with modified and unmodifiesrMore broadly, changes in local terrain
created by reallocating and relocating slopes wepped using areal standard deviations of

slope within a 10 x 10 pixel square neighborhooewary focal pixek;. Comparison of maps
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resulting from pre- and post-development DEMs fairthighlighted changes in the variability of

local landscapes associated with development pescti

Insert Table 2 near here.

3.3. Hypsometric curves

Hypsometric curves represent the proportion of teksaed’s areaa(A) that is above a given
elevation (/H), providing a generalized approximation of hiljgtoshape within the watershed.
Traditionally, hypsometric curves have been usatisnussions of landscape evolution across
broad spatial extents (e.g., Strahler, 1957). Gtheties have found hypsometric curve shape
indicative of dominant erosional mechanisms (Had®80; Luo, 2000), hydrologic response
(Luo and Harlin, 2003), and infiltration dynamidsivoni et al., 2008). Hypsometric curves were
generated for each DEM year based on first-ordehogent and full watershed scales to
compare and contrast hillslope topographic altenstiat increasingly broader spatial extents.
Consistent boundaries were used for each yeastoathat any hypsometric variability through
time was attributable to topographic changes andaboundary shifts caused by topographic
modification along drainage divides. Hypsometricvess for each year were compared to assess
hillslope level changes through time. A map offileand excavation (DEMyos— DEMoo2) Was

also developed to help interpret hypsometric trends

3.4. Drainage network change

10
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Topographically based drainage network delineatiethods are widely used across a range of
land covers and climates. The most common appreaefeon threshold relationships of
derivative watershed properties (e.g., drainaga, alepe- —area relationship) to define
upslope channel extents (e.g., O’'Callaghan and M#84; Montgomery and Foufoula-
Georgiou, 1993). Other techniques utilize locabgmaphy to extract convergent drainage
features and stream heads directly (e.qg., planlpmirvature) but have seen much less dse
tebecause ohigher topographic data resolution required fatdee detection (Tribe, 1992;
Band, 1993; Tarboton and Ames, 2001, Lindsay, 208@&umber of threshold-type approaches
have been shown to provide reasonable approxingtibfield-surveyed channel networks
(extent and complexity) (Heine et al., 2004; Jasted., 2007; James and Hunt, 2010).
However, threshold-based methods are insufficientiétermining the location and occurrence
of artificial urban conduits (e.g., swales, guftevhose location is based on design

specifications, not physical processes (Gironas. e2010; Jankowfsky et al., 2012).

Topographic openness (a measure of tangential ttweyasee Yokoyama et al., 2002) was
employed to identify surface networks in the preadepment terrain of T104 and then applied
to the post-development terrain to compare sunfieé@ork changes. Topographic openness is
an angular relation of horizontal distance to weaitrelief, calculated from above
(positive/zenith) and below (negative/nadir) a aphic surface (DEM). For an andgess

tharx 90°, openness is equivalent to the internal aofyn inverted cone, its apex at the focal
DEM pixel, constrained by neighboring elevationghi a specified radial distance.
Topographic openness is more robust in identifgadace convexities and concavities than

commonly used profile and plan curvature (Yokoyahal., 2002) and has been successfully

11
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applied to LIDAR to identify convergent topograpiMolloy and Stepinski, 2007; Sofia et al.,
2011). Topographic openness was calculated usidg@Macro Language (AML) script

(written by M.E. BakerUMBC-2005 personal communicatip@003 that reproduces the
methods detailed in Yokoyama et al. (2002). The Adkiracts DEM values for all relevant cells
in a neighborhood set for each focal pixdldefined by stepwise increments of one pixel width
in each of eight azimuth directions until a specifsearch radius is reached; here we used 100
m) in a landscape. For each increment, the hatalistance from and elevation above the
focal pixel is calculated, and an arctan functionwerts opposite:adjacent ratios to angular
degrees. The AML tracks a running maximum and mimnh angle across each radial increment
and all smaller increments for all eight directioosnverts the resulting maxima and minima to
zenith and nadir angles, and computes the meaacbf @&cross all eight directions. Thus the
final openness values represent the averaged ognreasure for all eight azimuths across the

specified search radius.

Difference DEMs and orthomagery were used to identify detention basins@thdr potential
barriers to surface flow. Pre- and post-developriéi¥ls were filled to overcome internal
drainages (i.e5 pits)-) and then subtracted from unfilled DEMs to asséfsdiextents. Paths
were carved from detention basin low points tortet downslope pixel of equal or lesser
elevation outside of the filled zone. Where possibarved pathways followed detention basin
outlets identified from areal and ground surveys.ditempt was made to account for flowpaths
within internal drainage basins or subsurface @geninfrastructure. Straight-line pathways were

enforced for all unknown detention basin outl&tsw directions were calculated for each year

from the pit-resolved DEMs by enforcing drainageireach DEM pixel to the adjacent or

12



274 | diagonal pixel with the greatest drop in reliefg€&'Callaghan and Mark, 1988g-flow

275

276 | Mark—1984) Resulting flow direction surfaces were used to g@eedrainage networks and

277 | other derivative surfacem-whi

278 | generated
279
280 | To create a stream map, ortinoagery and hillshaded DEMs were overlain with opeEss grids
281 to determine the critical openness for identifyugface depressions in the pre-development
282 | T104 DEM. A negative openness (nadir) angle of 9desreesvas determined to sufficiently

283 | capture all visible surface depressions. All pialer above 915degreesvere identified, and

284  then connected using a D8-based accumulation apetatenforce downslope continuity from
285 each depression (Tarboton and Baker, 2008). Thdg@relopment stream map (as defined by
286  downslope accumulation of depression pixels) was thsted for agreement with the constant
287  drop law, which states that the mean elevation dapss channels within a given Strahler order
288  should not be significantly different from the medmop in the next higher order (Tarboton et al.,
289  1991). Incremental accumulation thresholds of degpom pixels were used to prune the pre-
290 development stream map until it satisfied the camtstirop law. The pre-development

291  accumulation threshold was then applied to the-gegelopment depression accumulation map
292 to define the post-development stream map. Prepastidevelopment stream maps were

293  overlain and compared to assess network changekl Wisits were also conducted to classify
294 | channels as either natural (defined banks, soedtbhd, evidence of ongoing or recent flow) or
295 artificial (e.g., swales, outflow pipes, rip rap).
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4. Results

Hillshades of each DEM year highlight the spatettgrn of surface modifications incrementally
throughout developmenEigareFig. 1). Initial large-scale resurfacing throughout wegershed

is clear in 2004 and 2006 hillshades, with urbasururban infrastructure distinguishable in the
terrain. Fine-scale grading and smoothing thatushress visually apparent in the LIiDAR
characterize late-stage development in 2006 anfl. 20dlley burial is evident in the western
portion of the watershed (see red arrowrgreFig. 1), replaced by a smooth upland housing
cluster and roadway. Mainstem valley form remairaddtively constant throughout the time

series, with little to no visual evidence of lateshannel movement.

Insert Figure 1 near here.

4.1. Elevation standard deviations

Pixelate elevation standard deviations (SD) catedlacross the five DEM years were
approximately normally distributed in Soper Bramdgth a mean of 0.063 m and a standard
deviation of 0.034 m, ranging from 0.602 0.870 m. Areas with temporal SDs greater than or
equal to three standard deviations of the watersiegh £ 0.163 m) were focused within
riparian zones at or near stream banks and ned&atiie outlet within a relatively flat and wide
floodplain areafigureFig. 2). Jarnagin (2010) reported similar LIiDAR erraighin densely
vegetated riparian zones in comparisons betweamdrtruth and LiDAR spot elevations

(absolute mean difference of 0.216 m with a stasthdawiation of 0.723 m and a maximum

14
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difference of 1.180 m). Moderately high SDs (0-8668.163 m) are also apparent on northeast
(NE) facing hillslopes. The temporal variation alveel onNE-NE-facing slopes was greater
than systematic errors reported for ground survelylaDAR-derived elevations, which

exhibited a mean absolute difference of ~ 0.05 ard@®a, 2008).

Elevation changes in T104 and T109 classified ¢odistribution of temporal SDs in Soper
Branch highlight large areas exhibiting substargial/ation changes greater than the variability
observed in forested controls. White areas in Tartet T109 signify temporal elevation SD
values that are above the maximum observed in S®aerch (> 0.870 m), encompassing
appreximately~ 24.4% and 9.9% of total watershed area, respegtiizéstinct patches of high
elevation variability are primarily located in démgment parcels evident in the post-
development hillshades (2008 panekigureFig. 1). High temporal variability (0.163-0.870 m)
is also apparent along the mainstem channel of ;Tdt4s less evident in T109. Relatively low
temporal SD values in the southern undevelopedagooadf T109 and within riparian zones in
T104 reflect magnitudes of temporal variability Banto those observed in Soper Branch. Such
heterogeneous distribution of elevation changeisistent with the observation that earth-

moving practices were not spatially uniform acrdeseloping parcels.

Insert Figure 2 here.

4.2. Jopes

15



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

The footprint of development is clearly distinguable from unmodified hillslopes in a visual
comparison of pre- and post-development slope rtiggsreFig. 3). Development created
abrupt slope changes in the landscape, replaciatively smooth topographic profiles (i.e., gray
boxes in inset). Moderate to high slope classei2@6) were present along roads, housing

parcels, and stormwater management features, dabpitise of bare-earth LIiDAR with

buildings removed by filtering. Valley infill is garent in the slope transect between p@nts - { Formatted: Font: Italic

andp at ~180 m with no evidence of the original valley sture in the post-development __— { Formatted: Font: Italic

ry

topography. High-frequency variation between loapsl and high slope features is evident in the

slope transect between 420 and 580 m across aogedesubdivision.

Insert Figure 3 here.

Areal slope standard deviations calculated usih@ & 10 pixel moving window show a marked
increase in the spatial variability of local slo@dues in post-development topograpkig@re
Fig. 4). The overall distribution of variation in locslbpes exhibited a positive shift from the
pre- (mean areal slope standard deviation of 2.326%) to post-development terrain (mean
areal slope standard deviation of 4.69 + 3&4 Highly variable slope zones in 2002 were
limited to riparian corridors and peisting development plots in the northern sectibm104.

