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INTRODUCTION

Digital elevation model (DEM) data are being used
routinely as a source for deriving hydrologic features
such as drainage basins and stream networks. Many
of the popular geographic information systems (GIS)
and image processing software packages include func-
tions for deriving hydrologic data directly from DEMs.
The scientific literature includes many examples of
both the background of the methods (Mark, 1984;
Band, 1986; Jenson and Domingue, 1988; Fairfield
and Leymarie, 1991) and application of the techniques
(Band, 1989; Jenson, 1991; Moore et al., 1991;

Maidment, 1993).
The increasing availability of global elevation data,

such as the GTOPO30 global DEM produced by the
U.S. Geological Survey (USGS) (Gesch and Larson,
1996), has allowed usage of the techniques for deriv-
ing hydrologic features from DEMs to be extended to
continental and global scales (Verdin and Jenson,
1996). Development of continental and global scale
DEMs usually involves generalization of higher reso-
lution source DEMs. While the effects of terrain data
resolution and DEM aggregation on hydrology and
geomorphology applications have been well docu-
mented (Chang and Tsai, 1991; Wolock and Price,
1994; Vieux, 1995), there is little documentation on
the effects of the method of generalization on deriva-
tive hydrologic products. Fisher (1996) has described
the effects of generalization methods on another DEM
derivative, the viewshed.

OEM GENERALIZATION

Generalization of OEM data may be done for sev-
eral reasons, including "scale" reduction and data vol-
ume reduction. Scale reduction may be done strictly
for cartographic display purposes, or it may also be
perfonned to adjust the grid spacing of the terrain data
to a resolution appropriate for the features being ana-
lyzed. The latter is the case when OEMs are used to
derive features for use in large area (continental and
globai) land surface studies. Higher resolution OEMs
are generalized to a level that reduces the data volume
to be processed but still portrays topographic features
at a level of detail suitable for the applications in which
they are to be used. A case in point is the USGS
GTOPO30 global OEM which has elevations regularly
spaced every 30-arc seconds of latitude and longitude
(approximately I kilometer). A large portion of
GTOPO30 was produced by generalizing higher reso-
lution source OEMs having a grid spacing of 3-arc
seconds (approximately 100 meters).

Cartographic generalization is an area in which sig-
nificant research and development have been con-
ducted, although most studies have concentrated on
generalization of linear and polygonal features in vec-
tor cartographic data. Generalization of raster terrain
data, while similar in concept to generalization of other
forms of spatial data, poses unique challenges, due in
part to the manner in which the information content
is represented in gridded data. In vector cartographic
data, the features of jnterest have already been deljn-
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eated during the compilation process. In gridded ter-
rain elevation data the features of interest; tor instance,
ridges and stream lines, are included with other fea-
tures that may not be of interest; for example, broad
flat areas. The challenge, then, in generalizing OEMs
is to retain the maximum amount of information con-
tent (by keeping a proper representation of critical fea-
tures), but this is made more difficult by not knowing
beforehand all the various applications in which the
generalizcd data may eventually be used.

There are several categories of generali7.ation meth-
ods for OEM data: statistical, resampling, and mor-
phology-based. Statistical methods use as the
aggregated elevation value a representative statistic,
such as minimum, maximum, mean, median, mode,
or weighted average, calculated from a window of full
resolution elevation cells. Resampling methods use a
geometric transformation with interpolation to accom-
plish a change in the grid spacing. Nearest neighbor
and bilinear resampling algorithms are often used for
raster elevation data. When the generalized cell size
is an integer multiple of the full resolution cell size
(and there is no change in projection or orientation
between the original and generalized grids), nearest
neighbor resampling is equivalent to systematic
subsampling in which every nth row and column are
selected. Statistical and resampling approaches to gen-
eralization have the advantage of being widely avail-
able in many GIS and image processing software
packages. They work well in low relief areas, but
smoothing of features can occur in high relief areas
and prominent topographic features may not be re-
tained, especially if the degree of generalization is sig-nificant. -

Morphology-based generalization methods take
into account the topographic features present in the
DEM. The goal is to retain as much of the significant
topographic information (represented by the critical
terrain features of ridges, valleys, peaks, and pits) as
possible in the generalized OEM. Weibel (1992) pre-
sents a very thorough discussion on the types of ter-
rain generalization methods. Morphology-based
approaches are similar in concept to the structure line
model of generalization described by Weibel. The
"breakline emphasis" method of OEM generalization,
an implementation of a morphology-based approach,
is the subject of the work reported here. The method
is named for its emphasis on retaining the topographic
breaklines (ridge lines and stream channels) as de-
picted in the full resolution elevation data.

