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Abstract The digital elevation model (DEM), an impor-
tant source of information, is usually used to express a
topographic surface in three dimensions and to imitate
essential natural geography. DEM has been applied to
physical geography, hydrology, ecology, and biology. This
study analyzed digital elevation data sources and their
structure, the arithmetic of terrain attribute extraction from
DEM and its applications, and DEM’s error and uncertainty
algorithm. The Hayachinesan mountain area (in north-
eastern Japan) was chosen as research site, and the focus
was on terrain analysis and the impacts of DEM resolution
on topographic attributes, analyzed using TNTmips GIS
software (Microlmage, Inc., USA) and “Digital Map
25,000” (published by the Geographical Survey Institute
of Japan in 1998). The results show that: (1) DEM is a very
effective tool for terrain analysis: many terrain attributes
(such as slope, aspect, slope type, watershed, and standard
flow path) can be derived, and these attributes can be
displayed with both image and attribute databases, with the
help of GIS; (2) DEM resolution has a great influence on
terrain attributes. The following details are shown: (a) DEM
resolution has a significant effect on slope estimation: the
average slope becomes smaller and the standard deviation
becomes larger when DEM resolution changes from fine to
coarse, and the different impacts of DEM resolution on
different slope ranges can be classified into three gradient
classes: 0—10° (underestimated slope), 10-35° (over-
estimated slope), and >35° (little impact on slope estima-
tion); (b) DEM resolution has little effect on aspect
estimation, but flat areas become larger when DEM
resolution changes from fine to coarse; and (c¢) the quantity
of hydrologic topography information declines as DEM
resolution decreases.
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1 Introduction

The digital elevation model (DEM), an important source of
information, is usually used to express a topographic sur-
face in three dimensions and to imitate essential natural
geography. DEM has been widely applied to different digi-
tal terrain analysis areas, such as arithmetic of terrain
attribute extraction from DEM and watershed analysis [1—
5]. At present, the data sources of DEM are as follows: (1)
photogrammetric mapping (data are collected by decoding
stereo air photos and by manually or automatically
extracting satellite pictures using stereograph plotters) [6];
(2) contour digitalization; (3) global positioning system
(GPS); and (4) light detection and ranging (LIDAR).
LIDAR possesses functions of inertial measurement unit
and GPS, identifies a sensor’s exact position and direction,
and acquires data related to the Earth’s surface. Variable
laser pulse and scanning fit different terrains and vegetation
conditions. This method offers fine DEM resolution
(vertical resolution can reach up to 12 cm) [7-9]. According
to data sources and analysis methods, the structure of DEM
data, which were obtained through the different methods
mentioned above, can be divided into three types: grid, TIN,
and contour line [6].

Based on DEM, we can use digital terrain analysis to de-
velop two-dimensional or three-dimensional terrain features
and to delimit the watershed and/or catchment boundary and
water flow path. Generally, terrain attribute parameters de-
rived from DEM include two types: primary and secondary
features.

There are many errors in DEM, including system and
nonsystem errors [10-13]. Fortunately, there have been
many study results on error sources, error testing, error
visualization, error correction, and other aspects of DEM
error. The horizontal and vertical resolutions of DEM have
rather obvious effects on terrain attributes based on DEM.
Take slope as an example. Many studies showed that the
impacts of DEM resolution on slope can be expressed such
that coarse DEM resolution leads to a lower average slope
[14].
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Table 1 Slope statistics over the study area, derived from different
DEM resolutions
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Fig. 1 Sketch flow of slope type computation from DEM

This paper is based on the Hayachinesan mountain area
(in northeastern Japan, 39°30'-39°35'E longitude and 141°
26'-141°34'N latitude). The whole area (about 10,605 ha,
with elevations of 530-1,917 m) was chosen as research
site, and the focus was on terrain analysis and the impacts of
DEM resolution on terrain attributes using TNTmips GIS
software.

2 Methodology
2.1 Data

The data used in this paper are derived from “Digital Map
25,000” (published by the Geographical Survey Institute of
Japan in 1998), which is based on a topographic map
(1/25,000) and is formed by scanning. On the other hand,
“The Basic Investigation of Land Classification (1/50,000)”
published by Geographical Survey was chosen to investi-
gate data on the spot.

2.2 Digital elevation model

After deriving and editing contour lines through the
“Digital Map 25,000,” DEM was computed by converting
contour lines (10-m interval) with the minimum curvature
approach.

[ Jo°-3° 3°-8° [ ]8°-15° Flat area [70]9
[hse- 250 5°- 35"l >35° 0°-9° .180"
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Fig. 2 Terrain characteristics derived from DEM. a Slope, b aspect, ¢

DEM Minimum  Maximum  Mean SD
resolution /ml  slope /° slope /° slope /°

10 0 66 21.55 9.91
20 0 66 20.81 10.53
30 0 62 20.14 11.07
40 0 66 19.50 11.41
50 0 64 19.00 11.69

2.3 Digital terrain attribute derivation and computing
based on DEM

2.3.1 Slope

The slope was calculated using a traditional slope
calculation method (D8 approach based on DEM). In this
paper, the slope is classified into six levels (i.e., 0—3°, 3-8°,
8-15°, 15-25°, 25-35°, and >35°).