By contrast, post-development slopes exhibit grdateal variation (i.e.bethsteeper and flatter

terrain in close proximity) associated with theding of subdivisions and road embankments.

Insert Figure 4 here.
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365  4.3. Hypsometry

366

367 Despite substantial topographic changes acrossdtershed visible in hillshades and slope
368 | maps representing different stages of developnmgpsometric changesie-tdowing to

369 development only manifest when observed acrosd sxtaints with relatively uniform, high
370 | magnitude surface changésgureFig. 5). Distinctly terraced hypsometric curves appaahe
371 end-development phase topography, mirroring alsigpte changes along roadways and
372 | surrounding housing parcels (see insets A andfegmreFig. 5). Valley infill in subwatershed

373 | A (see red arrow ifrigureFig. 1) created a sharp elevation gradient to the ranmaniparian

374 lowlands, reflected in the 2007 and 2008 hypsometrives. Terracing and leveling of upslope
375  transportation corridors also contribute to theased hypsometric form. Hypsometric trends of
376 | the larger subwatershed &nd at the full watershed scale (D) did not exhibtectable temporal
377 changes.

378

379  Insert Figure5 here.

380

381  4.4. Drainage network changes

382

383 | Substantial redistribution of overland flowpathgvwdent in comparisons of prand post-

384 | development flow direction gridsigureFig. 6). As with slope comparisons, the most drastic
385 changes in flow directions are focused along rogdveand within housing parcels. Small patches
386  of uniform flow directions mirroring housing anda footprints have replaced large, contiguous

387 patches of homogenous flow directions (i.e., patdlibw lines) on upland hillslopes. Fine-scale
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404

405
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407

408

409

410

variation in flow directions within relatively mimelevation change zones (see elevation change
inset inFigureFig. 6) are coupled with more dramatic modificationshiitdrainage features

and near infrastructure. As a result of theseatitans to the flow field, flow accumulation
distributions exhibited a negative shift, with aceation quartiles decreasing from 4, 11, and

29 pixels in 2002 to 1, 4, and 12 pixels in 200&tibutional shifts reflect drainage dissection
and the fragmented flow field apparenfigiureFig. 6 with small, locally convergent pathways

replacing large, contiguous, parallel flowpaths.

Insert figure 6 here.

A depression pixel (opennes®1.5°) accumulation threshold of three pixels feamd to

satisfy the constant drop criterion in the pre-digwement terrain of T104. The three-pixel
threshold was then applied to the post-developregrdin to evaluate surface network changes.
Comparisons of pre- and post-development drainageank structure in T104 indicate a net
gain in stream length of 4.25 km (~ 52% increabejughout the watersheigureFig. 7).
Additions were common along transportation infractinre as swales or gutters typical in this
watershed. Upslope extensions of existing charalstsoccurred extending beyondqapdsting
piped infrastructure at the apparent head of pueldpment drainage linegiget-Ain-Figure

Fig. 7A). Valley infill (see-subwatershediA-Figuresee Fig6A) caused the loss of a tributary
but was replaced by an artificial conduit that aled a nearby roadrsetBin-FigureFig. 7B).
Similar conduits are apparent on the eastern ditteeavatershed as welhet-Cin-FigureFig.

7C). No substantial changes were apparent in thest@inchannel as suggested by the near 1:1

overlap in pre- and post-development networks.
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Insert Figure 7 here.

5. Discussion

The growing footprint of development in T104 isaflg visible in the DEM hillshade time
series, with distinct earlyand late-stage development phases operating @uelsipatial scales
(FigureFig. 1). Large-scale cutting and filling to support migjdrastructure characterizes early
development, evident in the 2004 and 2006 hillskade contrast, fine-scale leveling and
grading of housing parcels characterize late-stigelopment (MDE, 2000). Fine-scaterth
mevingearth-movingpractices are less immediately apparent in hitlegebut are detectable in
derivative datasets, as this study has shown. Results show tlmmaphic changes associated
with urban development are significant and umiform; and could have implications for

management and conservation efforts.

Initial analysis of background elevation changesSoper Branch revealed naero standard
deviations focused on northea¥E) facing hillslopesand within riparian and floodplain areas
(FigureFig. 2). Increased variation on NE hillslopes may refféght paths taken during LIDAR
collection or possible aspect differences in vegetation aild. Slightly lower systematic errors
reported in Gardina (2008) were attributed in partmethods used to derive bare-earth point
clouds and in part to LIDAR system errori—is—likely—that-The NE artifactlikely is a
combination of vegetation and LIDAR system errdrsparian and floodplain variability in

Soper Branch can be attributed to LiDAR errors reggbby Jarnagin (2010). In comparisons
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between LIiDAR elevations anfikld-field-surveyed spot elevations, Jarnagin observed greater
LiDAR error in densely vegetated riparian zones andsteep slopes common around incised
channels. Distinguishing temporal variability ditriable to artifacts in the LIiDAR time series
was necessary before reaching any quantitativelusioos about topographic changes resulting

from development.

Elevation standard deviations classified to distislj background and development-induced
changes clearly show that earth moving in T104 Bh@O was nonetheless substantially greater
than background geomorphic changes observed inr Bspach. Magnitudes similar to temporal
standard deviations found in Soper Branch werergbdein T104 across pexisting housing
parcels and riparian zones left untouched to comyitlly riparian protection policies. Somewhat
higher variability observed along the mainstem dearin T104 may indicate subtle channel
shifts and bank erosion throughout the time pedesbpite attempts to insulate the channel from
the hydrologic and geomorphic effects of developméns—aAlso, pessible-thasome of the
observed elevation changes nmssiblyreflect artifacts produced by removing buildingsnfr
the raw LiDAR point clouds. Because of the progigtnature of the LIDAR processingswas
not-possible-teevaluainge the bare-earth detection algorithms used by the data prosides

not possibldor this study.

Surface changes throughout development in T104Ta08 altered slopes to support
infrastructure, enforce drainage, and promotetiafion. Comparison of pre- and post-
development slope maps in T104 shows a markedaseri high slope classes with

development as well as reallocation across sgagereFig. 3). High slope classes focused
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along transportation corridors and surroundingrttéa basins are likely to promote surface
drainage. Slopes leading toward streams in thel@velopment map appear to steepen with
development as well, likely reflecting upland filj and terracing. Stream burial is a frequently
cited phenomenon in urban watersheds (Leopold,e2@05; EImore and Kaushal, 2008; Roy et
al., 2009; Doyle and Bernhardt, 2011) and is apgare the western side of T104180 m in
transect inset dfigureFig. 3). However jtis-urelearwithout infrastructure design documerits

is difficult to determinavhether the stream is piped under its original flats or if it has been

redirected to flow alongside the nearbagirroad running north to south.

Regular shifts between high and low slopes withindvisions likely reflect housing parcels
(low slopes) separated by graded lawns and swhiglsef slopes) to promote drainagegi+e
Fig. 4). Low slopes within building footprints refledte building removal algorithm applied to
LiDAR point clouds to extract bare-earth pointsdugethis study to create DEMs. The spatial
distribution of high and low slopes in part congrthe spatial distribution of runoff generation
and infiltration zones (Beven and Kirkby, 1979; €abaum et al., 2006). Shifts in the spatial
pattern and magnitude of slopes may contributdtéoeml watershed processes including runoff

generation, nutrient and sediment transport, afdcewatergroundwatefvater — groundwater

exchanges.

Hypsometric trends within small subwatersheds ob4Tlppear to mirror aforementioned
steepening of valley walls with developmehigireFig. 5). Upland filling and grading further
exacerbates the disparity in elevations betweemdhenow-developed uplands and the riparian

lowlands. Redistribution of flowpaths at and arouraley infills likely altered surface and
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subsurface water exchanges, thus changing theidnattconnectivity of upland and lowland
areas. Dynamics are further complicated by stormmwatanagement infrastructure, such as
detention ponds and infiltration trenches, typicdticated between upland (development plots)
and lowland (riparian zone) areas to capture aedt toverland runoff before it enters local
streams (Montgomery County Planning Department4)19Bhus, riparian areas may no longer
be functionally connected to upland areas during ewents unless stormwater management

outfalls are triggered. Further research is reguiceinvestigate the nature of the altesedface

greuhdwatersurface — groundwateconnections. Lack of temporal trends in the larger
subwatershed topography or throughout the entitenslaed result from spatial averagiragd
may indicate a detection limit for tracking paraml block-level topographic change with

hypsometry.

Development caused a substantial reconfiguratioovefland flowpaths from large contiguous
areas of uniform directions to small, spatiallygireented patches={gure-Fig. 6). The non
random distribution of smaller patches mirrors hegdootprints, transportation corridors, and
stormwater management infrastructurand reflects landscape-engineering practices that
promote efficient collection and drainage of ovedaunoff FigureFig. 7). Adjacent pixels with
uniform directions indicate parallel flowpaths, whiwill not converge until a pixel with a
differing direction is encountered downslope (Ol@gthan and Mark, 1984). By introducing
heterogeneity into the flow direction surface, depment has created both more dissected
subbasins and increased opportunities for smallfédhs to converge. Increased convergence in
upland areas causes overland flow to reach modgtate accumulations more often and very

high accumulations more rarely than in the pre-tbgraent terrain. Decreased median &ret
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first-quartile values between 2002 and 2008 reflect timeigance of low accumulation pathways
with development. Such alterations are likely toenalative result of many site-specific efforts
to increase local water conveyance, but their catiud effect should also have implications for
patterns of soil moisture, variable source areasien, infiltration, and recharge (Beven and
Kirkby, 1979; Moore et al., 1991; Tenenbaum et 2006). To our knowledge, a geomorphic
driver of increased upland convergence in develojgedin has yet to be described in the
literature. Typically, pipes and impervious surfaege thought to be the causal agents of altered
runoff, nutrient, and sediment dynamics in urbanensheds (e.g., Paul and Meyer, 2001; Dietz
and Clausen, 2008; Roy et al., 2008). However, msults indicate that the geomorphic
modifications that occur with development are saifshl and could also contribute to altered

watershed functions.