Breakline Emphasis Generalization Method

The breakline emphasis method of DEM generali-
zation involves two steps: extraction of topographic
breaklines from the full resolution DEM, and selec-
tion of generalized cell values based on the absence or
presence of breaklines. Topographic breaklines are
extracted directly from the full resolution data with
the widely used methods described by Jenson and
Domingue (1988). Figure 31.1 outlines the breakline
extraction procedure. Flow direction processing de-
termines the direction of flow from cach cell to its
steepest downslope neighbor (I of 8 possible direc-
tions). Flow accumulation finds the total number of
upslope cells that flow into each cell. Ridges are de-
lineated simply by extracting those cells which have a
flow accumulation of zero (there is no flow from any
of the neighboring cells). Streams are found by invert-
ing the DEM and then performing the same flow di-
rection and accumulation processing used for ridges.
The streams extracted in such a manner may not coin-
cide exactly with the actual stream channels, especially
in low relief areas where factors other than just topo-
graphic position influence the location of the channel,
but use of the inverted DEM allows for complete au-
tomation of the procedure. An alternative method of
delineating the streams would be to threshold the flow
accumulation calculated from the original DEM (where
higher accumulation values represent the stream lines
where flow accumulates), but such an approach would
require intervention by an analyst to interactively se-
lect a threshold value.

Figure 31.2 shows how the breaklines are used in
selection of a value for each cell in the generali.zed
DEM. If full resolution ridge and/or stream cells are
present in the area covered by the generalized cell, a
simple majority criteria is applied to classify the gen-
eralized cell as either a ridge cell or a stream cell. Ridge
cells are assigned the maximum value of the corre-
sponding full resolution elevation values, while stream
cells receive the minimum elevation from the area of
corresponding full resolution cells. In this manner, the
significant topographic structure lines are preserved
in the generalized DEM. Generalized cells that do not
contain breaklines are simply assigned a representa-
tive value from a nearest neighbor resampling of the
full resolution DEM.

Breakline emphasis processing was applied to a
portion of the 3-arc second source data that were used
for the GTOPO30 global DEM. In this case, the gen-
eralized 3D-arc second data were created for each grid
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Ridge processing: Stream processing:

~'.

Figure 31.1. Breakline extraction procedure.

cell by selecting one elevation value to represent the
area covered by 100 full resolution grid cells (a ]0-

by-]O matrix).

Drainage Basins

Drainage basins were derived from the full resolu-
tion and generalized OEMs using the hydrologic analy-
sis tools available in the ARC/INFO. GIS software
package. Figure 31.3 shows graphically the DEM-de-
rived Allegheny River basins (shaded) compared with
the reference HOC (outlined) at the various grid spac-
ings. The percentages refer to the percent of the HOC
covered by the derived basin. Table 31.1 lists more
comparison statistics for two of the generalization
methods, Qearest neighbor resampling and breakline
emphasis. Note that even in the full resolution DEM a
significant portion of the HOC is not covered by the
DEM-derived basin. Further investigation has indi-
cated that by slightly modifying just a few elevation
values along the sub-basin drainage divide, the derived
basin would include the previously missing area. The
percent difference in total area of the derived basin
against the reference HOC can sometimes be mislead-
ing. The percent difference in total area should ideally
be zero, but even at zero difference the spatial colTe-
spondence of the derived and reference basins could
be poor if the "undershoot" area (elTor of omission) is
equal to the "overshoot" area (elTor of commission).
Therefore. when comparing the results, it is useful to
examine the percentages of undershoot and overshoot
(which should ideally both be zero), as well as agraphic
portrayal of the basin shapes.