2.3.2 Aspect

Aspect values were expressed by azimuth angle (from 0° to
360°, clockwise from the north). Aspect was divided into
five classes (i.e., flat area, 0—90°, 90-180°, 180-270°, and
270-360°).

2.3.3 Slope type

The computing method of slope type from DEM is illus-
trated in Fig. 1. For example, angle AOB is defined as a
slope type of point O and is expressed as an angle measured
horizontally (from 0° to 360°), where OC direction is the
valley direction from elevations of eight neighboring cells
of point O; points A and B have the same elevation as that
of point O. In this paper, slope type was divided into three
classes: (1) valley type (easy to collect runoff), <150°; (2)
flat type, 150-210°; and (3) ridge type, >210°.

180°[7]270°- 360° M O°-150°
-270° . 210°

B 150°-210°

(©
slope type
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Fig. 3 Changes of a slope and b aspect at different DEM resolutions

2.3.4 Watershed analysis

The objective of watershed analysis is to compute water-
shed boundary (area and perimeter), catchment (size and
range), water flow path (flow path, flow direction, and
stream classification), and other hydrological terrain
attributes based on DEM. It plays an important role in
analyzing hydrological processes and in making hydro-
logical model parameters. It also has a great influence on
resources management, land-use planning, dam system
planning, and cost/benefit analysis.

2.4 Impacts of DEM resolution on terrain attributes

We used different DEM horizontal resolutions (from fine to
coarse, the grid size is as follows: 10, 20, 30, 40, and 50 m)
to derive the slope, aspect, watershed boundary, and water
flow path. We then applied statistical methods to analyze
the impact of DEM resolution on terrain attributes.

Table 2 Different impacts of DEM resolution on different slope
ranges

Impaction type
number

Slope /°  Impact description

1 0-10 The slope value in the study area is
underestimated based on DEM,
which has a coarse resolution.
Computed slope is gentler than
actual slope
The results are opposite to those
of the first type. The slope value
in the study area is overestimated
based on DEM, which has a coarse
resolution. Computed slope value
is steeper than actual slope value

2 10-35

3 >35 Absolute impacts are minimal. In
this classification, DEM resolutions
have little impacts on the slope,
which is computed based on DEM,
with the slope accumulating steady

frequency curves

3 Results and discussion

3.1 Terrain attribute derivation and analysis based
on DEM

The DEM in this study was acquired according to surface
fitting methods. The slope, aspect, and slope type were
derived based on DEM (Fig. 2). After using statistical
methods to analyze different terrain attribute figures that we
have extracted, we obtained the statistical parameters of
different terrain attributes. At the same time, we applied
watershed analysis methods to obtain a small watershed
boundary and a standard path of water flow in study areas
based on DEM, using these data, watershed area, perimeter,
length of flow path, and river classification. Other param-
eters that were often used in hydrology models were
analyzed through statistical methods.

3.2 Impacts of differences in DEM resolution
on terrain attribute derivation

3.2.1 Slope

The impacts of DEM resolution on slope estimation in
study areas are shown in Table 1. It shows that slope items
[including minimum slope, maximum slope, average slope,
and standard deviation (SD)] have great differences with
different DEM resolutions. The average slope decreases
with a decrease in DEM resolution (from coarse to fine),
but SD increases with a decrease in DEM resolution (from
coarse to fine) (Fig. 3a). By comparing with data
investigated on the spot, fine DEM resolution can represent

Table 3 Statistics of each aspect’s percentage area over the study
area, derived from different DEM resolutions

DEM Flat area 0-90° 90-180° 180-270° 270-360°
resolution /m

10 0.43 28.14 27.55 21.69 22.19

20 1.01 2727 27.37 21.88 22.47

30 1.49 27.13  27.28 21.83 22.27

40 2.03 27.26 27.30 21.75 21.66

50 2.92 2698 27.28 21.57 21.25
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Fig. 4 Derived watershed polygons and standard flow paths at different DEM resolutions. a 50 m, b 30 m, ¢ 10 m

a more accurate real surface. Thus, it is clear that coarse
DEM resolution underestimates local average slope.

The results show that DEM resolution has more effects
on slope computing results based on DEM. To explain
whether DEM resolution has different impacts on slope
estimation in different slope ranges, the slope has been
classified into 14 small classifications (i.e., 0—3°, 3-5°, 5—
8°,8-10°, 10-15°,15-20°,20-25°, 25-30°,30-35°, 35—
40°, 40—45°, 45-50°, 50-55°, and >55°). After checking
the cumulative frequency of slopes in different slope
ranges, the results show that the influences of DEM
resolution on slope computing are different for different
slope ranges and that the impacts can be classified into
three types according to slope range (the results are given
in Table 2).