Comparisons of pre- and post-development drainag@anks reveal channel additions through
engineered surface conduits (e.g., swales, cu)yentsl lossestue-taaused bwalley infill or

subsurface routingHgure-Fig. 7). Despite noted variability in elevations alorigeam banks,

only minor shifts were apparent in the mainstemT@bD4. Results of this study also raise
questions about what constitutes a channel in dmarurlandscape. Traditional channel
definitions, characterized by defined banks andesobedloads (Montgomery and Dietrich,
1989; Heine et al.,, 2004) exclude engineered serfam@nduits that become active during
precipitation events (Doyle and Bernhardt, 2011xcl&ding these artificial conduits and
subsurface stormwater pipes may unggresent the surficial connectivity of urban wsitexds.

Without infrastructure design documents, the truaindhge connectivity of the watershed is

unclear. Ongoing work will explore methods for inmporating subsurface drainage features into
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T104 network representations (e.g., Gironas et2809; Choi, 2012; Jankowfsky et al., 2012)
and determine how best to incorporate BMP infrattme into predicted network
representations. Nevertheless, this study indicate®verall increase in surface connectivity
with development independent of changes in impes/gurface cover or subsurface stormwater
infrastructure. Increased connectivity would resultfaster and larger storm peaks if left
unchecked by stormwater management infrastructliteerefore, considering geomorphic
changes in addition to impervious surface coveraiotp is important for remediation efforts in

urban areas.

6. Conclusions

This study has shown the utility of sequential LiRAlerived DEMs for tracking and

quantifying the geomorphic changes associated aatlelopment. Using a forested watershed as
a reference, background topographic variability eyaantified and differentiated from
development-induced topographic change. Utilizingtfand second-order topographic
derivatives, this study demonstrated that develaprmenerates increasingly disjointed hillslopes
characterized by abrupt slope changes separatinggdland areas. Temporal variation in
elevations, slopes, and hypsometric curves likehtributes to altered watershed functions, but
further research is required to understand thegioitance relative to stormwater infrastructure.
Substantial modification of overland flowpaths el in subtle changes to delineated network
structure, highlighting additions and losses topgteedevelopment network. This study’s ability
to detect natural and manmade ephemeral surfackitemrovides a more complete accounting

of watershed hydrologic connectivity. Better acdmgof upslope ephemeral channel
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extensions may help in designating areas for ptiotetn future development projects. The
geomorphic signal of increased landscape conveegand drainage density indicates more rapid
runoff generation and conveyance independent oéimpus surface cover or storm sewers. A
better understanding of how and where geomorpraa@es occur throughout development may
enable a better understanding of pollutant molitmaand retention processes. Ongoing work
seeks to incorporate known subsurface pipe and BiMietures into surface network

representations to understand watershed hydrotegmonse dynamics.

Results presented here raise important considasatoy temporal topographic studies. Standard
‘ topographic methods developed for use in largestiyjaonurban watersheds (e.g., DEM

differencing, hypsometry) have limited applicalyilior tracking urbanization unless summarized

across a relatively small extent. Additional reskds needed to gain a better understanding and

‘ to develop novel methods for tracking and quantifyimigan topographic modifications.
‘ 7-Acknowledgements

LiDAR funding provided in part by the U.S. Enviroemntal Protection Agency under contract
number EP-D-05-088 to Lockheed Martin. The U.S.iemmental Protection Agency through
its Office of Research and Development collaboraietie research described here. This
manuscript has been subjected to Agency reviewagpdoved for publication. This work would
not have been possible without the Clarksburg hatiegl Study Partnership, which includes the
U.S. Environmental Protection Agency Landscape &poBranch (USEPA LEB), Montgomery

County Department of Environmental Protection (DERg U.S. Geological Survey Eastern

25



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

Geographic Science Center (USGS EGSC), the UntyasBMaryland (UMD), and the
University of Maryland, Baltimore County (UMBC). Weould like to thank Adam Bentham
and one anonymous referee for providing constradgedback on our paper during the review

process.

8-References

Band, L.E., 1993. Extraction gEhannelnNetworks andFopographigParameters from <~~~ { Formatted: Line spacing: Double

)

dBigital eElevationdBata. In:<-J-Beven K.J., ara-M-IKirkby, M.J. (Editers=ds),
Channel Network Hydrology. WileyWew York, NY, pp. 13-42.

Beven, K.J.andKirkby, M.J., 1979. A physically based, variablentidbuting area model of
basin hydrology. Hydrological Sciences Bulletd(1): 43-69.

Bochis, E.C., 2007. Magnitude of impervious surfaiceurban areas. M.S. Thesis, University of

Alabama, Tuscaloosa, 165 pp.

Bochis, E.C.andPitt, R., 2005. Site development characteristicsformwater modeling In: <- **{Formatted: Line spacing: Double

)

78th Annual Water Environment Federation Technioagdosition and Conference,

Washington, D.C., October 29-NovembeM2Zashington, D.Cgp. 37.

Choi, Y., 2012. A new algorithm to calculate weigghflow-accumulation from a DEM by

considering surface and underground stormwateasiructure. Environmental

Modelling & Software 30(0-), 81-91.

26



594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

Csima, P., 2010. Urban development and anthropoggadmorphology. In}-SzaboJ.,

David, L.ard,B- Loczy, D. (Editers.), Anthropogenic Geomorphology: A Guide to Man-

Made Landforms. SpringeNew York, NY, pp. 179-187.

Dietz, M.E.,3ehn-CClausen,).C.,2008. Stormwater runoff and export changes with
development in a traditional and low impact sutslom. Journal of Environmental
Management8;: 7.

Djokic, D., ardMaidment, D.R., 1991. Terrain analysis for urbarrsivater modelling.
Hydrological ProcesseS(1)-), 115-124.

Doyle, M.W, ardBernhardt, E.S., 2011. What is a stream? Envirotah&tience &

Technology 45(2-=), 354-359.

- - {Formatted: Line spacing: Double

)

Elmore, A.J.anrdKaushal, S.S., 2008. Disappearing headwaters:rpatté stream burial due to

urbanization. Frontiers in Ecology and the Envirenin6(6)-), 308-312.

Gardina, V.J., 2008. Analysis of LIDAR data forvial geomorphic change detection at a small

Maryland streamMasterofSeience-dil.S. ThesisCivil Engineering, University of
Maryland, College ParlGellegePark156 pp.

Gironas, J., Niemann, J.D., Roesner, L.A., RodriguezafkdAndrieu, H., 2009. A morpho-
climatic instantaneous unit hydrograph model fdraur catchments based on the
kinematic wave approximation. Journal of Hydrolp8Y7-, 317-334.

Gironas, J., Niemann, J.D., Roesner, L.A., RodriguezakdAndrieu, H., 2010. Evaluation

of

methods for representing urban terrain in stormiatedeling. Journal of Hydrologic

Engineeringl5(1); +41-14

27



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

Haff, P.K., 2003. NeogeomorphologytedictierPrediction and the Anthropic
landseapkandscapeAmerican Geophysical Union, Washington, DC, ETATSIS, 12
pPp.

Harlin, J.M., 1980. The effect of precipitation iadaility on drainage basin morphometry.
American Journal of Scienc280(8-), 812-825.

Heine, R.A., Lant, C.L.andSengupta, R.R., 2004. Development and comparisapmioaches
for automated mapping of stream channel networksiafs of the Association of
American Geographer84(3:-), 477-490.

Hogan, D.M., Jarnagin, S.T., Loperfido, J.¥adVan Ness, K.20432014 Mitigating the
Effectseffectsof Landseapdandscapdevelopmentievelopmenbn Streamsstreamsn
UrbanizingurbanizingWatershedwatershedsJournal of the American Water Resources
Association50(1), 163-178

Hunter, N.M., Bates, P.D., Neelz, S., Pender, @laMieva, I., Wright, N.G., Liang, D.,
Falconer, R.A., Lin, B., Waller, S., Crossley, AakdMason, D.C., 2008.
Benchmarking 2D hydraulic models for urban floodiRgoceedings of the ICE - Water
Managementl61(2+), 13-30.

James, L.A., Hunt, K.J., 2010. The LiDAR-side oati&ater streams mapping channel networks

with high-resolution topographic data. Southeast@&eographer 50(4), 523-539.

James, L.A., Watson, D.GardHansen, W.F., 2007. Using LiDAR data to map guliied

headwater streams under forest canopy: South GardliSA. Catenarl:-, 132-144.

28



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

Jankowfsky, S., Branger, F., Braud, ., GironasadeRodriguez, F., 2012. Comparison of
catchment and network delineation approaches irpt®asuburban environments:
application to the Chaudanne catchment, Francerdiygical Processesdoi:
10.1002/hyp.9506.

Jarnagin, S.T., 2008. Collaborative research: stileav, urban riparian zones, BMPs, and
impervious surfaces. U.S. Environmental Protecfigency, Washington, D.C.,
EPA/600/F-08/001.

Jarnagin, S.T., 2010. Using repeated LIDAR to atter&ze topographic changes in riparian
areas and stream channel morphology in areas widgrgrban development: An
accuracy assessment guide for local watershed reemdd.S. Environmental Protection
Agency, Washington, D.C., EPA/600/R-10/120167.

Leopold, L.B., Huppman, RardMiller, A.J., 2005. Geomorphic effects of urbaniaatin
forty-one years of observation. Proceedings ofimerican Philosophical Society
149(3:), 349-371.

Lindsay, J.B., 2006. Sensitivity of channel mapg&chniques to uncertainty in digital elevation
data. International Journal of Geographical InfaforaScience20(6:-), 669-692.

Luo, W., 2000. Quantifying groundwater-sapping Fanchs with a hypsometric technique.
Journal of Geophysical Research: PlanEi®(EL:-), 1685-1694.

Luo, W, andHarlin, J.M, 2003. A theoretical travel time based on waterdhgbometry.
Journal of the American Water Resources AssociaBB):-), 785-792.

Maryland Department of the Environment (MDE), 20BarylandstermwateiStormwater

designDesignmanuaManual Center for Watershed Protection and the Maryland

Department of the Environment, Baltimore, MD.

29



661 | (BEP)}Maryland Department of Environmental Protecti&P) 2013. Special Protection

662 Areas,
663 http://www6.montgomerycountymd.gov/dectmpl.asp?iedntent/dep/water/whatarespas
664 .asp.

665 | Molloy, |., andStepinski, T.F., 2007. Automatic mapping of valletworks on Mars.

