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Abstract: Distributed hydrologic models typically incorporate topographic data through the use of raster-based digital elevation models.
The resampling of high-resolution grid data required to effectively use distributed models, however, can result in the distortion of terrain
and hydrographic properties. In this study, we present a geographic information system approach for deriving multiple resolution meshe
that conserve physiographic features while significantly reducing the number of computational nodes in a distributed hydrologic model.
We utilize triangulated irregular network¥INs) which serve to integrate information on the surface topography, hydrographic features
and land surface characteristics into an adaptive representation of a basin. We discuss three approaches for constructing TIN models f
hydrologic applications(1) Traditional, (2) hydrographicand(3) hydrological similarityTINs. We focus on the generation of triangulated
terrain models using the concept of hydrological similarity provided through a topographic or wetness index. This new method embeds ar
estimate of the steady-state hydrologic response directly into the basin terrain model. Through a series of case studies, we demonstrate |
advantages of the multiple resolution approaches over a range of terrain characteristics, basin scales and elevation data products. Fina
we discuss the implications of TIN terrain representation for watershed simulation with the TIN-based Real-Time Integrated Basin
Simulator model.
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Introduction O (10— 10 km?)], inaccurate depiction of the topography and of
A representation of land surface topography is required in mostits spatial variability is recognized as an important source of
system models of the Earth, including general circulation models, model error(e.g., Wood et al. 1997; Koster et al. 2000; Warrach
numerical weather prediction models, land surface models andet al. 2002.
distributed hydrologic models. Representation of the terrain dif-  Traditionally, terrain data in hydrologic models has been rep-
fers among these types of models since the coupling between theesented in two wayd1) Aggregating or resampling grid-based
physical processes and surface landforms varies considerably. Irdigital elevation model$DEMSs) to coarser resolutions @g) in-
distributed hydrologic modeling, accurate depiction of terrain fea- troducing a topographic distribution function that classifies catch-
tures is essential since the surface elevation propeftiepe, ment locations according to an elevation index. Both methods
curvature, aspertietermine the hydrologic response to meteoro- attempt to account for the spatial variability in topography with-
logical forcing. In general, as the model domain increases in size, out adding computational burden to hydrologic models that oper-
the resolution and accuracy retained in the terrain representationate over large domains. Neither approach, however, can incorpo-
decrease to allow efficient model simulation. For C”mate, hydrOl- rate all the information on high_reso|ution topographic data
ogy, and weather models operating at large spatial s¢ales, currently available from land surveying, aerial photogrammetry
(Gesch et al. 2002 synthetic aperture raddFarr and Kobrick
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_Grad_uate Research Assistant, Dept. of Civil and Environmental streamflow and soil moisture.g., Vieux 1993; Zhang and Mont-
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Room 48-212, Cambridge, MA 02139. gomery 1994; Kuo et al. 1999For these reasons, a computation-
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Simulator (tRIBS) (Ivanov et al. 2003a)b The coupled surface-  such as channel networks or watershed boundaries directly in a
subsurface hydrology model takes advantage of the triangulatedterrain model(Tsai 1993. Using a point selection criterion and
data structure described by Tucker et(@001h to simulate the Delaunay triangulation, dense or high-resolution DEMs obtained
spatial and temporal basin response to complex rainfall patterns.from ground measurements or remote sensing can be sampled to
The accurate representation of catchment featieres, hillslopes, construct triangulated terrain models.

streams, basin boundaries, floodplairequired in the distributed Various factors motivate the use of irregular triangular ele-
model stimulated the development of automated methods to gen-ments to represent the watershed topography. The primary advan-
erate the watershed terrain. tage is the variable resolution offered by the irregular domain

In this study, we present a geographical information system (Kumler 1994, as opposed to the single resolution inherent in
(GIS) methodology for constructing TIN terrain models over a raster grids. Regions of high terrain variability can be modeled
range of basin scales. A set of hydrologically significant terrain more precisely than areas of lower variability. Multiple resolu-
models are developed by taking into account the topographic,tions translate into computational savings as the number of nodes
hydrographic and hydrologic features characterizing a catchment.is reduced in areas of low terrain variabilitfsoodrich et al.

In the following, three approaches are described in sequérgee:  1991). While the TIN data structure can be compl@xcker et al.
ditional, hydrographicand hydrological similarity TINs. Tradi- 2001b, the reduction achieved in the number of model nodes
tional TINs are based exclusively on capturing terrain variability, results in a significant savings that can allow TIN-based hydrol-
while hydrographic and hydrological similarity TINs integrate ad- ogy models to operate over large regiofesg., Ilvanov et al.
ditional criteria critical to hydrologic model application. Hydro- 2003a,b. A second advantage is that TINs permit linear features
graphic TINs, for example, explicitly represent stream networks, to be preserved within the model mesh. This allows the terrain to
basin boundaries, riparian or floodplain zones and landscape feamimic natural terrain breaklines, stream networks or boundaries
tures, while selecting elevation nodes based on a slope-preservindpetween heterogeneous regions without introducing the raster ar-
criterion. Hydrological similarity TINs, on the other hand, imple- tifacts inherent in grid methods. For a distributed hydrologic
ment a new method for sampling a dense DEM that results in anmodel, TINs allow the stream network and basin boundary to be
adaptive mesh resolution that resembles the spatial pattern of grecisely depicted within the watershed topography.

hydrologic index. Each approach builds on the previous method Despite these advantages, few studies have addressed methods
and can be tailored to a specific basin based on the relevant hyfor constructing TIN terrains for distributed hydrologic models.
drological processes. The resulting terrain models are computa-Efforts have focused primarily on watershed delineation using
tionally feasible with respect to the original DEM by significantly ~TINs (e.g., Palacios-Yez and Cuevas-Renaud 1986; Jones et al.
reducing the number of nodélsy an order of magnitude in many  1990; Nelson et al. 1994and TIN-based distributed modeling
casey while preserving the terrain attributes that are typically (e.g., Goodrich et al. 1991; Palaciosi¥e and Cuevas-Renaud
lost when coarsening raster-based elevation products. 1992; Tucker et al. 2003bDiscussions on how to generate TIN

This paper is organized as follows. First we describe triangu- terrains prior to watershed modeling have been largely bypassed,
lated irregular networks and review their advantages for distrib- in particular when dealing with real-world basins. Notable excep-
uted hydrologic modeling. Then the methodology for constructing tions include the work of Tachikawa et &/1994 and Nelson
traditional, hydrographic and hydrological similarity TINs is pre- et al. (1999. In most hydrologic applications, however, TIN ter-
sented in detail, with particular emphasis on the new method for rain modeling remains an ad hoc process based on sampling a
embedding hydrologic behavior into the model mesh. Next we DEM at a desired level of detail without explicitly considering
outline the elevation data products utilized to assess the perfor-hydrologic features such as stream channels and river cross sec-
mance of the TIN terrain models over a series of distinct catch- tions, basin boundaries and floodplain or riparian zones.
ments. A comparative analysis is made between the TIN models The generation of TIN terrain models is facilitated by a geo-
and raster DEMs with an equivalent number of nodes to illustrate graphic information system that allows the manipulation of eleva-
(2) the relative performance of TIN and DEM coarseni(®),the tion data in a variety of format&e.g., points, vectors, grids, T)N
impact of DEM quality on TIN generation, an@) the effects of as well as other types of landscape coverdges., hydrography,
basin scale and terrain variability on TIN terrain models. Finally, vegetation, soils Arcinfo GIS, for example, has a set of TIN
we discuss various issues related to the use of hydrologically routines based on the Delaunay criterion that are popular for
significant TINs in distributed modeling in light of our recent three-dimensional surface analySiERSI 1992. Methods for
applications of the tRIBS model in mid-to-large scale baghs- constrained Delaunay triangulation also permit the construction of
1500 knf) (e.g., lvanov et al. 2003a,b; Vivoni et al. 2003a,b TIN surfaces that incorporate linear features. In this study, we use

