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11  Terrain Analysis

Introduction 
Elevation and related terrain variables 

are important at some point in almost every-
one’s life. Elevation and slope change across 
the landscape (Figure 11-1), and this varia-
tion determines where rivers flow, lakes 
occur, and floods are frequent. Terrain varia-

tion influences soil moisture and hence food 
production. Terrain in large part affects 
water quality through sediment generation 
and transport. Terrain strongly influences 
transportation networks and the cost and 
methods of building construction. Terrain 

Figure 11-1: An example of a terrain-based image of the western United States. Shading, based on local 
elevation, emphasizes terrain shape. Topographic features are clearly identified, including the Central 
Valley of California at the left of the image, and to the center and right, the parallel mountains and valleys 
of the Basin and Range region (courtesy USGS).
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variables are frequently applied in a broad 
range of spatial analyses (Table 11-1).

Given the importance of elevation and 
other terrain variables in resource manage-
ment, and the difficulties of manual terrain 
analysis, it is not surprising that terrain anal-
ysis is well developed in GIS. Indeed, it is 
often impractical to perform consistent ter-
rain analyses without a GIS. For example, 
slope calculations over large areas based on 
manual methods are slow, error prone, and 
inconsistent. Elevation change over a hori-
zontal distance is difficult to measure, these 

measurements are slow, and estimates are 
likely to vary among human analysts. In 
contrast, digital slope calculations are easy 
to program, consistent, and have proven to 
be as accurate as field measurements.

Both data and methods exist to extract 
important terrain variables via a GIS. Digital 
elevation models (DEMs), described in 
Chapters 2 and 7, have been developed for 
most of the world using methods described 
in Chapters 5 and 6, and DEM renewal and 
improvement continues. 

Table 11-1: A subset of commonly used terrain variables (adapted from 
Moore et al., 1993).

Variable Description Importance

Height Elevation above base Temperature, vegetation, visibility

Slope Rise relative to 
horizontal distance

Water flow, flooding, erosion, travel 
cost, construction suitability, 
geology, insolation, soil depth

Aspect Downhill direction of 
steepest slope

Insolation, temperature, vegetation, soil 
characteristics and moisture, 
visibility

Upslope area Watershed area 
above a point

Soil moisture, water runoff volume and 
timing, pollution or erosion 
hazards

Flow length Longest upstream 
flow path to a point

Sediment and erosion rates

Upslope length Mean or total 
upstream flow path 
length from a point

Sediment and erosion rates

Profile 
curvature

Curvature parallel to 
slope direction

Erosion, water flow acceleration

Plan curvature Curvature perpendic-
ular to slope direction

Water flow convergence, soil water, 
erosion

Visibility Site obstruction from 
given 
viewpoints

Utility location, viewshed 
preservation
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Calculations are based on cell values 
assigned to a regular grid. We use the con-
cept of Z values, the height stored in the ras-
ter arrays, to extract information about 
terrain, using the magnitudes and patterns of 
changes in Z across the grid (Figure 11-2). 
For example, the height differences between 
adjacent cells or in a neighborhood of cells 
are used to calculate a local slope (slope in 
Figure 11-2). The angle and orientation of 
lines defined by x, y, and Z values near a 
point are used to calculate the normal vector, 
at right angles to the local surface (Figure 
11-2). Local curvature and slope direction 
are also calculated by differences in Z values 
in a neighborhood. 

Many terrain analysis functions can be 
specified by a mathematical operation 
applied to an appropriate moving window. 
The results from these mathematical opera-
tions in turn provide important information 
about terrain characteristics that are helpful 
in spatial analysis. 

Slope and Aspect
Slope and aspect are two commonly 

used terrain variables. They are required in 
many studies of hydrology, conservation, 
site planning, and infrastructure develop-
ment, and are the basis for many other ter-
rain analysis functions. Road construction 
costs and safety are sensitive to slope. 
Watershed boundaries, flowpaths and direc-
tion, erosion modeling, and viewshed deter-
mination (discussed later in this chapter) all 
use slope and/or aspect data as input. Slope 
or aspect may be useful in mapping both 
vegetation and soil resources.

Slope is defined as the change in eleva-
tion (a rise) with a change in horizontal posi-
tion (a run). Seen in cross section, the slope 
is related to the rise in elevation over the run 
in horizontal position (Figure 11-3). Slope is 
often reported in degrees, between zero 
(flat), and 90 (vertical). The slope is equal to 
45 degrees when the rise is equal to the run. 
The slope in degrees is calculated from the 
rise and run through the tangent trigonomet-
ric function. By definition, the tangent of the 

Figure 11-2: A depiction of a surface represented by a raster DEM, and changes in Z values for cells used 
for calculating various terrain attributes.
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slope angle (φ) is the ratio of the rise over 
the run, as shown in (Figure 11-3). The 
inverse tangent of a measured rise over a run 
gives the slope angle. A steeper rise or 
shorter run lead to a higher φ and hence 
steeper slope. 

Slope may also be expressed as a per-
cent, calculated by 100 times the rise over 
the run (Figure 11-3). Slopes expressed as a 
percent have magnitudes from zero (flat) to 
infinite (vertical), with a sign convention 
inconsistently defined. Some authors define 
a positive slope as uphill (0 to +∞), and a 
negative slope downhill (0 to -∞), while oth-
ers define slope only downhill (0 to +∞). A 
slope of 100% occurs when the rise equals 
the run. 