Figure 31.3 and Table 31.1 indicate that for the Al-
legheny River basin, a basin with high relief and well
defined drainage, the breakline emphasis generaliza-
tion approach performs better than nearest neighbor
resampling, in terms of derived basins matching the
reference basin. At the I-kilometer grid spacing the
statistical methods perform equally well, but as the
generalized grid spacing increases to 2 kilometers, only
the basin derived from the breakline emphasis gener-
alized DEM maintains a match of the reference basin
consistent with that derived from the full resolution
DEM. At 500 meters all the generalization methods
perform about the same, presumably because the level
of generalization is less coarse, allowing enough of
the significant topographic features to be retained in
each case.

EFFECTS OF GENERALIZATION ON
HYDROLOGIC DERIVATIVES

To investigate the effects of DEM generalization
methods, tests were conducted for two drainage ba-
sins in the United States. DEM data with a lOO-meter
grid spacing were generalized to 500-meter, I-kilo-
meter, and 2-kilometer grid spacings using resampling
(nearest neighbor), morphology-based (breakline em-
phasis), and statistical (mean and median) methods.
The James River basin in North and South Dakota and
the Allegheny River basin in western Pennsylvania
were used for the tests. The basins are part of a na-
tional data set of hydrologic unit codes (HUCs) (Seaber
and Kapinos, 1987), delineated from I :250,OOO-scale
topographic maps, that are commonly used for water-
shed level applications. The HUCs serve as the refer-
ence against which DEM-derived basins are compared.

Any use of trade, product, or firm names is for descriptive
purposes only and does not imply endorsement by the
U.S. Government.
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Figure 31.3. OEM-derived Allegheny River
drainage basins (shaded) compared with refer-
ence basin outline.
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Table 31.1. Comparison of Drainage Basins Derived from DEMs Generalized with Breakline Emphasis (BE)
and Nearest Neighbor Resampling (NN).

Percent
Difference in
Total Area:

Derived Basin
vs. HUC

Percent of
HUC Not

Covered by
Derived Basin

(Undershoot)

Percent of
HUC Covered

by Derived
Basin

Percent of
HUC in

"Extra" Cells

(Overshoot)

Generalization
Method

None
NN
BE
NN
BE
NN
BE

Grid

Spacing

-13.950;0

-13.540;0

-13.41%

-53.93%

-10.49%

-67.47%

-15.07%

85.81%
85.57%
85.40%
45.40%
88.36%
30.57%
83.12%

14.82%
14.43%
14.60%
54.60%
11.64%
69.43%
16.88%

0.87%
0.89%
1.190;0
0.67%
1.150;0
1.96%
1.81%

km

2 km

ing erosion. deposition. and sediment transport
(Zeverbergen and Thome, 1987). Curvature was cal-
culated for the Allegheny River basin from the full
resolution OEM and from I-kilometer generalized
OEMs. Table 31.2 shows a comparison of the areas
classified as flat, concave. and convex in each OEM.
Because of the significant difference in cell sizes it is
difficult to compare quantitatively the spatial corre-
spondence of the curvature classes from the general-
ized OEMs with those from the full resolution OEM.
This is reflected in the much larger percentage of area
classified as flat in the full resolution DEM. The 3 by
3 cell window used to calculate curvature covers a
much smaller ground area in the full resolution OEM,
thus increasing the likelihood of calculations based on
nearly identical elevations. However, the relative pro-
portion of concave and convex areas is a convenient
way to compare the performance of the generalization
methods. As seen in Table 31.2, breakline emphasis
was the only generalization method of the four tested
which resulted in a OEM that maintained the correct
ratio of concave to convex area (as found in the full
resolution OEM).