Table 4 Changes of derived catchment polygon attribution at
different DEM resolutions

DEM Catch- Total Mean SD Minimum Maximum
resolution/ ment area/ area/ catchment catchment
m number hm? hm? area /hm’ area /hm>
50 35 10,704 305.8 5649 0.25 2,484 .4
40 37 10,683 288.7 551.8 0.22 2,471.4
30 38 10,662 280.6 5479 0.18 2,489.3
20 68 10,641 156.5 426.7 0.04 2,453.8
10 133 10,619 79.8 3049 0.01 2,401.7

3.2.2 Aspect

The impacts of DEM resolution on aspect are shown in
Table 3. We found that the aspect computed from DEM has
little variation with DEM resolution: only the flat area
increases with decreasing DEM resolution (the result is
given in Fig. 3b). The results show that aspect data derived
from fine DEM resolution commendably fit the ones
investigated on the spot.

3.2.3 Watershed boundary and water flow path

Based on DEM with five different resolutions (from fine to
coarse, the grid size is 10, 20, 30, 40, and 50 m,
respectively), the watershed boundary and water flow
path in the study area are deduced (Fig. 4). In Fig. 4, it can
be seen that watershed boundary and water system will be
more complex and fine with increasing DEM resolution
(from coarse to fine), and the number of both watershed
and river will increase.

To illustrate the impacts of DEM resolution on water-
shed boundary derived from DEM, we used statistical
methods to analyze the watershed boundary deduced from
different DEM resolutions (the results can be seen in
Table 4). The results show that the number of catchments
increases with increasing DEM resolution (from coarse to
fine), but the SD decreases instead.

Similarly, using statistical methods, we analyzed the
water flow path derived from DEM at different resolutions
(the results are shown in Table 5). As DEM resolution
increases, the water system tends to be more complex, the
number of water systems becomes larger, the total length of

Table 5 Changes of derived standard flow path attribution at different DEM resolutions

DEM River Total river Mean river SD Minimum river ~ Maximum river ~ Horton’s river classification

resolution /m number length /m length /m length /m length /m Maximum Minimum Mean
grade grade grade

50 164 171,093.8 1,043.2 691.0 50.0 4,164.7 4 1 1

40 262 220,133.6 840.2 552.4 40.1 2,828.1 4 1 2

30 452 299,841.6 663.4 440.0 30.1 2,808.8 4 1 2

20 1,060 497,038.7 468.9 3249 20.0 2,044.6 5 1 2

10 6,069 1,523,482.7 251.0 201.0 9.0 1,576.1 6 1 2
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rivers tends to be longer, and both the minimum river
length and SD decrease. According to Horton’s river
classification theory, the grades of a river system also
increase; a small river also can be represented very well
with increasing DEM resolution. The above results play an
active role in analyzing watershed hydrological processes;
they will especially be good for confirming hydrological
model parameters and hydrological model establishment.

4 Conclusions

The DEM is very effective for terrain analysis. Many
terrain attributes (such as slope, aspect, slope type,
watershed boundary, and standard flow path) can be
derived from DEM. With the help of GIS, these terrain
attributes can be displayed with both image and attribute
data. The analysis and derivation of terrain attributes from
DEM are more available than those from manual methods.
Furthermore, these attributes play a significant role in
hydrological processes, erosion control, and land-use
planning.

Digital elevation model resolution significantly influ-
ences terrain attributes. It has a great impact on the slope
and watershed water system. By comparison with data
investigated on the spot, DEM with fine resolution can
more accurately represent real land surface. The influences
of DEM resolution on terrain attributes can be concluded as
follows: (1) the average slope decreases with decreasing
DEM resolution (from coarse to fine), but the SD increases
with decreasing DEM resolution (from coarse to fine).
Meanwhile, the different impacts of DEM resolution on
different slope ranges can be classified into three gradient
classes: 0—10° (underestimated slope), 10-35° (overesti-
mated slope), and >35° (little impact on slope estimation);
(2) DEM resolution has little effects on aspect estimation
(only flat areas become larger when DEM resolution
changes from fine to coarse); and (3) derived watersheds/
catchments and river networks become more complex and
accurate while DEM resolution becomes better. Mean-
while, the number of watersheds/catchments and the total
length of river trend increase, whereas the minimum length
of river and SD decrease. According to Horton’s river
classification theory, river grades will increase and more
river information will be expressed as well. As a whole,

DEM resolution has a great influence on watershed bound-
ary and water flow path. The quantity of hydrologic topog-
raphy information declines with decreasing DEM resolution;
this will be not good for a watershed hydrological model’s
development and the analysis of hydrological processes
using coarse DEM resolution.
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