666 Computers & Geoscience33(6:-), 728-738.

667 | Montgomery County Planning Department, 1994. Clawkg Master Plan and Hyattstown
668 Special Study Area. Montgomery County Planning Depent, Silver Spring, MD.
669 | Montgomery, D.R.andDietrich, W.E., 1989. Source areas, drainage deresitd channel
670 initiation. Water Resources Resear2h(8:-), 1907-1918.

671 | Montgomery, D.R.andFoufoula-Georgiou, E., 1993. Channel network souepeesentation
672 using Digital Elevation Models. Water ResourceseResh 29(12+-), 3925-3934.

673 | Moore, I.D., Grayson, R.BandLadson, A.R., 1991. Digital terrain modelling: Avirew of
674 hydrological, geomorphological, and biological apaiions. Hydrological Processes
675 5(1)-), 3-30.

676 | O'Callaghan, J.FanrdMark, D.M., 1984. The extraction of drainage netkgoirom digital

677 elevation data. Computer Vision, Graphics, and enagpcessing28(3-), 323-344.
678 | Paul, M.J,anrdMeyer, J.L., 2001. Streams in the urban landscapeual Review of Ecology
679 and Systematie82(1-), 333-365.

680 | Perroy, R.L., Bookhagen, B., Asner, Gd&rdChadwick, O.A., 2010. Comparison of gully
681 erosion estimates using airborne and ground-bag28R_on Santa Cruz Island,

682 California. Geomorphologyl 18-, 288-300.

30



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

Reger, J.RandCleaves, E.T., 2008. Draft physiographic map of Weard and explanatory text
for the physiographic map of Maryland. Maryland ®&gical Survey Open File Report
08-03-01.

Roy, A.H., Wenger, S.J., Fletcher, T.D., Walsh,.,@.adson, A.R., Shuster, W.D., Thurston,
H.W., ardBrown, R.R., 2008. Impediments a8diutionssolutionsto

SustainablsustainablgWatershedatersheeSealescalebrbanurbanStermwater

stormwateManagemenmhanagementessendessondrom Australia and the United
States. Environmental Managemeti2-, 344-359.

Roy, A.H., Dybas, A.L., Fritz, K.M.ardLubbers, H.R., 2009. Urbanization affects the etxten
and hydrologic permanence of headwater streamsnigiaestern US metropolitan area.
Journal of the North American Benthological Soci@§(4:-), 911-928.

Rézsa, P., 2010. Nature and extent of human gedrlmgical impact: a reviewn: Szabo, J.,

David, L., Léczy, D. (Eds.), Anthropogenic Geomarfagy: A Guide to Man-Made

Landforms. Springer, New York, NY, gp:-3-Szabé,L-Davidnd-D—Loezy-(Editors),

290.

Sibson, R., 1981. Brief-brief Beseriptiondescriptionof NaturalnaturalNeighbeumeighbour
Interpelatiefinterpolation In: V.—-Barnett V. (EditetEd), Interpreting Multivariate Data.
John Wiley & Sons, New YorkyY, pp. 21-36.

Sofia, G., Tarolli, P., Cazorzi, fardDalla Fontana, G., 2011. An objective approactfdature
extraction: distribution analysis and statisticescriptors for scale choice and channel

network identification. Hydrology and Earth Syst&eiences15(5:), 1387-1402.

31



705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

Strahler, A.N., 1957. Quantitative analysis of wsthed geomorphology. Transactions of the

American Geophysical Uniei38-, 913-920.

Szabo, J., 2010. Anthropogenic geomorphology: Stilgjed systemin: Szabd, J., David, L.

Loczy, D. (Eds.), Anthropogenic Geomorphology: Aidguto Man-Made Landforms.

Springer, New York, NY, ppr3-Szabé,-L-David-and-DL6ezy{Editors),

08-10

Tarboton, D.G., Ames, D.P., 2001. Advances in ttempng of Flow Networks from Digital

Elevation Data, The World Water and Environmentasdurces Congress. ASCE,

Orlando, Florida, May 20-24, pp. 166-175.

Tarboton, D.G., Baker, M.E., 2008. Towards an algdor terrain-based flow analysis. In:

Mount, N., Harvey, G., Aplin, P., Priestnall, G.d&), Representing, Modeling and

Visualizing the Natural Environment: InnovationsGhS 13. CRC Press, New York, NY,

pp. 167-194.

Tarboton, D.G., Bras, R.LardRodriguez-Iturbe, 1., 1991. On the extraction cdchel

networks from digital elevation data. Hydrologi€abcesses(1)-), 81-100.

Tenenbaum, D.E., Band, L.E., Kenworthy, SahdTague, C.L., 2006. Analysis of soil

moisture patterns in forested and suburban catctsnreBaltimore, Maryland, using

32

== {Formatted: Line spacing: Double




728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

high-resolution photogrammetric and LIDAR digité\eation datasets. Hydrological
Processe20-, 219-240.

Thoma, D.P., Gupta, S.C., Bauer, M.&dKirchoff, C.E., 2005. Airborne laser scanning for
riverbank erosion assessment. Remote Sensing @afoBment 95(4:-), 493-501.

Tribe, A., 1992. Automated recognition of valleyds and drainage networks from grid digital
elevation models: a review and a new method. Jbofrtdydrology: 139-, 263-293.

Vivoni, E.R., Di Benedetto, F., Grimaldi,,&xdEltahir, E.A.B., 2008. Hypsometric control on
surface and subsurface runoff. Water ResourcesaRépsd4(12:-), W12502.

Yokoyama, R., Shirasawa, MxndPike, R.J., 2002. Visualizing topography by opesnésnew
application of image processing to digital elevatmodels. Photogrammetric

Engineering & Remote SensidB(3:-), 257-265.

9-List of Figuresand-Fables

Fig. 1. Sequential light detection and ranging (AR) derived digital elevation models (DEMS)

spanning the development process in T104 showothmgtaphic footprint of development

increasing through time. Boxes highlight topogragtifferences between early- and late-stage

development practices. The red arrow denotes awtiht was buried during development.

Fig. 2. Elevation change through time guantifiedessporal standard deviations (SD) calculated

for each DEM pixel. Map values are classified ® dlistribution of elevation variation observed

in Soper Branch (forested control). Black and dady areas represent values below and within

three standard deviations of the areal mean inrS®@ach, respectively. Light gray areas
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represent temporal variation in elevation grediaentthree standard deviations above the areal

mean in Soper Branch; whereas white areas aresgtbain the maximum, and both indicate

areas of substantial development.

Fig. 3. Comparisons of pre- (2002) and post- (20@@8klopment slope distributions in T104

classified to ranges relevant to development mest{see Table 2 after Csima, 2010). Inset

shows a cross-sectional profile of slope alongdehed red line between poiatandc.

Substantial differences in the variability of losébpes are evident in the profile between

developed (shaded zone) and undeveloped (unshpdesd)s. High slopes ring roads, swales,

and detention features and manifest as high mabmitariation across the lateral transect.

Fig. 4. Areal slope standard deviations calculaisidg a 10x10 pixel moving window for pre-

and post-development T104 slope maps. As in pielipe maps, highly variable slope zones

are concentrated along road corridors and aroutahtien ponds. Nevertheless, a substantial

increase in the local variability of slope is ampsrin 2008, with high standard deviation values

widely distributed across the watershed.

Fig. 5. Hypsometric variability through time exhidistinctly different patterns across first-

order subwatersheds in T104 (A, B, and C). Hypsonwdtrelatively small subwatersheds that

underwent substantial resurfacing (A ~ 0.09 lamd C ~ 0.03 kA shifted from smooth (black

curves) to terraced curve forms (gray curves) céfig grading of developed parcels. However,

extensive resurfacing was not apparent in hypsaertegnds of larger subwatersheds (B ~ 0.43

km?) or at the full watershed scale (D ~ 1.18%m
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Fig. 6. Extensive topographic modification (e.q).a8sociated with grading throughout

development (2002-2008) causes substantial vamiatioverland flowpath directions and

elevation change (D) in T104. Comparisons betwa&enand post-development years show that

fine-scale flow direction changes at the hillsiggale are coupled with the designed orientation

and gradients of road networks (A and B, with ezaor representing a unigue direction of

overland flow). Large patches of a single coloii¢ate parallel flow lines down a hillslope,

whereas fragmentation of the 2002 map in 2008 secdgindicates redirection and

convergence of previously unconnected contribuirgas.

Fig. 7. Comparison of pre- (blue lines) and pasd (dashed lines) development channel

network delineations suggest increased networkityengh development in T104. Added

channels include upslope extensions beyond existihgrts (A) and vegetated swales parallel

to roadways (C). Comparisons to pre-developmeridgmmphy show a minor tributary that has

been buried during development (B).
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Building removal and bare-earth point cloud processformation for each LIiDAR + | spacing: single
year provided by S.T. Jarnagi®df-3.-personal communicatio2013.* { Formatted Table )
LIiDAR Building I Bare-earth == {Formatted: Left ]
ear Instrument  Vendor removal iterinfilterin
Yeaty Filterindfiltering
Seftwarsoftware
Terrascan
2002 9PN Aibomel  Optech’s REALM 2.27 (runni - : )
ALTM-2025 Airborne ptech’s . (rgnnlng gn Formatted: Left
Microstation)
Laser .
Optech Mapping Applanix POSPROC & Spectra’s
2004 0 ' « gl :
00 ALTM-2033 Specialists Optegh s REALM .. Terramodel {Formatted: Lon )
Inc (versions not specified)
Optech Canaan Valley Optech’s REALM Microstation 8
2006 . ) . . - :
ALTM-3100 |Institute (version not specified) with Terrascan { Formatted: Len )
Optech Canaan Valley Optech’s REALM Microstation 8
2007 . . - . - d: Left
ALTM-3100 Institute (version not specified) with Terrascan (Formatied: Le )
Leica ALS post-
Leica ALS- Applanix POSPROC processing and |
2008 50 Sanborn 4.3 Terrasolid {Formatted. Left J

Terrascan
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Table2- - {Formatted Table

Slope classes and associated economic costs asidea@tions for urban
development (adapted from Csima, 2010)

Angle of

slope Development potential and the required landscaping

Up to 5% Easy and economic development potential. In general
terracing not necessary; landscaping exclusivediriots
to drainage. Relief does not pose a limit eithdsuibd-up
density or building size.

5-12% Increased development costs. Landscaping is in#ejta
development is only possible with terracing angbslo
leveling. Somewhat limited development.