Arcinfo GIS to develop TINs that preserve key hydrologic and
topographic characteristics while minimizing the number of com-
Triangulated Irregular Networks putational nodes. A reduction in domain size while preserving
terrain attributes(elevation, slope and curvature distribution
Topography can be represented using a number of computationaffanslates directly into efficient and accurate hydrologic simula-
structures, including contour lines, regular grids or triangulated tions with the tRIBS distributed model, particularly over large,
irregular networks. The TIN data structure is a piece-wise linear COmplex watershedslvanov et al. 2003a)b In this study, we
interpolation of a set of points ix y, z coordinates, that results in ~ f0Cus on the methods for selecting elevations points and incorpo-
nonoverlapping triangular elements of varying size. Although rating hydrologic information into a TIN terrain model.
several methods exist, Delaunay triangulation is a preferred tech-
nigue since it provides a nearly unique and optimal triangulation
(e.g., Watson and Philip 1984; Tsai 199Bor a set of points, the ~ Methodology
Delaunay criterion ensures that a circle that passes through three
points on any triangle contains no additional poir@enstrained The methods for constructing TINs presented in the following
Delaunay triangulation permits the inclusion of linear features account for the catchment topography, hydrography and the

JOURNAL OF HYDROLOGIC ENGINEERING © ASCE / JULY/AUGUST 2004 / 289



Raster Land-surface
INPUTS DEM Descriptors
| I
y v v v
Derive Derive s ! Derive Derive
Watershed Stream DE;"F',p.e " Floodplain Boundaries
Boundary Network oints Boundary
Elevation (m)
262.1-271.0
L R
- el zss:s:zsﬁ / DAy,
Generalize lines Make points—— Floodplain §§§§§Z§§ = \\
TIN | 3245-333.4 \;')
. 333.4-3423 N (A
® N7\ 7
Generate o 00 m S{\\;ﬂ’/
ouTPUT Watershed i« Generalize lines IS X
TIN !

Fig. 1. Schematic of triangulated irregular netwdidN) generation
process. Constrained Delaunay triangulation is used to generate the
watershed TIN using sampled digital elevation mod=EM) points, Fig. 2. Traditional TINs utilizing the topographic sampling methods
linear featuregbasin boundary, stream netwgrnd ancillary land for a given data reduction factord€0.1 or 10% original DEM
surface descriptorésoils, vegetation, geologyThe traditional TIN nodes$. (a) USGS 30-m DEM within Peacheater Creek basin, Okla.
approach consists solely of sampling a DEM to generate a($é¢ (4,416 total cells (b) TIN generated using the Arcinfo GIS Latticetin
Fig. 2. The hydrographicTIN approach combines DEM sampling method ¢, =8 m); (c) TIN generated using Arcinfo VIP methoa (
using a topographic criteriofLatticetin) with linear features, flood- =16%). Both the Latticetin and VIP methods have an equivalent
plain representation and land surface descripteee Fig. 3 The number of node$442 nodes but differ substantially in significant
hydrological similarity TIN approach utilizes the wetness index to points retained in the TIN. Comparisons to the original DEM
sample the DEM instead of the topographic criterion and incorporates reveal RMSE values of 3.0(Latticetin) and 7.22 m(VIP).

features that represent basin hydrograpimwatershed delineation,

channels (see Fig. 4.

Various GIS methods exist for selecting critical elevations
from dense DEMs using a slope-preserving criterigig. 1,
sample DEM points Lee (1991) compared two approaches
steady-state hydrologic response, as parameterized by a topoimplemented in Arcinfo GIS, the very important poitMIP) and
graphic or wetness index. The principal objective for generating the drop heuristi¢DH) methods. VIP is docal procedure based
hydrologically significant TIN terrain models is to capture the on determining the “significance” of a point relative to a3
salient topographic and hydrologic features efficiently since fea- filter. The significance measure is the distance between the actual
sibility is sought for hydrologic applications over large domains. node elevation and interpolations obtained from its four neighbor-
A schematic of the three methodsaditional, hydrographic and  ing transects. A specified percentage ©f the significant eleva-
hydrological similarity TIN$ is presented in Fig. 1. In the follow-  tion points is retained in the final triangulation. The DH method,
ing, we describe TIN terrain models that are progressively con- on the other hand, isglobal procedure that guarantees that a TIN
strained by additional criteria derived from the raster DEM or model is within elevation tolerancez(in meter$ of the DEM.
other land surface descriptiorie.g., soils, vegetation, geology The approach successively removes DEM points, and retains sig-
maps. nificant points that result in a TIN surface that exceeds the speci-
fied tolerance. A variant on the DH method is implemented in
Arcinfo GIS as LatticetinLee 1991; ERSI 1992
Lee(199)) evaluated the performance of the two methods, and
Topography exercises major control on the hydrologic response inconcluded that the DH approach exhibited lower root mean-
watershedse.g., Wood et al. 1990; Ivanov et al. 2003W/ith the square errorsSRMSES9 over a range of terrain resolutions. In our
availability of high-resolution raster DEMs, direct use of topo- experience with generating TINs using the traditional approach,
graphic data in hydrologic models is often sought. For large do- we have found that the LatticetifDH) method is more robust,
main models, however, utilizing high-resolution grids requires a quantifiable and accurate. In order to compare the methods di-
means by which to reduce data or coarsening to obtain reasonableectly, preliminary parameter tests are required to select values of
computational performande.g., Wigmosta et al. 1994; Yquez v or z, such that an equivalent number of nodes is retained. In
et al. 2002. For raster DEMs, data reduction is usually achieved this study, we define the data reduction fadidy; the number of
through pixel aggregation at the expense of topographic detail TIN nodes ) divided by the number of DEM cellsng), as a
(Vieux 1993. Similarly, large topographic data sets obtained measure of the coarsening performed in a TIN. As an example,
through photogrammetrical methods or LIDAR typically require Fig. 2 compares the VIP and Latticetin methods at an equivalent
coarsening to reduce the number of irregularly spaced elevationaggregation §=0.1) for a DEM within the Peacheater Creek,

Topographic Approach: Traditional TINs

points. Intraditional TIN models, essential topographic informa-

tion is captured by selectively sampling a high-resolution DEM

according to a slope-preservirigr topographig criterion. Spe-

cific criteria for selecting elevation points can vary widely among

different surface simplification algorithmésee, for example,
Heckbert and Garland 1987

Okla. Notice that the Latticetin method results in a more regular
triangle size distribution and a smoother hillslope to valley tran-
sition. By linearly interpolating each TIN onto a regular grid, we
computed RMSE values of 7.2&/1P) and 3.01 m(Latticetin)
with respect to the original DEM. For this basin, both the hori-
zontal resolution and vertical accura@gMSE) favor the selec-
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tion of the Latticetin method at this level of aggregatioth (
=0.1,z,=8 m andv=16%). Similar results were observed over
a range of basins and at varying aggregation le(edé shown,
thus confirming the conclusions of Lé&991). For this reason,
we only consider the Latticetin method for selecting nodes with a
topographic criterion in the following discussions.