Stream Networks

Stream lines (as defined by cells of concentrated
flow accumulation) also were derived from the full
resolution and generalized DEMs using the ARC/INFO
hydrologic analysis tools. The reference data set for
the James River basin was the U.S. Environmental
Protection Agency Reach File (Dewald et al., 1996), a
national hydrology data set derived from 1:500,000-
scale map sources. Figure 31.4 shows the comparison
of stream lines derived from DEMs generalized with
nearest neighbor resampling and breakline emphasis
approaches. The derived stream lines (shown as shaded
cells) are overlaid on the reference stream lines for a
portion of the drainage network of the James River
basin. A low relief area such as the James River basin
is the type of area where the effectiveness of auto-
matic stream extraction procedures is controlled by the
quality and resolution of the DEM. The gross mis-
matches between the derived and reference streams at
the 500-meter grid spacing likely occur in nearly flat
areas where the resolution of the original source DEM
was too coarse to capture the subtle topographic gra-
dients. Overall, the streams derived from DEMs gen-
eralized with breakline emphasis correspond much
better spatially to the mapped hydrography than do
those derived from nearest neighbor resampled DEM' s.
The drainage pattern is also much more consistent
across the three grid spacings of the breakline empha-
sis OEMs than it is for the nearest neighbor DEMs.

CONCLUSIONS

Limited tests indicate that breakline emphasis, an
implementation of a morphology-based DEM gener-
alization approach, is effective in preserving topo-
graphic structure in generalized DEMs, resulting in
better derived hydrologic features. Drainage basins and
stream networks derived from DEMs generalized by
breakline emphasis correspond better to reference data
sets than do those derived from DEMs generalized with

Surface Curvature

Surface curvature (second derivative of the surface)
is a topographic parameter that can be used in model-
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Figure 31.4. Comparison of OEM.
derived stream lines.BE generalization

Table 31.2. Comparison of Land Surface Curvature Classes Derived from Generalized
OEMs.

None
NN
BE
Mean
Median

100 m
1 km
1 km
1 km
1 km

1.046
0.975
1.048
0.971
0;966

generalized grid cell value. As currently implemented,
the criteria applied for selection of either the maxi-
mum or minimum full resolution elevation value is
whether there is a majority of ridge or stream cells
(Figure 31.2), but this is just one option. Other options
wouldjnclude taking into account the locations of the
breaklines within the generalized cell, or perhaps us-
ing a threshold at which a certain percentage of a gen-
eralized cell must be classified as ridge or stream before
it is handled as such. Selection of the generalized cell
value could also be done differently than simply using
the maximum or minimum value. For example, a
weighted average of the values of the f411 resolution
breakline cells could be used instead of j~st the maxi-
mum or minimum. Another modification to the pro-
cedure would be to use an alternative method of
identifying the significant topographic features to be
emphasized. A more sophisticated landform descrip-
tion that depicts concave, convex, and horizontal and

resampling and statistical methods, especially at
coarser grid spacings. Further tests resulting in quan-
titative comparisons of derived features are required
on basins in a wide range of terrain relief conditions.
The epsilon band concept for assessing the accuracy
of area measurements as applied to drainage basins
(McAlister et al., 1996) would be useful for quantita-
tive comparison of derived basins. Suitability of the
breakline emphasis method for generalizing very high
resolution elevation data also should be investigated.
Comparisons should also be done against terrain data
generalization schemes that use fractal interpolation
(Bindlish and Barros, 1996).

The breakline emphasis method offers the advan-
tage that it can be completely automated using the
hydrologic analysis tools and raster data processing
routines available in many popular GIS and image pro-
cessing packages. The approach is also flexible, in
terms of the criteria that can be used for selection of a
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sloping flat areas in addition to ridge and stream lines,
such as that described by Blaszczynski (1997), could
be used to guide selection of generalized values.

The need for effective OEM generalization tech-
niques will remain strong as better quality and higher
resolution data become more available, and as applica-
tion!; of OEM data become more widespread. Newer
gridding algorithms, such as that developed by
Hutchinson (1989), produce source OEMs that are al-
ready optimized for hydrologic applications, so use of
morphology-based generalization schemes appropri-
ately retain the increased topographic information in-
herent to the original OEM. As coverage of higher
resolution elevation data increases, OEMs at coarser grid
spacings will be routinely produced through generali-
zation. One such example is the data to be generated
from the Shuttle Radar Topography Mission (SRTM),
scheduled for launch in September 1999. The near glo-
bal lOO-meter terrain data to be produced from SRTM
data will be an excellent source for producing general-
ized DEM's for continental scale hydrologic studies.
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