12-25% Development potential at significant cost and labor
expenditure, only with terraces and supporting svall
provided. Major topographic transformation; relief
fundamentally controls the type of developmentedo b
applied.

25-35% Limited potential for urban development. Low buildi
density with small-sized buildings.

Above 35% Unsuitable for urban development.
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Abstract

Urban development practices redistribute surface materials througd, fgrading, and

terracing, causing drastic changes to the geomorphic organization aidsedpe. Many studies
document the hydrologic, biologic, or geomorphic consequences of urbanization usinfpspace
time comparisons of disparate urban and rural landscapes. However, no previouhatadies
documented geomorphic changes from development using multiple dates of highenesoluti
topographic data at the watershed scale. This study utilized a timefene sequential Light
Detection and Ranging (LIDAR) derived digital elevation models (DEbI$)ack watershed
geomorphic changes within two watersheds throughout development (2002-2008) and across
multiple spatial scales (0.01-1 KmDevelopment-induced changes were compared against an
undeveloped forested watershed during the same time period. Changes in elevagiess, sl
hypsometry, and surface flow pathways were tracked throughout the developmess fwoce
assess watershed geomorphic alterations. Results suggest that devetopdumad an increase
in sharp topographic breaks between relatively flat surfaces and steep slopesgspi@othly
varying hillslopes and leading to greater variation in slopes. Examinatidlosvpaith

distributions highlight systematic modifications that favor rapid convergensechanneled
upland areas. Evidence of channel additions in the form of engineered surface ¢éenduits
apparent in comparisons of pre- and post-development stream maps. Theseuggpeststisat
topographic modification, in addition to impervious surfaces, contributes todalttgdeologic
dynamics observed in urban systems. This work highlights important consideratitves dse

of repeat LIiDAR flights in analyzing watershed change through time. Nosttlaas introduced

here may allow improved understanding and targeted mitigation of the procegses dri
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geomorphic changes during development and help guide future research directions for

development-based watershed studies.

Keywords: LIDAR time series; urbanization; land cover change; digital elevatimhets;

anthropogenic geomorphology; watershed

1. Introduction

At least one-third of the Earth’s continental surface has undergone some forimropageénic
geomorphological activity (R6zsa, 2010). Of these activities, construction and urban
development stand out as ongoing and expanding causes of geomorphic change cedragteriz
rapid, complex, and multiscalar processes. Throughout urban development, extenstapands
grading, leveling, and terracing can change the fundamental organization of pbyyogitnin a
watershed (Tenenbaum et al., 2006; Csima, 2010). The current ability to track, quantify, and
predict development-induced geomorphic changes is hindered by insufficient datbaaice re

on methodologies developed for traditional geomorphic studies in natural setjokjs @nd
Maidment, 1991; Haff, 2003; Gironas et al., 2010; R6zsa, 2010; Szabo, 2010). High-resolution
topographic data, such as Light Detection and Ranging (LiDAR), is requireddive surface
flowpaths and visualize roads and other fine-scale features in urban landsgekiesafizi
Maidment, 1991; Tenenbaum et al., 2006; Hunter et al., 2008; Gironés et al., 2010). Sequential
topographic data sets are needed to track and quantify the multiscalais(8ad Pitt, 2005;
Tenenbaum et al., 2006; Bochis, 2007) and temporally variable (MDE, 2000; Dietz anchClause

2008) topographic changes throughout development. No studies have utilized a high-resolution
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digital elevation model (DEM) time series to track geomorphic changes througkout

development process.

The topographic footprint of development is visually striking on the ground and from the air,
highlighting large-scale landscaping carried out during initial developmeségpli@sima,

2010). Final smoothing and regrading occurs at finer scales that are lesdiatehy apparent in
topographic data, but are nonetheless important for understanding surficiagdranubaltered
geomorphic characteristics (MDE, 2000; Tenenbaum et al., 2006). How best to quantify such
topographic changes is unclear in terms of selecting geomorphic variafdlepatial scales that

most effectively capture observed changes (Haff, 2003; R6zsa, 2010). Topogragttlesari

such as slope, curvature, and their distribution relative to watershed ar@apaiant roles in
sediment transport and erosion dynamics (Moore et al., 1991; Montgomery and Foufoula-
Georgiou, 1993; James et al., 2007), channel formation (Band, 1993; Montgomery and Foufoula-
Georgiou, 1993), and surface water — groundwater exchanges (Beven and Kirkby, 1979; Moore
et al., 1991; Tenenbaum et al., 2006). However, topographic controls on hydrologic and
geomorphic processes may be altered in urban landscapes because of infrageg, roads,

pipes) (Djokic and Maidment, 1991; Tenenbaum et al., 2006; Gironas et al., 2009; Rézsa, 2010;

Choi, 2012).

Five sequential LIDAR-derived DEMs spanning the development of two smatiribély
agricultural watersheds were obtained to track geomorphic changes throughoop e
The goal of this study is to understand how and where geomorphic changes mathifeshese

watersheds and to understand their implications for watershed geomorphic sesiddigd



95 processes prior to accounting for influences of stormwater infrastru€hwwddEM coverage of
96 athird, forested reference watershed was used to track temporal varmtaitributable to
97 development. This work will introduce a number of novel methods for tracking temporal
98 geomorphic changes using sequential LIDAR DEMs and will highlight unique geomorphic
99  signatures of the development process. Results of this study will help guidegreg®arch
100 efforts that focus on the coupled influence of topography and infrastructure on watershe
101 function.
102
103 2. Sitedescription
104
105  For this study, three watersheds in Montgomery County, Maryland, within the Piedmont
106  Physiographic Province were examined. All three watersheds are Vighivitt Airy Uplands
107  District, characterized by siltstones and quartzite with underlyingadiiye bedrock consisting
108  of a phyllite/slate unit, with average annual precipitation of 106.4 cm (Reger eadkeS) 2008;
109 Hogan et al., 2014). Soper Branch (forested control) drains an area of ~*3udtfan overall
110 mean gradient of 13%. Land cover is predominantly classified as deciduoug+#6%t) and
111 small percentages of low-density housing and agriculture (6 and 9%, respgc¢hvoglan et al.,
112 2014; Dr. J.V. Loperfido, USGS, oral communication, July 2013). Tributaries 104 and 109
113 (T104 and T109, urbanizing) drain areas of ~ 1.2 and 0°9kth mean gradients of 11 and 8%,
114  respectively. Tributaries 104 and 109 are historically agricultural wattsshat underwent
115  extensive suburban development from 2003 to the present. Tributary 104 land use shifted from
116  41% agriculture, 0.3% barren, 42% forest, and 17% urban in 2002 to 2% agriculture, 15%

117  barren, 19% forest, and 64% urban in 2008. Across the same time period, T109 changed from



118  64% agriculture, 1% barren, 25% forest, and 10% urban to 45% agriculture, 13% barren, 25%
119  forest, and 17% urban (Hogan et al., 2014). Both T104 and T109 were used in analyses of
120 development-induced geomorphic changes. However, development in T109 was not complete at
121 the time of the last LIDAR flight, so the final T109 DEM represents a diftesage of

122 development than T104.

123

124  Tributaries 104 and 109 fall within the Clarksburg Special Protection Area (CSRAlighed in
125 1994) and are subject to development guidelines and restrictions (Maryland DEP, 2048y Br
126 speaking, the Special Protection Area designation identifies ardabiglit quality natural

127  resources and requires ongoing and future development projects to implemewaitesea

128  water quality and quantity protection measures. Water quality and quantsymasaften

129  exceed minimum local and state regulations and include extensive Best MantBesodces

130 (BMPs) implementation during (sediment and erosion controls; S&EC) andleftelopment

131  (stormwater management; SWM) (Hogan et al., 2014). Each watersheddrasvexstorm

132 sewer (SS) infrastructure in addition to noted BMP and SWM structures. Whitdr&Sructure
133 likely plays a key role in dictating watershed hydrology, the purpose of thigisttaldocument
134  geomorphic changes and their hydrologic implications independent of SS influegcegn

135  research will incorporate SS infrastructure to distinguish its effemts geomorphic impacts and
136  better account for watershed hydrologic dynamics.

137

138 3. Data description and methods

139
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Five sequential LIDAR-derived 1-m bare-earth point clouds were collatseimiannual

intervals from 2002 to 2008 to track development-induced topographic changes in T104 and
T109 and background topographic changes in Soper Branch. Detailed LIDAR vendor,
instrumentation, and accuracy information are provided by Jarnagin (2010). Buildiogate

and bare-earth point cloud filtering was performed by each LIDAR vendorngil@oprietary
software, summarized in Table 1. Differences in bare-earth filtafgayithms used by different
vendors may have caused interpolated topography within filtered building footprinty to var
between dates. Therefore, topographic patterns within building footprints meot féféring

artifacts and should be interpreted with a degree of uncertainty.

Insert Table 1 near here.

LiDAR was collected as part of a larger monitoring effort to track isheel changes throughout
development and to document development effects on local resources through timen(Jarnag
2008). Detailed comparisons between LIDAR spot elevations and field-surveyetiais

across a range of slope, elevation, and land use classes are reportedrizy (@208) and
Jarnagin (2010). One-meter resolution DEMs were interpolated from banepennt clouds
using the natural neighbor interpolation algorithm (Sibson, 1981). The DEMs were then
coarsened to 2-m horizontal resolution to smooth and reduce noise in the interpolated
topography. All subsequent spatial analyses were performed using the atest@®m DEMs

in ArcMap 9.3 (ESRI, Redlands, CA).

! Any use of trade, firm, or product names is for idécaiion purposes only and does not imply endorse¢imgthe
U.S. Government.
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3.1. Elevation change

Differencing sequential DEMs has been used to estimate sediment budgetstjfyondérient

and sediment sources and sinks (Thoma et al., 2005), and to track gully evolution through time
(Perroy et al., 2010). Raw difference calculations, however, do not incorporagstangte of

the error inherent across different DEMs or LIDAR vendors (e.g., they ithat all observed
elevation differences are real). Further, LIDAR precision has been showry tacvass land

cover classes—with forest cover exhibiting the lowest precision (Gardina, 2@0&gida2010).
Therefore, comparisons of absolute elevation change estimates adeygsgdiéind cover

classes may be misleading.