Incorporating Hydrographic and Landscape Features:
Hydrographic Triangulated Irregular Network

Traditional TIN methods generally do not account for criteria
other than the preservation of critical slopes. As a result, tradi-
tional techniques ignore hydrographic and landscape features that
are desirable within hydrologic model domains. The general strat-
egy for formulatinghydrographicTINs combines the topographic
DEM sampling used in the traditional approachatticetin :
method with representations of surface streams, basin boundaries >
and floodplains in a constrained Delaunay triangulation. As
shown in Fig. 1, the raster DEM is used to extract the channel
network, watershed boundary and floodplain boundary, which
combined with the sampled DEM points and other land surface Fig. 3. Example of elements of the hydrographic triangulated irregu-
features constitute the basis for the hydrographic TIN method. In lar network(TIN) method.(a) Basin boundarywhite polygon and
the following, we discuss how linear coverages or natural break- channel network(black lineg derived from the digital elevation
lines used to map hydrographic and land surface data are pre-model by selecting an outlet point and utilizing an area threshold of
served within the triangulated terrain model. For the tRIBS dis- 50 pixels(30-m cell siz¢ for stream cell selectior{p) hillshade view
tributed model, direct representation of hydrographic criteria is of the hydrographic TIN model derived using the Latticetin method
essential for(1) determining the watershed domain bound&2y, (z,=8 m) and conforming to the generalized stream netwbtack
depicting streams accurately in the channel routing sché®e, line) and buffered catchment bounddnuter line$; (c) facet view of
resolving the variable source area within a river floodplain or the floodplain boundarygray region and nested floodplain TIN em-
riparian zone, and4) minimizing the subelement variability of  bedded within a watershed TIN which also retains the basin streams
land surface propertiege.g., Tucker et al. 2001b; Ivanov et al. and boundary(d) facet view of the TIN model conforming to hydro-
2003a,b. To best illustrate the components in the hydrographic logic response units derived from soils and vegetation clasbesled
TIN method, the reader is referred to Fig. 1 for a general sche- regiong. Note how the hydrologic response unit boundaries are re-
matic and Fig. 3 for a detailed example. tained within the TIN model, thus reducing the problem of subele-
ment variability in land-surface properties.

Channel Network and Watershed Boundary
The watershed stream network and boundary are essential fea-
tures that distinguish hydrographic TINs from triangulated mod- elevations as a buffer for the boundary maximizes the basin area
els used for surface visualization. Channel networks can be delin-captured(not shown. This overcomes problems that arise when
eated from high-resolution topographic data using a series ofthe TIN terrain model is represented as its dual Voronoi diagram
algorithms (e.g., O’Callaghan and Mark 1984; Jenson and (Rybarczyk 200D a convenient computational scheme for dis-
Domingue 1988; Tarboton et al. 1991n this study, a constant-  tributed hydrologic and geomorphic modelBraun and Sam-
area threshold method is used to classify DEM points as streambridge 1997; Tucker et al. 2001b; Ivanov et al. 2003ag. 3b)
cells[Fig. 3@)]. An iterative procedure ensures that the drainage illustrates the stream network and basin boundary as they are
density of the extracted network is equivalent to available hydro- represented in the hydrographic TIN model.
graphic data. The stream network is preserved in the hydrographic
TIN model by enforcing the triangulation to hard breaklines and Floodplains and Riparian Zones
sampling the DEM to obtain channel profile elevatiofisa- In addition to stream and basin boundary representations, hydro-
chikawa et al. 1994; Nelson et al. 199€urve simplification or graphic TINs can resolve floodplains or riparian zones found
generalization is typically required to remove raster effects in the along high-order reaches. If a detailed floodplain model consist-
channel networkFig. 1). Nevertheless, the resulting streams are ing of surveyed transects is availalféeg., Tate et al. 2002it can
statistically equivalent to the original hydrograp{ouglas and be integrated directly within a coarser resolution model of the
Peucker 1978 entire watershed. Given that river and floodplain cross sections
Incorporating basin boundaries permits hydrographic TINs to infrequently exist, a simple method is required to appropriately
accurately capture the watershed aremy. 3(@)]. Watershed de- delineate a floodplain from a raster DEM and represent it within a
lineation is based on creating a depressionless DEM, deriving theTIN model. For such cases, we have implemented an elevation-
overland flow direction along the steepest path and computing thethreshold algorithm developed by Williams et @000 to extract
upslope area at each outl@.g., O'Callaghan and Mark 1984; a floodplain boundary from a DEM and subsequently retain the
Jenson and Domingue 198&s in the stream network, simplifi- ~ floodplain topography at high resolution. The algorithm extracts a
cation or generalization of the rasterized watershed boundary isfloodplain DEM from the points that lie within a specified differ-
typically required(Fig. 1). The basin boundary is preserved by ence in elevation of the basin outlet. This floodplain DEM is
enforcing triangulation to soft breaklines that sample the DEM for subsequently sampled at high resolution and incorporated into the
elevation values. In addition, using an inner ring of interpolated hydrographic TIN along with points representing the watershed
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Fig. 4. Example of procedure for generating hydrological similarity triangulated irregular netwdikés) from a high-resolution digital
elevation model(DEM) [see Fig. 8a)]. (a) Spatial distribution of topographic or wetness ind&x; In(a/tanB), ranging from 7.6 to 20.4(b)
frequency distribution ok arranged into 21 classes characterized by the mean index valjie(€) functional relationship between the proximal
distance @) and the mean index valua (), shown here as a linear function with an upper limitdgrof the mean hill slope lengtfi) and lower
limit of the DEM cell size(r) (horizontal dashed lings(d) facet and elevation of the resulting hydrological similarity TIN model based on the
topographic index distribution, stream network and buffered watershed boundary.

topography, channels and boundari@€sg. 1). Ultimately, the
floodplain is retained in the watershed terrain modelnasted
triangulation[Fig. 3(c)]. For the tRIBS model, a high-resolution

triangulation conforms to the unit boundaries. The polygons that
represent the hydrologic response units, or soils, vegetation and
geologic features, are typically generalized and incorporated as

floodplain or riparian zone is a key hydrographic feature since soft breaklines in the hydrographic TINFig. 1). Alternatively,
convergent valley bottoms tend to saturate frequently and produceHRUs can be used to constrain the triangulation by varying the

runoff via the variable source area mechanigivanov et al.
2003a,b; Vivoni et al. 2003a

Landscape Features

TIN resolution for each unit according to a measure of hydrologic
significancd Fig. 3(c)]. This approach combines the simplicity of
a HRU classification with a triangulated terrain model but de-
pends on the availability of ancillary surface ddteegetation,

Hydrographic TINs can also resolve regional landscape featuressoils).
such as soils, vegetation and geological units used in distributed
hydrologic models to parameterize land surface processes. Land-
scape descriptors, typically available as polygon features, can be
directly incorporated into a TIN terrain model, ensuring that sur-

face properties do not vary at the subelement dd@p 3(d)]. In Hydrographic TIN methods represent essential physiographic fea-
addition, combinations of land surface descriptors can be used totures within a watershed without explicitly considering internal

represent areas of similar hydrologic respofsse, for example,  hydrologic dynamics. In principle, a hydrologically significant

Kouwen et al. 1998 These hydrologic response unidRUs) terrain model should preferentially resolve areas within a catch-
can be directly included into the TIN model, thus ensuring the ment that dominate the hydrologic response to rainfall. For ex-