To correct for the inherent variability in elevation estimates through DR differences were
expressed as standard deviations (SD) through time calculated for each pe watershed

as

1 N
D= |5 ) G- (1)

i=year

whereN is the number of DEM years (X),is the elevation for a given pixeln yeari, andu is

the mean elevation of pixglacross the five DEM years. The distribution of elevation SDs in
Soper Branch was then used to quantify background elevation variability in T104 and T109. The
SD distribution in Soper Branch was filtered to exclude all known areas wéhtrec

anthropogenic activities or structures to assure the distribution of SDs weaireddf the

background signal. Any remaining non-zero SD in Soper Branch was assumed tdb&blyi
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to either natural causes or uncertainty in the LIDAR data. Because of teagbgtelevation

precision observed within forested pixels (e.g., Gardina, 2008; Jarnagin, 2010), the use of Soper
Branch to quantify background LiDAR variability was a conservative baseliraetecting

change in nonforest areas. To detect elevation changes associated witleliyenalent process,
resulting SD maps were classified based on the distribution of SDs in Sopehn,Bréghan

additional class added to distinguish SD values outside of the range observed in Soger Br
Classes represent SD values less than or equal to the mean, within three staratayddef

the mean, and SD values greater than three standard deviations from the meanation ele
change above the maximum SD observed in Soper Branch is assumed to be attribiiable to t

development process.

3.2. Sope change

The distribution of local slopes from before and after development in T104 were qabatidl
classified to ranges relevant to landscape development decisions desgi@saoha (2010;
Table 2). Each slope class in the pre-development landscape provides an indication of the
relative development costs and earth-moving practices used across thbeuat&rs
representative cross section was extracted for pre- (2002) and post- (2008) dentlogars to
highlight changes in the juxtaposition of high and low sloping areas and to ditiéeespatial
patterns associated with modified and unmodified areas. More broadly, changes tertam
created by reallocating and relocating slopes were mapped using aneakdtdeviations of

slope within a 10 x 10 pixel square neighborhood of every focal pixébmparison of maps
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resulting from pre- and post-development DEMs further highlighted changes irritidalig of

local landscapes associated with development practices.

Insert Table 2 near here.

3.3. Hypsometric curves

Hypsometric curves represent the proportion of a watershed'sad#¢adh@at is above a given
elevation (/H), providing a generalized approximation of hillslope shape within the watershed.
Traditionally, hypsometric curves have been used in discussions of landscap®e\auidss
broad spatial extents (e.g., Strahler, 1957). Other studies have found hypsometrsthiapeve
indicative of dominant erosional mechanisms (Harlin, 1980; Luo, 2000), hydrologic response
(Luo and Harlin, 2003), and infiltration dynamics (Vivoni et al., 2008). Hypsometric cuees
generated for each DEM year based on first-order catchment and tedsiaed scales to
compare and contrast hillslope topographic alterations at increasinglyebepadial extents.
Consistent boundaries were used for each year to assure that any hyps@mehildy through
time was attributable to topographic changes and not to boundary shifts caused taptupog
modification along drainage divides. Hypsometric curves for each year arapaoed to assess
hillslope level changes through time. A map of net fill and excavation (adlgM DEM;o0,) Was

also developed to help interpret hypsometric trends.

3.4. Drainage network change

10
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Topographically based drainage network delineation methods are widely usechaamgs of

land covers and climates. The most common approaches rely on threshold relationships of
derivative watershed properties (e.g., drainage area, slope — area rfaijatittndefine upslope
channel extents (e.g., O’Callaghan and Mark, 1984; Montgomery and Foufoula-Georgiou, 1993)
Other techniques utilize local topography to extract convergent drainagesfeamnar stream

heads directly (e.g., plan/profile curvature) but have seen much less use betagiserof
topographic data resolution required for feature detection (Tribe, 1992; Band, 1883pha

and Ames, 2001; Lindsay, 2006). A number of threshold-type approaches have been shown to
provide reasonable approximations of field-surveyed channel networks (exteonapidxity)

(Heine et al., 2004; James et al., 2007; James and Hunt, 2010). However, threshold-based
methods are insufficient for determining the location and occurrence dofiattiftban conduits

(e.g., swales, gutters) whose location is based on design specifications,sicalgrpcesses

(Gironas et al., 2010; Jankowfsky et al., 2012).

Topographic openness (a measure of tangential curvature; see Yokoyam20€2alwas
employed to identify surface networks in the pre-development terrain of T104 angbpiied a

to the post-development terrain to compare surface network changes. Topographic apenness
an angular relation of horizontal distance to vertical relief, calcufeded above

(positive/zenith) and below (negative/nadir) a topographic surface (DEM)nFaorgee < 90°,
openness is equivalent to the internal angle of an inverted cone, its apex atltb&fMqzxel,
constrained by neighboring elevations within a specified radial distance. Topogrpphitess

is more robust in identifying surface convexities and concavities than commonly aSkdgmd

plan curvature (Yokoyama et al., 2002) and has been successfully applied to LiRieRtiky

11



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

convergent topography (Molloy and Stepinski, 2007; Sofia et al., 2011). Topographic openness
was calculated using an Arc Macro Language (AML) script (writteMtE. Baker, UMBC,
personal communication, 2005) that reproduces the methods detailed in Yokoyam2062al. (
The AML extracts DEM values for all relevant cells in a neighborhood setd¢brfeeal pixelx;
(defined by stepwise increments of one pixel width in each of eight azimuthiahieuntil a
specified search radius is reached; here we used 100 m) in a landscapeh Fareaent, the
horizontal distance from and elevation above the focal pixel is calculated, andaanfanction
converts opposite:adjacent ratios to angular degrees. The AML tracks a runringimand
minimum angle across each radial increment and all smaller incremeatseight directions,
converts the resulting maxima and minima to zenith and nadir angles, and compuotearired
each across all eight directions. Thus the final openness values representiipedaopenness

measure for all eight azimuths across the specified search radius.

Difference DEMs and orthoimagery were used to identify detention basins angaitetial
barriers to surface flow. Pre- and post-development DEMs were filled tooowveriaternal
drainages (i.e., 'pits‘) and then subtracted from unfilled DEMs to assass éktents. Paths
were carved from detention basin low points to the next downslope pixel of equaleor les
elevation outside of the filled zone. Where possible, carved pathways followed detestion ba
outlets identified from areal and ground surveys. No attempt was made to accdlavipaths
within internal drainage basins or subsurface drainage infrastructure h&tiraggpathways were
enforced for all unknown detention basin outlets. Flow directions were calculatacfoyear

from the pit-resolved DEMs by enforcing drainage from each DEM pixel to theesdjar
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diagonal pixel with the greatest drop in relief (see O'Callaghan and M#4).Resulting flow

direction surfaces were used to generate drainage networks and otheivéesivdaces.

To create a stream map, orthoimagery and hillshaded DEMs were overlain wittlesp@rids

to determine the critical openness for identifying surface depressions iretbevy@opment
T104 DEM. A negative openness (nadir) angle of 91.5° was determined to sufficegitlye

all visible surface depressions. All pixels at or above 91.5° were identified, ancbtimescted
using a D8-based accumulation operation to enforce downslope continuity from eassidapre
(Tarboton and Baker, 2008). The pre-development stream map (as defined by downslope
accumulation of depression pixels) was then tested for agreement with trentdnsp law,
which states that the mean elevation drop across channels within a given Stdshlshould

not be significantly different from the mean drop in the next higher order (Tarbcabn¥991).
Incremental accumulation thresholds of depression pixels were used to prune the pre-
development stream map until it satisfied the constant drop law. The pre-development
accumulation threshold was then applied to the post-development depression accumafation m
to define the post-development stream map. Pre- and post-development streammnaps we
overlain and compared to assess network changes. Field visits werenalgoted to classify
channels as either natural (defined banks, sorted bedload, evidence of ongoingt dlokeer

artificial (e.g., swales, outflow pipes, rip rap).

4. Reaults
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Hillshades of each DEM year highlight the spatial pattern of surface waithfis incrementally
throughout development (Fig. 1). Initial large-scale resurfacing throughowatieeshed is clear

in 2004 and 2006 hillshades, with urban or suburban infrastructure distinguishable in the terrai
Fine-scale grading and smoothing that is much less visually apparent in ¥ie tHaracterize
late-stage development in 2006 and 2008. Valley burial is evident in the western portion of the
watershed (see red arrow in Fig. 1), replaced by a smooth upland housing oldistercavay.
Mainstem valley form remained relatively constant throughout the times seité little to no

visual evidence of lateral channel movement.

Insert Figure 1 near here.

4.1. Elevation standard deviations

Pixelate elevation standard deviations (SD) calculated across the fiveyBdt§were
approximately normally distributed in Soper Branch with a mean of 0.063 m and a standard
deviation of 0.034 m, ranging from 0.002 to 0.870 m. Areas with temporal SDs greater than or
equal to three standard deviations of the watershed rméah@3 m) were focused within

riparian zones at or near stream banks and near the basin outlet withirvalyelatiand wide
floodplain area (Fig. 2). Jarnagin (2010) reported similar LIDAR errarimadensely vegetated
riparian zones in comparisons between ground-truth and LiDAR spot elevations @bsedut
difference of 0.216 m with a standard deviation of 0.723 m and a maximum difference of 1.180
m). Moderately high SDs (0.063-0.163 m) are also apparent on northeast- (NE) faslogéesl!

The temporal variation observed on NE-facing slopes was greater thanaisemnors reported
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for ground survey and LIDAR-derived elevations, which exhibited a mean absdtetertse of

~ 0.05 m (Gardina, 2008).

Elevation changes in T104 and T109 classified to the distribution of temporal SDs in Soper
Branch highlight large areas exhibiting substantial elevation changésrgrem the variability
observed in forested controls. White areas in T104 and T109 signify temporal elevation SD
values that are above the maximum observed in Soper Branch (> 0.870 m), encompassing ~
24.4% and 9.9% of total watershed area, respectively. Distinct patches ofdvigtiosl

variability are primarily located in development parcels evident in the pustegement

hillshades (2008 panel in Fig. 1). High temporal variability (0.163-0.870 m) is also @ajppare
along the mainstem channel of T104 but is less evident in T109. Relatively low temporal SD
values in the southern undeveloped portion of T109 and within riparian zones in T104 reflect
magnitudes of temporal variability similar to those observed in Soper Branch. Such
heterogeneous distribution of elevation change is consistent with the obsetivatiearth-

moving practices were not spatially uniform across developing parcels.

Insert Figure 2 here.

4.2. Sopes

The footprint of development is clearly distinguishable from unmodified hillslopavisual

comparison of pre- and post-development slope maps (Fig. 3). Development createsl@eupt

changes in the landscape, replacing relatively smooth topographic proélegray boxes in
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inset). Moderate to high slope classes (> 12%) were present along roads, housitsg ozl
stormwater management features, despite the use of bare-earth LiErABuidings removed
by filtering. Valley infill is apparent in the slope transect between paiatedb at ~ 180 m with
no evidence of the original valley structure in the post-development topographyfrétjgency
variation between low slope and high slope features is evident in the slope transeeh &

and 580 m across a developed subdivision.

Insert Figure 3 here.

Areal slope standard deviations calculated using a 10 x 10 pixel moving window sholed mar
increase in the spatial variability of local slope values in post-developmentappgdFig. 4).

The overall distribution of variation in local slopes exhibited a positive shift frenprte- (mean
areal slope standard deviation of 2.35 + 2.26%) to post-development terrain (mealopesal
standard deviation of 4.69 + 3.54%). Highly variable slope zones in 2002 were limited tariparia
corridors and preexisting development plots in the northern section of T104. By contrast, post-
development slopes exhibit greater local variation (i.e., steeper and Bataen in close

proximity) associated with the grading of subdivisions and road embankments.

Insert Figure 4 here.

4.3. Hypsometry
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Despite substantial topographic changes across the watershed visible inlédllahd slope

maps representing different stages of development, hypsometric chanmesttodevelopment
only manifest when observed across small extents with relatively uniformptagnitude

surface changes (Fig. 5). Distinctly terraced hypsometric curvesrappba end-development
phase topography, mirroring abrupt slope changes along roadways and surrounding housing
parcels (see insets A and C in Fig. 5). Valley infill in subwatershed Adsesrrow in Fig. 1)
created a sharp elevation gradient to the remaining riparian lowlands, ceffetite 2007 and
2008 hypsometric curves. Terracing and leveling of upslope transportation caistmr
contribute to the terraced hypsometric form. Hypsometric trends of the salgeatershed B

and at the full watershed scale (D) did not exhibit detectable temporgeshan

Insert Figure 5 here.

4.4. Drainage network changes

Substantial redistribution of overland flowpaths is evident in comparisons ofrr@oat-
development flow direction grids (Fig. 6). As with slope comparisons, the mostdiaatiges

in flow directions are focused along roadways and within housing parcels. Smiaéipatc
uniform flow directions mirroring housing and road footprints have replaced tanggguous
patches of homogenous flow directions (i.e., parallel flow lines) on upland hillskipesscale
variation in flow directions within relatively minor elevation change zdses elevation change
inset in Fig. 6) are coupled with more dramatic modifications within draifeageres and near

infrastructure. As a result of these alterations to the flow field, flowraatation distributions
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exhibited a negative shift, with accumulation quartiles decreasing from 4, 11, an&BAmpix
2002 to 1, 4, and 12 pixels in 2008. Distributional shifts reflect drainage dissection and the
fragmented flow field apparent in Fig. 6 with small, locally convergent pathveplacing large,

contiguous, parallel flowpaths.

Insert figure 6 here.

A depression pixel (opennes®91.5°) accumulation threshold of three pixels was found to
satisfy the constant drop criterion in the pre-development terrain of T104. Tagtked
threshold was then applied to the post-development terrain to evaluate surface deangss.
Comparisons of pre- and post-development drainage network structure in T104 indefate a
gain in stream length of 4.25 km (~ 52% increase) throughout the watershed (Fddi#ipns
were common along transportation infrastructure as swales or gufiea ty this watershed.
Upslope extensions of existing channels also occurred extending beyond preexistthg
infrastructure at the apparent head of pre-development drainage lines (Figali@y infill (see
Fig. 6A) caused the loss of a tributary but was replaced by an artifociduit that paralleled a
nearby road (Fig. 7B). Similar conduits are apparent on the eastern side ofetshadas well
(Fig. 7C). No substantial changes were apparent in the mainstem channel ateduggée

near 1:1 overlap in pre- and post-development networks.

Insert Figure 7 here.

5. Discussion
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The growing footprint of development in T104 is clearly visible he DEM hillshade time
series, with distinct early- and late-stage development plogsating at unique spatial scales
(Fig. 1). Large-scale cutting and filling to support major istinacture characterizes early
development, evident in the 2004 and 2006 hillshades. In contrast, fine-scaleg and
grading of housing parcels characterize late-stage developm@&i, (R00). Fine-scale earth-
moving practices are less immediately apparent in hillshadesddetectable in derivative data
sets, as this study has shown. Results show that geomorphic chasgeistad with urban
development are significant and nonuniform and could have implicatiomagoagement and

conservation efforts.

Initial analysis of background elevation changes in Soper Branaalesl nonzero standard
deviations focused on northeast- (NE) facing hillslopes and witbarian and floodplain areas
(Fig. 2). Increased variation on NE hillslopes may refleghflipaths taken during LIDAR
collection or possible aspect differences in vegetation and sodti$liower systematic errors
reported in Gardina (2008) were attributed in part to methods usaeerit@ bare-earth point
clouds and, in part, to LIDAR system error. The NE artifactyikea combination of vegetation
and LiDAR system errors. Riparian and floodplain variability in Sdgranch can be attributed
to LIDAR errors reported by Jarnagin (2010). In comparisons betwé#®hR elevations and
field-surveyed spot elevations, Jarnagin observed greater LIDAR errdensely vegetated
riparian zones and on steep slopes common around incised channels.uBlstiggtemporal
variability attributable to artifacts in the LIDAR timergs was necessary before reaching any

guantitative conclusions about topographic changes resulting from development.
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Elevation standard deviations classified to distinguish background andopiessit-induced
changes clearly show that earth moving in T104 and T109 was nonethédstantially greater
than background geomorphic changes observed in Soper Branch. Magnitutiescitemporal
standard deviations found in Soper Branch were observed in T104 poeesssting housing
parcels and riparian zones left untouched to comply with ripgratection policies. Somewhat
higher variability observed along the mainstem channel in T104 nehgate subtle channel
shifts and bank erosion throughout the time period despite attemptsileterthe channel from
the hydrologic and geomorphic effects of development. Also, somieeobliserved elevation
changes may possibly reflect artifacts produced by removindimgs from the raw LIiDAR
point clouds. Because of the proprietary nature of the LIDAR primgpssvaluating the bare-

earth detection algorithms used by the data providers was not possible for this stud

Surface changes throughout development in T104 and T109 altered slopes to support
infrastructure, enforce drainage, and promote infiltration. Comparison of pre- and pos
development slope maps in T104 shows a marked increase in high slope classes with
development as well as reallocation across space (Fig. 3). High slops &bassed along
transportation corridors and surrounding detention basins are likely to promote duziaege.
Slopes leading toward streams in the pre-development map appear to steepevelapnont

as well, likely reflecting upland filling and terracing. Stream busal frequently cited

phenomenon in urban watersheds (Leopold et al., 2005; Elmore and Kaushal, 2008; Roy et al.,
2009; Doyle and Bernhardt, 2011) and is apparent on the western side of T104 (~ 180 m in

transect inset of Fig. 3). However, without infrastructure design documentifiicult to
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determine whether the stream is piped under its original flowpath or if it hagduieected to

flow alongside the nearby road running north to south.

Regular shifts between high and low slopes within subdivisions likely reflect hquesiogis

(low slopes) separated by graded lawns and swales (higher slopes) to promagedfg. 4).
Low slopes within building footprints reflect the building removal algorithm edpb LIDAR
point clouds to extract bare-earth points used in this study to create DEMs. Tale spat
distribution of high and low slopes in part controls the spatial distribution of runoff genera
and infiltration zones (Beven and Kirkby, 1979; Tenenbaum et al., 2006). Shifts in the spatial
pattern and magnitude of slopes may contribute to altered watershed pravessi@sy runoff

generation, nutrient and sediment transport, and surface water — groundwaamgesc

Hypsometric trends within small subwatersheds of T104 appear r@rnaforementioned
steepening of valley walls with development (Fig. 5). Upland fillengd grading further
exacerbates the disparity in elevations between the now-develpmp@ods and the riparian
lowlands. Redistribution of flowpaths at and around valley infills yikaeltered surface and
subsurface water exchanges, thus changing the functional coryeativipland and lowland
areas. Dynamics are further complicated by stormwaterageament infrastructure, such as
detention ponds and infiltration trenches, typically located betweendiitevelopment plots)
and lowland (riparian zone) areas to capture and treat overland rurorfé liteenters local
streams (Montgomery County Planning Department, 1994). Thus, ripaeas @ay no longer
be functionally connected to upland areas during rain events unlessvaternmanagement

outfalls are triggered. Further research is required to inastige nature of the altered surface
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— groundwater connections. Lack of temporal trends in the larger srsthed topography or
throughout the entire watershed result from spatial averaging apéhtheate a detection limit

for tracking parcel or block-level topographic change with hypsometry.

Development caused a substantial reconfiguration of overland flowpathsdrge contiguous
areas of uniform directions to small, spatially fragmented patcfig. 6). The nonrandom
distribution of smaller patches mirrors housing footprints, transpamtatorridors, and
stormwater management infrastructure and reflects landscapeerigg practices that promote
efficient collection and drainage of overland runoff (Fig. 7). Aedidcpixels with uniform
directions indicate parallel flowpaths, which will not converge uatpixel with a differing
direction is encountered downslope (O'Callaghan and Mark, 1984). By introdatarggeneity
into the flow direction surface, development has created both moretddssibbasins and
increased opportunities for small flowpaths to converge. Increasecigence in upland areas
causes overland flow to reach moderately low accumulations meee ahd very high
accumulations more rarely than in the pre-development terraire&ssd median and first-
guartile values between 2002 and 2008 reflect the dominance of low accamuplathways
with development. Such alterations are likely the cumulative resuftany site-specific efforts
to increase local water conveyance, but their cumulative effecid also have implications for
patterns of soil moisture, variable source area, erosion, inbitratind recharge (Beven and
Kirkby, 1979; Moore et al., 1991; Tenenbaum et al., 2006). To our knowledge, a ghamor
driver of increased upland convergence in developed terrain has et described in the
literature. Typically, pipes and impervious surfaces are thoudbe the causal agents of altered

runoff, nutrient, and sediment dynamics in urban watersheds (awg.aid Meyer, 2001; Dietz
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and Clausen, 2008; Roy et al., 2008). However, our results indicate thagedneorphic
modifications that occur with development are substantial and couldt@hsobute to altered

watershed functions.