Embedding Steady-State Hydrologic Response:
Hydro/og/ca/ Similarity Triangulated Irregular Networks
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ample, regions that saturatensaturatefrequently due to a rising de=f(Ae) r=<d.<I (2)
(falling) water table typically lead to an expandifgpntracting
variable source area that alters the partitioning of rainfall into where f=a functional relation;r=DEM cell resolution (in
infiltration or runoff(e.g., de Vries 1995 Increased domain reso- metersg; andl=mean hillslope lengtliin meter$. The mean dis-
lution is required in variable source regions in order to accurately tance between any two nodes is used as a proximity criterion to
capture the frequent variations in saturation pattern. In the tRIBS filter the DEM and is constrained based on the resolution of the
model, for example, the coarsening of model resolution within topographic datdr) and a measure of the overland distance to a
flat, convergent regions has been shown to have a detrimentalstream(l). The proximity filter operates on a subset of the DEM
effect on the simulated surface and groundwater interactions andfield that is disaggregated based on the index value. Data thinning
storm runoff productior(Vivoni et al. 2003a,h is applied with a circular filter of radius @5 for the points
Methods to appropriately capture hydrologic dynamics within within a DEM for each index clagsee Vivoni et al(2003h for
triangulated terrain models do not currently exist. In this study, details of the algorithrh For simplicity, the relationship is illus-
we introduce a new approach for tailoring the terrain resolution to trated here as linearly decreasing ower, which implies that
a measure of hydrologic significancelydrological similarity regions with low values of are represented at low resolution
TINs utilize a hydrologic criterion for selecting elevation nodes (larged.), whereas larga values are retained at a progressively
from a high-resolution DEM and combine this information with a higher point densitysmallerd,).
representation of the watershed stream network and boundary ina For the linear relationshifFig. 4(c)], the method for selecting
constrained Delaunay triangulatioRig. 1). Instead of relying on  DEM nodes using a hydrological similarity criterion depends only
a slope-preserving methdd.g., Latticetin, VIR, DEM points are  onr andl, computed directly from the DEM, without the need to
selected aCCOfding to the degree of saturation or wetness within &3pec|fy an accuracy parame(euch as or Zr)- The minimum(r)
catchment location. Terrain analysis is used to determine theand maximum() values selected fod, are natural length scales
steady-state hydrologic response in a basin through the topo-for constraining the mean point spacing. In particular, the mean

gr,aphic index proposed by Beven and Kirkkg979 and hillslope length(l) is a measure of hydrologic distance computed

O’Loughlin (1986 from the total stream network length {) and catchment area
Ni=In(a; /tan;) @ W

where\;=topographic index at thigh pixel; a; =pixel contribut- _ i: i 3)

ing area per unit width; and tg=local pixel slope. Commonly 2Dy 2Lg

referred to as the Topmodel index, Ef), provides a quantifiable . . . o
measure of hydrological similarity for catchments dominated by a WhereDy=drainage density. Terrain analysis is utilized to com-
saturation excess runoff mechanifsee Beven et a(1995 for a pute A and L from the DEM with the selection of the constant-
review of the underlying assumptionsThe index distinguishes ~ area §tream threshold having. an important effect on thg value of
between convergent areas that saturate frequelatige \) and the hillslope length(see Vivoni et al. 2003b Both the drainage
hillslope or upslope regions that lack runoff productismall\). density and the mean hillslope length are key descriptors closely
A topographic distribution function constructed from the values 'elated to the basin topographic form and long-term hydrologic
of \ at each catchment location serves as an index of hydrological'esponsee.g., Tucker et al. 2001a
similarity, thereby combining DEM pixels of similar hydrologic Vivoni et al. (20030 discussed in greater detail a general
behavior into a few, distinct classes. Based on this wetness clasinethod for selecting the functional relati¢2) using the statisti-
sification, a higher triangulated resolution can be retained in re- cal properties of the topographic index distributi@ng., mean,
gions that preferentially saturate. variance, skewnegsas well as the constraints provided by the
Fig. 4 illustrates the steps for embedding the catchment DEM cell size and mean hillslope length. Rather than using a
steady-state hydrologic response into a triangulated domain. Alinear decrease in point spacing, a step-wise function is con-
terrain model such as the raster DEM in Figa)3s analyzed to  structed that effectively depicts saturated regigrigh \) beyond
derive the topographic indei) for each DEM cell, as illustrated  the distribution peak at high resolution, while drier upslope areas
in Fig. 4(a). Notice that the wetness ind¢Eq. (1)] resembles the (low M) are retained at lower resolution. Relating the functional
stream network pattern, with high values)otoncentrated along ~ relation to the basin wetness distribution provides an objective
areas of flow convergence and low values found in upslope re-means by which to preferentially resolve saturated areas in a TIN
gions. Given the spatial pattern of the topographic index, a fre- model.
quency distribution is constructed by selecting an appropriate his-  In summary, hydrological similarity TINs sample a raster
togram bin size, which leads to a series of classes characterized®EM with a variable resolution filter conditioned on the topo-
by mean index valua . [Fig. 4b)]. In our experience, we typi-  graphic index value. The proximity filterd() is applied to a
cally select more than 10 classes to appropriately resolve differ- subset of hydrologically similar nodes, ensuring that point spac-
ences in\ over catchment locations. For each topographic distri- ing reflects a relationship with the mean index valag)( The
bution class, the method samples the DEM at a different selection of this functional relation is based on the wetness index
resolution[Fig. 4(c)], thus it can retain more points in frequently distribution, although for, simplicity, we have illustrated it for the
saturated areadhigh \). Although the Topmodel formulatiofi) case of a linear function. Physical limits on the filter size ensure
is utilized, the methodology is amenable to other measures ofthat upslope and convergent areas are sampled afljoov high
hydrological similarity (e.g., those reported by Ambroise et al. resolution(r), respectively. After point selection, constrained De-

1996; Woods et al. 1997 launay triangulation is used to create a TIN that resembles the
To objectively select DEM points based on the wetness index spatial distribution of the wetness indgig. 4(d)]. The physical
distribution, a functional relationshifFig. 4(c)] is established link between the TIN terrain model and the basin properties pro-
between the mean index value of each clasg @nd the mean  vides a consistent means by which to develop hydrological simi-
distance between the selected DEM poirds i meters: larity TINs. Further details on the GIS algorithms for index-based
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Table 1. Characteristics of Selected Watersheds Extracted from U.S. Geological Sut$68 and Shuttle Radar Topography Missi(8TRM)

Digital Elevation Model(DEM) data

Longitude of  Latitude of

watershed watershed Basin Grid cell Number of Mean Elevation  Elevation

outlet, Xq outlet, yq area,A resolution,r DEM cells, elevation,u std dev,o range,Az
Watershed (dd) (dd) (km?) (m) Ng (m) (m) (m)
Baron Fork, Okl —94.84 35.92 808.15 30 897,944 346.54 59.02 367.88
Blue River, Okla® —96.24 34.00 1,236.38 30 1,373,755 259.48 66.49 245.23
Cheat River, W.V4. —79.68 39.12 1857.22 30 2,063,578 1,000.56 185.07 1002
Flint River, G2 —84.43 33.24 697.71 30 775,233 264.79 19.71 105
llinois River, Okla? -94.57 36.13 1627.60 30 1,808,444 378.06 41.34 324.21
Squannacook River, Ma$s. —71.65 42.63 172.03 30 191,144 194.42 80.71 387.40
Smith Canyon, Col8. —103.43 37.76 732.96 27.697 955,461 1,557.51 133.30 634.10
Abo Arroyo, N.MP? -106.77 34.52 1,000.51 84.473 140,212 1,846.86 236.35 1,593
Cow Creek, OP —123.44 42.92 992.75 26.835 1,378,595 666.43 184.09 1,353
Gun River, Mich? —85.64 42.47 268.35 26.839 372,537 217.36 21.69 118
Little Lost Creek, Mo? -91.32 38.71 110.37 27.528 145,647 208.22 31.28 152
Lost Creek, Utah -111.54 41.06 576.92 27.012 790,682 2,158.26 195.50 1,018
Picacho Wash, Ari2. —114.62 32.80 96.83 28.462 119,531 183.34 56.98 538
Rapidan River, V&. —78.03 38.32 1,182.79 27.538 1,559,706 226.68 222.68 1,135
Smith Canyon, Col6. —103.43 37.76 734.67 27.691 958,109 1,536.68 134.11 634

Note: dd=Decimal degrees.
4JSGS(Gesch et al. 2002
PSRTM data(Farr and Kobrick 2000

point selection and proximal distance triangulation are presenteddiscretization to the nearest met@tarr and Kobrick 2000 In

in work by Vivoni et al.(20030. this study, a series of eight SRTM watersheds were chosen to test

the TIN algorithms(Table 1.

Elevation Data Products

Applications of Hygrographic and Hodrological
The three methods for generating hydrologically significant TIN Similarity Triangulated Irregular Networks
models are tested by utilizing U.S. Geological Sur&sG9
and Shuttle Radar Topography Missi¢B8RTM) DEMs. In the

following, a brief description of each is presented.

To generate the traditional, hydrographic and hydrological simi-
larity TINs described earlier, we developed a set of terrain analy-
sis programs in ArcInfo GIS. Elevation data from the USGS and
SRTM were used to construct TIN models for a series of basins.
In the following, several case studies are presented to demonstrate
The USGS has developed national topographic coverage that conthe GIS methods and evaluate the performance of the hydro-
tains the best available DEM products at various levels of accu- graphic and hydrological similarity TINs relative to the original
racy (Gesch et al. 2002 Comparisons of DEM accuracy to and aggregate DEM products. In particular, we address five re-
higher resolution data from photogrammetry and land surveying lated issues in the case studiéb. Can TIN terrain models better
suggest that the products are reasonable approximations, althoughapture topographic variability as compared to equivalent DEM
localized errors are possiblee.g.,, Kenward et al. 2000 For aggregation productsg2) Can triangulated terrain models reveal
level-2 DEMs, the vertical accuracy is one-half the contour inter- differences between DEM products of varying accura@ MHow

val with discretization to the nearest ufidSGS 1998 Despite does terrain variability and catchment form affect the aggregation
potential artifacts, the USGS DEMs provide extensive data for and accuracy of TIN terrain model$®) How does incorporating
testing the TIN algorithms. A series of seven USGS watershedsa measure of hydrological similarity into a TIN model improve
are utilized in this studyTable J. upon hydrographic or traditional methodé&®) Is it possible to
construct TIN models of continental basins that capture hydro-
logic behavior?

Comparisons between the different DEM and TIN terrain
models are quantitatively assessed using the frequency distribu-
SRTM DEMs are an emerging source of high-resolution topogra- tion of primary and secondary terrain descript@koore et al.
phy data obtained using radar interferometry onboard the En-1991). The TIN surfaces are linearly interpolated onto a raster
deavor ShuttléFarr and Kobrick 2000 The sampling technique  grid of the original DEM dimensions prior to deriving the eleva-
consisted of two radar instrument pairs separated by a 60-m masttion, slope, curvature and topographic index distributions. The
Processing of th€-band data provides a nominal 30-m product slope and curvature fields are computed from the elevation data
over 80% of the Earth’s landmass. A preliminary distribution of 1- using algorithms described by Moore et @991, while the to-
and 3-arcsec(SRTM-1 and SRTM-B products was made for  pographic index distribution is based on the single-flow algorithm
evaluation purposes. Vertical accuracy is estimated at 15 m within work by Wolock and McCab&1995. Finally, a qualitative

U.S. Geological Survey Digital Elevation Models

Shuttle Radar Topography Mission Digital Elevation
Models
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10 Kilometers
Lost Creek

(a)

()

Fig. 5. Comparison of the digital elevation mod@EM) aggrega-
tion and hydrographic triangulated irrgular netwofKIN) terrain
products for Lost Creek basin, Utd77 kn?). (a) Contour map of
the shuttle radar topography missi@®RTM)-1 watershed elevation
and stream network with basin locatiécontours at 100-m intervals

(b) aggregate DEM at 81-m resolution with 94,880 nodes or 12% of
the original SRTM-1 DEM(Table 1); (c) hydrographic TIN model
developed at an identical data reduction factde=fy/n;=0.12)
using the Latticetin sampling method, &4 m).
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comparison between the DEM products and the hydrographic and
hydrological similarity TINs is obtained by visualizing the differ-
ent terrain models.

Comparison of Digital Elevation Model Aggregation
and Triangulated Irregular Networks

DEM aggregation or resampling leads to the smoothing of critical
slopes and shortening of flow paths which directly impact flow
predictions in distributed hydrologic mode{s.g., Vieux 1993;
Walker and Willgoose 1999 The effect of DEM aggregation is
illustrated using the SRTM DEM for the Lost Creek basin in Utah
(Fig. 5. Due to its high terrain variabilitfc=195.5 m, this
basin exemplifies potential errors that occur during grid aggrega-
tion. SRTM-1 data were transformed from their native 27-m reso-
lution to 81 m using bilinear interpolation, a resolution equivalent
to the SRTM-3 productFarr and Kobrick 2000 Comparisons
are made to aydrographicTIN derived using a slope-preserving
criterion that includes the stream network and basin boundary.
The elevation tolerancez(=4 m) was chosen so the data reduc-
tion factor @d=0.12) matched the aggregation in the 81-m DEM.
Despite the low aggregation level, from 27- to 81-m resolution,
the distribution of the slope, curvature and topographic index var-
ies considerably for the aggregated DEM, but the elevation re-
mains unaffectedFig. 6). This illustrates the strong impact that
DEM aggregation can have on distributed hydrologic model re-
sponse since the slope and curvature fields determine flow paths
and gradients over the complex terrain. The hydrographic TIN
model, on the other hand, preserves the terrain attributes very
well, in particular the slope and curvature, considering that only
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Fig. 6. Comparison of the digital elevation mod&€EM) aggregation and hydrographic triangulated irregular netwi®Hd) products for Lost

Creek basin, Utah, illustrating the effects of domain coarsening on the primary and secondary topographic attributes. Frequency distriution of th

elevation(top left), slope (top right), curvature(bottom lef) and topographic indexbottom righ} for the original shuttle radar topography
mission-1 DEM(27-m), the aggregate DENB1-m) and the hydrographic TIN models. Both the aggregate DEM and hydrographic TIN have an

equivalent number of nodesl€0.12).
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network, watershed boundary and the TIN terrain model resolu-
tion. Despite identical procedures, the SRTM Tg. 7(b)] con-
tains 75,025 nodes compared to 99,958 in the USGS [HiY.
7(c)]. In flat regions, the SRTM TIN captures more variability in
elevation compared to the smoother USGS TIN, whereas over
rugged terrain the USGS TIN has proportionally higher resolution
due to larger variations in slope with respect to the SRTM TIN.
Even visual comparison of the two triangulated models suggests
that TINs can discern differences in elevation data quality, par-
ticularly for situations where noise or speckling may be present in
the terrain modele.g., Falorni et al. 2004 This is corroborated
Kilometers by comparing the terrain attribute distributions of the two DEMs
in Fig. 8. A higher proportion of low slopes is present in the
USGS DEM, which agrees well with the observation of larger,
flatter triangles in the canyon bottom for the USGS TIN. Results
from comparisons in seven other USGS-SRTM basin p@ics
shown further suggest that TINs concisely capture differences in
DEM products. While this may be achieved via direct comparison
of DEM terrain attributes, the use of TIN characterization as a
visualization tool for assessing DEM data quality is promising.