Comparisons of pre- and post-development drainage networks reveallcdshtiens through
engineered surface conduits (e.g., swales, culverts) and loasesd by valley infill or
subsurface routing (Fig. 7). Despite noted variability in elevataloag stream banks, only
minor shifts were apparent in the mainstem of T104. Results o$tilnly also raise questions
about what constitutes a channel in an urban landscape. Traditiomaleth@efinitions,
characterized by defined banks and sorted bedloads (MontgomeryietndnD 1989; Heine et
al., 2004) exclude engineered surface conduits that become active plgangjtation events
(Doyle and Bernhardt, 2011). Excluding these artificial conduits andugabs stormwater
pipes may underrepresent the surficial connectivity of urbanrstegds. Without infrastructure
design documents, the true drainage connectivity of the watershedéar. Ongoing work will
explore methods for incorporating subsurface drainage features i@ Thetwork
representations (e.g., Gironas et al., 2009; Choi, 2012; Jankowfsky 221d), and determine
how best to incorporate BMP infrastructure into predicted networkgeptations. Nevertheless,
this study indicates an overall increase in surface connectwiitydevelopment independent of
changes in impervious surface cover or subsurface stormwaterstiotture. Increased
connectivity would result in faster and larger storm peaksfifuachecked by stormwater
management infrastructure. Therefore, considering geomorphic changesidition to

impervious surface cover impacts is important for remediation efforts in urkes are
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524 6. Conclusions

525

526  This study has shown the utility of sequential LIDAR-derived DEMs for trgciimd

527  quantifying the geomorphic changes associated with development. Using edavastrshed as
528 areference, background topographic variability was quantified and diffeeehfiiatn

529 development-induced topographic change. Utilizing first- and second-orderappagr

530 derivatives, this study demonstrated that development generates indyedisjognted hillslopes
531 characterized by abrupt slope changes separating flat upland areas. Tearairan in

532 elevations, slopes, and hypsometric curves likely contributes to altereghveatéunctions, but
533  further research is required to understand their importance relative to sternmirastructure.
534  Substantial modification of overland flowpaths resulted in subtle changes to telineavork
535  structure, highlighting additions and losses to the pre-development network. This atility
536 to detect natural and manmade ephemeral surface conduits provides a more Gopleteng
537  of watershed hydrologic connectivity. Better accounting of upslope ephecharmel

538 extensions may help in designating areas for protection in future developmenspiidjec

539 geomorphic signal of increased landscape convergence and drainage densigsingica rapid
540 runoff generation and conveyance independent of impervious surface cover or sters Aew
541  better understanding of how and where geomorphic changes occur throughout develagment m
542  enable a better understanding of pollutant mobilization and retention processesgQvmi
543  seeks to incorporate known subsurface pipe and BMP structures into surface network

544  representations to understand watershed hydrologic response dynamics.

545
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Results presented here raise important considerations for temporal topogragibg: Standard
topographic methods developed for use in larger, mostly nonurban watersheds ¢d.g., DE
differencing, hypsometry) have limited applicability for tracking urbaton unless summarized
across a relatively small extent. Additional research is needed ta batiter understanding and

to develop novel methods for tracking and quantifying urban topographic modifications.
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List of Figures

Fig. 1. Sequential light detection and ranging (LIDAR) derived digital &mvanodels (DEMS)
spanning the development process in T104 show the topographic footprint of development
increasing through time. Boxes highlight topographic differences beteagéy- and late-stage

development practices. The red arrow denotes a valley that was buried durilogaeve.

Fig. 2. Elevation change through time quantified as temporal standard deviaiyrsi&ilated
for each DEM pixel. Map values are classified to the distribution of elevaticatiearobserved
in Soper Branch (forested control). Black and dark gray areas represent valuearizkleithin
three standard deviations of the areal mean in Soper Branch, respectivelygraygateas
represent temporal variation in elevation greater than three standard deabbuaghe areal
mean in Soper Branch; whereas white areas are greater than the maanddoth indicate

areas of substantial development.

Fig. 3. Comparisons of pre- (2002) and post- (2008) development slope distributions in T104

classified to ranges relevant to development practices (see Table @safirer, 2010). Inset
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shows a cross-sectional profile of slope along the dashed red line betweeia paohts
Substantial differences in the variability of local slopes are evident in ¢fiteretween
developed (shaded zone) and undeveloped (unshaded) parcels. High slopes ring roads, swales,

and detention features and manifest as high magnitude variation across éhéréatsect.

Fig. 4. Areal slope standard deviations calculated using a 10x10 pixel moving window-for pr
and post-development T104 slope maps. As in pixelate slope maps, highly variable slope zones
are concentrated along road corridors and around detention ponds. Neverthelesqteasubsta
increase in the local variability of slope is apparent in 2008, with high standardatevelties

widely distributed across the watershed.

Fig. 5. Hypsometric variability through time exhibits distinctly differpatterns across first-
order subwatersheds in T104 (A, B, and C). Hypsometry of relatively small susivesiethat
underwent substantial resurfacing (A ~ 0.0Fkmd C ~ 0.03 kf) shifted from smooth (black
curves) to terraced curve forms (gray curves) reflecting gradingvefajeed parcels. However,
extensive resurfacing was not apparent in hypsometric trends of larger exghweds (B ~ 0.43

km?) or at the full watershed scale (D ~ 1.18%m

Fig. 6. Extensive topographic modification (e.g., C) associated with gradmgghout
development (2002-2008) causes substantial variation in overland flowpath directions and
elevation change (D) in T104. Comparisons between pre- and post-development yeansishow t
fine-scale flow direction changes at the hillslope scale are coupled withsiigaett orientation

and gradients of road networks (A and B, with each color representing a unique direction of
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overland flow). Large patches of a single color indicate parallel flow does a hillslope,
whereas fragmentation of the 2002 map in 2008 necessarily indicates redirection and

convergence of previously unconnected contributing areas.

Fig. 7. Comparison of pre- (blue lines) and post- (red dashed lines) development channel
network delineations suggest increased network density with development in T104. Added
channels include upslope extensions beyond existing culverts (A) and vegetatsdoswnalel

to roadways (C). Comparisons to pre-development topography show a minor tributagsthat

been buried during development (B).
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Table 1
Building removal and bare-earth point cloud processing information for each LIDAR
year provided by S.T. Jarnagin (personal communication, 2013).

LIDAR Building removal Bare-earth
Instrument  Vendor o
year software filtering
Terrascan
2002 Optech Airborne 1 Optech’s REALM 2.27 (running on
ALTM-2025 P ' g

Microstation)

Applanix POSPROC &

Optech Laser Mapping , Spectra’s
2004 ALTM-2033 Specialists Inc. Opteghs REALM . Terramodel
(versions not specified)
2006 Optech Canaan Valley Optech’s REALM Microstation 8
ALTM-3100 Institute (version not specified) with Terrascan
2007 Optech Canaan Valley Optech’s REALM Microstation 8
ALTM-3100 Institute (version not specified) with Terrascan
Leica ALS
Leica ALS- . ost-processing
2008 o Sanborn Applanix POSPROC 4.§n T

Terrascan

760  “Any use of trade, firm, or product names is for identification purposes only and doeplyot
761  endorsement by the U.S. Government.
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Table 2

Slope classes and associated economic costs and considerations for urban
development (adapted from Csima, 2010)

Angle of
slope

Development potential and the required landscaping

Up to 5%

5-12%

12-25%

25-35%

Above 35%

Easy and economic development potential. In general,
terracing not necessary; landscaping exclusively restricts
to drainage. Relief does not pose a limit either to buildup
density or building size.

Increased development costs. Landscaping is inevitable;
development is only possible with terracing and slope
leveling. Somewhat limited development.

Development potential at significant cost and labor
expenditure, only with terraces and supporting walls
provided. Major topographic transformation; relief
fundamentally controls the type of development to be
applied.

Limited potential for urban development. Low building
density with small-sized buildings.

Unsuitable for urban development.
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Table 1

Table 1

Building removal and bare-earth point cloud processing information for each LIDAR
year provided by S.T. Jarnagin (personal communication, 2013).?

LiDAR Building removal Bare-earth
Instrument  Vendor .
year software filtering
Terrascan
2002 Optech Airborne 1 Optech’s REALM 2.27  (running on
ALTM-2025 prechs ' Lnning ©
Microstation)
. Applanix POSPROC &
Optech Laser Mapping Spectra’s
2004 - tech’s REALM
00 ALTM-2033  Specialists Inc. Op cen s . Terramodel
(versions not specified)
2006 Optech Canaan Valley Optech’s REALM Microstation 8
ALTM-3100 Institute (version not specified) with Terrascan
2007 Optech Canaan Valley Optech’s REALM Microstation 8
ALTM-3100 Institute (version not specified) with Terrascan
Leica ALS
Leica ALS- . post-processing
2008 50 Sanborn Applanix POSPROC 4.3 and Terrasolid

Terrascan

®Any use of trade, firm, or product names is for identification purposes only and does not imply
endorsement by the U.S. Government.



Table 2

Table 2

Slope classes and associated economic costs and considerations for urban
development (adapted from Csima, 2010)

Angle of
slope

Development potential and the required landscaping

Up to 5%

5-12%

12-25%

25-35%

Above 35%

Easy and economic development potential. In general,
terracing not necessary; landscaping exclusively restricts
to drainage. Relief does not pose a limit either to buildup
density or building size.

Increased development costs. Landscaping is inevitable;
development is only possible with terracing and slope
leveling. Somewhat limited development.

Development potential at significant cost and labor
expenditure, only with terraces and supporting walls
provided. Major topographic transformation; relief
fundamentally controls the type of development to be
applied.

Limited potential for urban development. Low building
density with small-sized buildings.

Unsuitable for urban development.
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