Comparison of Hydrographic Triangulated Irregular

0 20 Kilometers
T Networks over Varying Terrain

@ © In generating watershed terrain models for distributed hydrologic
a ¢ simulations, the TIN methodology should be generally applicable

Fig. 7. Comparison of U. S. Geological SurvéySGS and shuttle to any geographic location. To evaluate the _perform_ance 01_‘ the
radar topography missio(SRTM) digital elevation model$DEMSs) hydrographicTIN models over a range of basin physiographies,
using hydrographic triangulated irregular netwéTkN) terrain mod- ~ We investigate the dependence of TIN accuracy and data reduc-
els for the Smith Canyon, Cold735 knf). (a) Location of study tion on the catchment terrain roughness. Vertical accuracy is mea-
watershed with representation of the watershed boundary and strean$ured by the RMSE between the original DEM and the hydro-
network from USGS DEM;(b) hydrographic TIN model using  graphic TIN model, while terrain roughness is represented by the
SRTM-1 DEM (75,025 nodesd=0.08); (c) USGS DEM-derived standard deviatiorio) in elevation. A series of basins was se-
hydrographic TIN mode(99,958 nodesd=0.1). Both the SRTM-1 lected from both the USGS and SRTM data to ensure topographic
and USGS TINs were derived using the Latticetin method at the sameheterogeneity between the catchments, wittanging from 20 to
level of vertical tolerancez =4 m). Notice the marked differences 220 m (Table 1. Hydrographic TINs were generated for each
in TIN resolution over the flat canyon bottofSRTM TIN denser basin using an identical elevation tolerancg=4 m) and in-
than USGS TIN and along the steep canyon wal§SGS TIN cluded the stream network and basin boundary. Figop) illus-
denser than SRTM TIN The overall effect is that higher resolution is ~ trates how an increase in terrain variability) leads to a higher
required in the USGS TIN to meet the specified vertical tolerance. RMSE between the original DEM surface and the hydrographic
TIN model. Notice that forz,=4 m, the RMSE varies narrowly
between 1.2 ah 2 m despite the large variations in catchment
12% of the nodes is retained in the TIN. This result confirms that form. Terrain roughnesgo) also impacts the data reduction or
hydrographic TIN models are capable of capturing topographic coarsening(d) achieved with a TIN mode(Fig. 9, bottom. A

variability that cannot be achieved via raster aggregation due tolarger range of TIN aggregatidi@—-20% of the original nodgss
the adaptive, irregular domain. Additional tests within this basin observed for the same elevation tolerance in basins of different

indicate that as the level of aggregation increaskedecreases topographic form. In general, Fig. 9 indicates that flat or gently
TINs progressively capture more terrain information than a DEM sloping catchments with low variability in terrain can be repre-
of equivalent resolutiorinot shown. sented with fewer TIN nodedow d) and improved accuradyow

RMSE) for a given level of tolerancez() compared to high re-
lief, mountainous basins. Vivoni et 420033 have further illus-
trated the effect of elevation tolerance on the data reduction
achieved in a hydrographic TIN model and its subsequent impact
on the vertical terrain accuracy and hydrologic model response.

Comparison of U.S. Geological Survey and Shuttle
Radar Topography Mission Digital Elevation Models
Using Triangulated Irregular Networks

Topographic data quality varies with the methods employed for
capturing and processing elevation dégag., photogrammetry,
synthetic aperture radar, LIDARTOo illustrate the differences be-
tween the USGS and SRTM DEMSs obtained using distinct tech-
nigues, we compare the two derivégdrographicTIN models Hydrographic and hydrological similarity TINs select DEM nodes
for Smith Canyon in Colorad@Fig. 7). The topographic data is  using either a slope-preserving or a wetness index criterion which
sampled using the Latticetin method at the same level of vertical leads to dramatically different terrain representations within the
tolerance ¢, =4 m) for both data sources. As shown in Figb 7  same basin. In order to assess the relative performance of the two
and 9, DEM differences propagate to variations in the stream methods, we compare a 30-m USGS DEM and an aggregate

Comparison of Hydrologically Significant Triangulated
Irregular Networks at Two Scales
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Fig. 8. Comparison of the terrain attribute frequency distribution for the shuttle radar topography nt&RibM)-1 and U.S. Geological Survey

(USG9 digital elevation model$DEMs) in Smith Canyon; elevatioftop left), slope(top right, curvature(bottom lefy and topographic index

(bottom righy. Note that the elevation bias-20 m) between the USGS and SRTM DEMs is potentially due to systematic geodetic error in
preliminary SRTM data. Differences in the slope and curvature distribution between the two data sources indicate that the USGS DEM has ¢
higher frequency of low slope cells and high curvature regions.

DEM with the two TIN models for the Baron Fork basin in Okla-
homa (Fig. 10. The same data reduction factod=0.07; n,
=64,000 nodesis used for thehydrographicTIN [z,=6.8 m,

N

o SoileMf i : Fig. 10b)], hydrological similarity TIN [Fig. 10c)], and the
g L S s e DEM aggrégation product & 112 m). A comparison of the TINS
E 16 SRR derived from the USGS DEM reveals the differences in resolved
wor4 e B features and domain resolution. Notice that the hydrographic TIN
Z (2 3 i has an imposed high resolution in the floodplain area due to
; : ; : ; nested triangulation, while other flat regions are poorly resolved.
0 50 100 150 200 250 The hydrological similarity TIN, on the other hand, automatically
¢ (metars) retains high resolution within regions that saturate frequently
0.25 5 —sRmoEm | ! T T (high N\). Along rugged hillslopes, the hydrographic TIN has
g 0.2 M‘J T P higher resolution since the terrain variability is high, while the
So1s} OSSO SNV N SR - Y i hydrological similarity TIN samples the domain evenly as the
g o1l o M == cor T propensity for saturation and runoff is redudgalv \).
3 o ie---"mTTTT o i° A quantitative comparison between the hydrographic and hy-
2005 - g TE . T drological similarity TINs is presented for the Baron Fq808
05 = ™ 50 200 250 km?) and the nested Peacheater Creek subkégikkn?) in Figs.

o (meters) , 11 and 12, respectively, relative to the original and aggregate
_ o _ DEMs. In terms of terrain attributegslope, curvature, topo-
Fig. 9. Performance of hydrographic triangulated irregular network graphic inde¥, the performance of the two TINs is superior to
(TlN) method for a series of U.S. Geological Survey and shuttle radar DEM aggregation, as shown previous'y for Lost CrQEIg 6)

topography mission digital elevation modéBEMs) of varying ter-  Each TIN method preserves the attribute distribution that best
rain characteristicgsee Table)_]; (top) root mean square error be-  |eflects the criterion used to select the DEM nods®pe-
tween TIN and DEM models increases with terrain variability; preserving or wetness indexelative to the original DEM. The

(bottom) the data.reduction fa_ctor or coarsening achieved in the TIN slope distribution is preserved best in the hydrographic TIN,
model (‘.j: Mt /ng) Increases W'thg' Th? dashed I|ne§ represent linear \hile the hydrological similarity TIN retains a more accurate wet-

regression in each relationshig: for linear regression 1s 0.524 and ness index distribution, especially for frequently saturated areas.
0.518 in the top and bottom panels, respectively. Similar results are obtained in both watersheds, suggesting that
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strate the superiority of the TIN model in capturing the hydrologic
signature of the high-resolution data despite having only 3% of
the nodegqFig. 14.

Discussion

The case studies previously presented illustrate the construction
of multiple resolution TIN models that capture the hydrographic
and hydrologic features essential for distributed hydrologic simu-
lations. We first demonstrated how hydrographic TIN models are
superior to equivalent DEM aggregation products in terms of re-
taining critical topographic information with a minimal set of
elevation nodes. This capability allows TIN-based hydrologic
models to simulate larger domains than raster-based models with-
out the loss of topographic detail. Subsequently, we illustrated the
effects of DEM data quality on the generation of hydrographic
TINs with the interesting result that triangulated terrain models
can aid in interpretation of topographic features or errors in
DEMs. Along a similar vein, an analysis of a series of catchments
of different topographic form revealed that the vertical accuracy
and degree of coarsening in hydrographic TINs are sensitive to
the variability in watershed terrain.

A comparison of hydrographic and hydrological similarity
TINs was then presented for a set of nested basins to illustrate the
advantages and disadvantages of the new method for embedding
the hydrologic response into the terrain model. Quantitative and
qualitative comparisons of the TIN models suggest that hydro-
logical similarity TINs are a promising method by which to cap-
ture hydrologic variability in terrain models. Finally, for a conti-
nental watershed, we showed the feasibility of generating
hydrological similarity TINs in large domains while capturing the
hydrologic signature in topography with a reduced set of eleva-
tion nodes. In the following, we discuss several key issues regard-
ing the use of hydrographic and hydrological similarity TINs for
distributed watershed simulations in light of our recent applica-

tions of the tRIBS model.
the TIN methods performed equally well at the subbasin scale

(Fig. 12 compared to the larger domaiRig. 11). In both basins,
the hydrological similarity TIN was better than the hydrographic
TIN at capturing the wetness index distribution but worse for the Minimizing the trade-off between model errors and execution
slope distribution. Since the terrain models for the subbasins weretime is desirable when selecting the hydrologic model resolution.
directly extracted from the larger watershed, the performance of In raster-based models, simulations of large basins may require
the nested TIN models seems to have low susceptibility to scalesignificant DEM aggregation to account for the simulation time
variations, a promising result for hydrologic applications with the and computational efforte.g., Wigmosta et al. 1994; 'Yguez
tRIBS distributed mode{e.g., Vivoni et al. 2003a)b et al. 2002. Topographic models based on triangulated irregular
networks provide a way forward in this regard, since they retain
the statistical signature of the best available terrain data with at
least an order of magnitude fewer elevation points. This degree of
coarsening permits model application in large basins without sig-
The multiple resolutions afforded by TIN terrain models can cap- nificant loss of information on the terrain. For example, Ivanov
ture the topographic or hydrologic detail in large regional or con- et al.(2003b presented simulations using the tRIBS model over a
tinental basins with a reduced set of elevation points. Here, we 7-year period in three basins in Oklahoma: Baron 808 knr),

1 Kilometers

Peacheater
Creek

1 Kilometers

@) g

Fig. 10. Comparison of triangulated irregular netwdfkN) terrain
models for the Baron Fort808 knf) and Peacheater Creés4 knt)
basins from a 30-m U.S. Geological Survey digital elevation model.
(a) Location of the two watersheds and highlighted region overlaid on
the spatial distribution of the topographic indey) hydrographic
TIN generated using the Latticetin methoz} € 6.8 m), stream net-
work, basin boundary and nested floodplain triangulation (
=64,000 nodes (c) hydrological similarity TIN with the proximity
criterion (d;) varying fromr=30m tol =579 m, along with repre-
sentation of a stream network and watershed boundary 4,000
nodes. Notice the variations in model resolution between the two
TIN methods.

Aggregation and Hydrologic Predictions

Continental-Scale Hydrological Similarity Triangulated
Irregular Networks

demonstrate the performance of thedrological similarity TIN
method for the Mississippi River basin, approximately 3,196,675
km? in area[Fig. 13a)]. Digital terrain data for the basin are
obtained from the North American HYDRO1K databadekm
resolution), derived from USGS 3-arcsec DEM&erdin and
Greenlee 1996 A low-resolution TIN commensurate with current
computational capabilities of the tRIBS hydrology model is
shown in Fig. 18b) (lvanov et al. 2003a)b The TIN model
=101,756, d=0.03) is compared with an aggregate DEM

lllinois River (1,640 knf) and Blue River(1,230 knf) (Table 1.
Hydrographic TINs that preserve the hillslope variability, stream
network, watershed boundary and floodplain domain were con-
structed for each basin using 7.22%aron Fork, 3.98%(lllinois
River) and 3.32%Blue Riven of the original 30-m DEM nodes.
At this level of aggregation, continuous tRIBS simulations were
computationally feasible while preserving topographic informa-
tion within each basin.

Nevertheless, the selection of a triangulated irregular network

(5.65-km cell resolutionthat has a comparable data reduction for a particular basin topography may also introduce aggregation
factor. Comparisons of the terrain frequency distributions demon- errors that propagate to the predictions of a hydrologic model.
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Fig. 11. Comparison of frequency distributions of elevatigop left), slope(top righ?), curvature(bottom lef) and topographic indetbottom
right) of the digital elevation moddDEM) and triangulated irregular netwofKIN) terrain models for the Baron Fork watershed. Included are
the original U.S. Geological Survey 30-m DEM, a DEM aggregation at 112-m resolution, a hydrographic TIN model and a hydrological similarity
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Fig. 12. Comparison of frequency distributions of terrain attributes for Peacheater Creek watershed sampled directly from the Baron Fork
models. Included are the original U.S. Geological Survey 30-m digital elevation niD&), a DEM aggregation at 112-m resolution, a
hydrographic triangulated irregular netwafkiN) and a hydrological similarity TINlabeled hydrologic TIN
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g . v .
regular network(TIN) for the continental-scale Mississippi River % 0.2 v o N RN )
basin(3,196,675 krf). (a) Basin boundary and topographic data ob- & ’ :
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tion follows the spatial pattern of the wetness index with higher reso- Fig. 14. Comparison of elevatioftop) and topographic indegbot-
lution retained in the flat river floodplain and delta regigdarker tom) frequency distributions for the Mississippi River basin using the
area. original HYDROI1K digital elevation moddDEM) (1-km cell reso-
lution), a DEM aggregation product5.65-km cell resolution,d
=0.03) and the hydrological similarity triangulated irregular network
(TIN) model d=0.03, labeled hydrologic TIN Notice that the hy-
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Both the methodology chosge.g., traditional, hydrographic or

m/d[rollﬁglcal S'm'la“gl\;ll-lsN$ and thf agmﬁpt.able livﬁldOf :arr(_)r Iln drological similarity TIN preserves the topographic index distribution
€ _(e.g.,v,_ Zrs B can potentially Impact hydrologica well, particularly for saturated regionsee floodplain area in Fig.
simulations. Given the potential uses of TINs for hydrological 13)

modeling, the propagation of TIN resolution error into model pre-
dictions is an important question. Vivoni et £2003a described
the construction of hydrographic TINs at multiple levels of aggre-
gation and subsequently analyzed the impact of varying TIN data  The accurate representation of watershed features necessary in
reduction on tRIBS model response in the Peacheater Creek basithe tRIBS model motivated the development of the hydrographic
(64 kn?). The impact of TIN aggregation on the distributed model and hydrological similarity TIN methods. The hydrologically sig-
responsee.g., water balance, runoff mechanisms, surface satura-nificant TINs address the deficiencies identified in previous work,
tion and groundwater dynamicsvas shown to be small over a such as conforming to basin boundaries and stream networks
broad range of aggregation levels. However, important effects on(e.g., Mita et al. 200} resolving both the topographic field and
the hydrologic response were observed when the TIN model wasbasin hydrographyle.g. Nelson et al. 1999and incorporating
coarsened beyond a point where the floodplain region was notfeatures such as floodplains, soil units or land cover. Comparisons
represented accurately, because the dynamics of the variablof the two TIN methods have revealed the accuracy retained in
source area were not properly captut®@/oni et al. 2003a the distribution of the criteria selecte@.g., slope or wetness
index despite the high level of terrain aggregation. An important
question is whether incorporating the steady-state wetness index
into a TIN model is an improvement over the hydrographic
method. Vivoni et al(2003h addressed this issue by performing
Compared to raster grid and distribution function approaches, paired model simulations of the Baron Fork basin that explicitly
TIN-based hydrologic models have received little attention. No- compared the TIN methods in terms of hydrologic response. The

Hydrologic Modeling Using Triangulated Irregular Net-
works

table excgptions include the work of Goodrich et €1991), results showed that hydrological similarity TINs capture the dy-
Palacios-V&ez and Cuevas-Renaudl992, Tachikawa et al. namics of the variable source area whereas hydrographic TINs
(1994, Mita et al.(2001), Tucker et al(2001h and Ivanov et al. can introduce errors associated with a poorly resolved floodplain.

(2003Dh. Despite the advantages in representing terrain by trian- Further details on tRIBS model evaluations are discussed in work
gulated irregular networks, the proliferation of TIN hydrologic by Vivoni et al. (20033.

models has been hindered by the relative complexity of the data

structures and algorithms on the irregular mesh as compared t
raster method$Tucker et al. 2001b The additional complexity

in the TIN structure is perceived to outweigh the potential gains The capability of resolving terrain at multiple resolutions using a
made by reducing the number of model nodes through adaptivetopographic or hydrologic criterion creates various opportunities
gridding. Our experience with the tRIBS model over various wa- to enhance the formulation of distributed hydrologic models. As
tershed scales has revealed that computational effort is reasonablshown for the Mississippi River basin, the use of a topographic or
due precisely to the significant reduction of model nodesnov wetness index to constrain resolution of TIN models is a promis-
et al. 2003h. In addition, the level of detail retained in the terrain ing development for large-scale climate, weather or hydrology
model is superior to the equivalent aggregation required for car- model applications where the domain should preferentially re-
rying out raster-based distributed simulations in large watershedssolve regions of intense hydrologic activity. In addition, a low
(Garrote and Bras 1995 resolution, continental basin-scale TIN model can be embedded

oMultip/e Resolutions, Scale and Nesting
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with a set of subwatersheds at different resolutions. TriangulatedFalorni, G., Teles, V., Vivoni, E. R., Bras, R. L., and Amaratung, K. S.
irregular networks permit a smooth transition between the conti- ~ (2004. “Vertical accuracy of SRTM DEMs: Analysis, characteriza-
nental basin and its multiple nested watersheds. The level of de- tion and effects on hydrogeomorphic modelingl” Geophys. Res.
tail used to represent each basin can vary according to the hydro-Far'rEa_lr_tthcfr:‘;igbﬁﬁfs"w (2000, “Shuttle radar topography mission
logic process representation or the reso!uthn of available produces a wealth of data&m. Geophys. Uniorg1, 583-585.
topographic data. Furthermore, the hydrologic signature at eachG P '
) : _ Garrote, L., and Bras, R. L(1995. “A distributed model for real-time
;cale Ca_m be presgrved through a phy§'0a| link to the Chardete”S' flood forecasting using digital elevation modelsl” Hydrol., 167,
tics (drainage density and topographic inglexthe nested basins. 279-306.
As a result, hydrological similarity TINs that properly resolve Gesch, D. et al(2002. “The national elevation datasetPhotogramm.
both the large and small scale domains provide a means by which  Eng. Remote Sen$8(1), 5—15.
to enhance distributed hydrologic models. Goodrich, D. C., Woolhiser, D. A., and Keefer, T. @991). “Kinematic
routing using finite elements on a triangular irregular netwowkdter
Resour. Res27(6), 995-1003.
Conclusions Heckbert, P. S., and Garland, NML997. “Survey of polygonal surface
simplification algorithms.”Carnegie Mellon Univ. technical repart
In this study, we presented three approaches for developing wa- Pittsburgh, Pa. .
tershed TIN models for distributed hydrologic simulations. The Ivanov, V. Y., Vivoni, E. R., Bras, R. L., and Entekhabi, [20033.
methodology accounts for the topographic, hydrographic and hy- _Devleopr_nent of a TIN-ba_sed dlstrlputed hydrologic model for_ real-
drologic features in real-world basins. We focused on the genera-  ime: continuous hydrologic forecasting/ater Resour. Ressubmit-
tion (_)f t_riangulateq terrain models using the concept of hydrologi- Ivart]ic\j/', V. Y., Vivoni, E. R., Bras, R. L., and Entekhabi, (2003
cal similarity er’V'ded through a wetness index. This new met'hod “Preserving high-resolution surface and rainfall data in operational-
embeds an estimate of the steady-state runoff response within the  scae pasin hydrology: A fully-distributed, physically-based ap-
TIN mesh. By incorporating hydrologic features, the spatial rep-  proach.”J. Hydrol, in press.
resentation utilized in a distributed hydrologic model can be Jenson, S. K., and Domingue, J. (1988. “Extracting topographic
closely tied to the underlying hydrologic processes. The new  structure form digital elevation data for geographic information sys-
method also bridges two existing modeling approaches: Topo- tem analysis."Photogramm. Eng. Remote Serigl(11), 1593—-1600.
graphic distribution functions and finite-element meshes. Through Jones, N. L., Wright, S. G., and Maidment, D. £990. “Watershed
a series of case studies, we illustrated and quantified the perfor- delineation with triangle-based terrain modelsl.” Hydraul. Eng.,
mance of hydrologically significant TINs in relation to the origi- 11610), 1232-1251. o
nal DEM. The hydrological similarity TINs, in particular, capture <enward, T., Lettenmaier, D. P., Wood, E. F., and Fielding/(Z00.
the hydrologic signature in terrain while minimizing the signifi- Effect of digital elevation model accuracy on hydrologic predic-

¢ i ffects introd d by DEM i tions.” Remote Sens. Envirorv4, 432—444.
cant negative ellects introduced by aggregation. Koster, R. D., Suarez, M. J., Ducharne, A., Stieglitz, M., and Kumar, P.

(2000. “A catchment-based approach to modeling land surface pro-
cesses in a general circulation model.” Geophys. Res., [Atmos.]
105(D20), 24809—-24822.
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