Calculating slope from a raster data 
layer is more complicated than in the cross-
section view shown in Figure 11-3. The ras-
ter cells occur at regular intervals across an 
irregular terrain surface. Slope direction at a 
point in the landscape is typically measured 
in the steepest direction of elevation change 

(Figure 11-4). Slope changes in a complex 
way across many landscapes, and calcula-
tions of slope must factor in the relative 
changes in elevations around a central cell.

 As demonstrated in Figure 11-4, the 
slope direction often does not point parallel 
to the raster rows or columns. Consider the 
cells depicted in Figure 11-5. Higher eleva-

Figure 11-3: Slope formula, showing the rise 
(A), run (B), and slope angle (φ).

Figure 11-4: Slope direction, shown as gray 
arrows for some example locations above, often 
changes substantially among cells on a raster sur-
face. Slope calculations in three dimensions 
require the consideration of all values surround-
ing a cell.

Figure 11-5: Slope direction on a raster sur-
face usually does not point from cell center 
to cell center. Therefore, formulae that accu-
rately represent slope on a surface integrate 
several cells surrounding the center cell. 
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tions occur at the lower right corner, and 
lower elevations occur toward the upper left. 
The direction of steepest slope trends from 
one corner towards the other, but does not 
pass directly through the center of any cell. 
How do we obtain values for the rise and 
run? Which elevations should be used to cal-
culate slope? Intuitively we should use some 
combination of a number of cells in the 
vicinity of the center cell, perhaps all of 
them. 

Elevation is often represented by the let-
ter Z in terrain functions. These terrain func-
tions are usually calculated with a 
symmetrical moving window. A 3 by 3 cell 
window is most common, although 5 by 5 
and other odd-numbered windows are also 
used. Each cell in the window is assigned a 
subscript, and the elevation values found at 
window locations referenced by subscripted 
Z values.

Figure 11-6 shows an example of a 3 by 
3 cell window. The central cell has a value of 
44, and is referred to as cell Z0. The upper 
left cell is referred to as Z1, the upper center 
cell as Z2, and so on through cell Z8 in the 
lower right corner. 

 Slope at each center cell is most com-
monly calculated from the formula:

(11.1)

where s is slope, atan is the inverse tangent 
function, Z is elevation, x and y are the 
respective coordinate axes, and dZ/dx and 
dZ/dy are calculated for each cell based on 
elevation values surrounding a given cell. 
The symbol dZ/dx represents the rise 
(change in Z) over the run in the x direction, 
and dZ/dy represents the rise over the run in 
the y direction. These formulas are com-
bined to calculate the slope for each cell 
based on the combined change in elevation 
in the x and y directions. 

Many different formulas and methods 
have been proposed for calculating dZ/dx 
and dZ/dy. The simplest, shown in Figure 
11-6 and at the top of Figure 11-7, use the 
four cells nearest to Z0. 

dZ/dx = (Z5 - Z4)/(2C) (11.2)

dZ/dy = (Z2 - Z7)/(2C) (11.3)

where C is the cell dimension and the Zs are 
defined as in Figure 11-6. This method uses 
the “four nearest” cells, Z4, Z5, Z2, and Z7, 
in calculating dZ/dx and dZ/dy. These four 
cells share the largest common border with 
the center. This four nearest method is per-
haps the most obvious and provides reason-
able slope values under many circumstances. 

Figure 11-6: Slope calculation based on cells adjacent to the center cell. 

s
dZ
dx
----- 
 

2 dZ
dy
----- 
 2

+atan=
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Figure 11-7: Four nearest cells method (top) and third order finite difference method (bottom, 
explained on the next page), used in calculating slope. C is cell size and dZ/dx and dZ/dy are the 
changes in elevation (rise) with changes in horizontal position (run). Note that different slope values 
are produced by the different methods.
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A common alternate method is known 
as a third order finite difference approach 
(Figure 11-7, bottom). This method for cal-
culating dZ/dx and dZ/dy differs mainly in 
the number and weighting it gives to cells in 
the vicinity of the center cell. The four near-
est cells are given a higher weight than the 
“corner” cells, but data from all eight nearest 
cells are used. 

Several other methods have been devel-
oped that are better for calculating slope 
under certain conditions. Better means that, 
on average, a method produces more accu-
rate slope estimates when compared to care-
fully collected field measurements. 
However, no method has proved best under 
all terrain conditions. Literature on the meth-
ods, their derivation, and application are 
listed at the end of this chapter.

Comparative studies have shown the 
two methods described here to be among the 
best for calculating slope and aspect over a 
wide range of conditions. The method using 
the four nearest cells was among the best for 
smooth terrain, and the 3rd order finite dif-
ference approach is often among the best 
when applied to rough terrain. 

Aspect is also an important terrain vari-
able that is commonly derived from digital 
elevation data. The aspect at a point is the 
steepest downhill direction. The direction is 
typically reported as an azimuth angle, with 
zero in the direction of grid north, and the 
azimuth angle increasing in a clockwise 
direction (Figure 11-8). Aspects defined this 
way take values between 0 and 360 degrees. 
Flat areas have no aspect, because there is no 
downhill direction. 

Aspect (α) is most often calculated using 
dZ/dx and dZ/dy:

 (11.4)

where atan is the inverse tangent function 
that returns degrees, and dZ/dy and dZ/dx 
are defined as above.

As with slope calculations, estimated 
aspect varies with the methods used to deter-
mine dZ/dx and dZ/dy. Tests have shown 
the four nearest cell and third order finite 
difference methods again yield among the 
most accurate results, with the third order 
method among the best under a wide range 
of terrain conditions. 

 Profile curvature and plan curvature 
are two other local topographic indices that 
are important in terrain analysis and may be 
derived from gridded elevation data. Profile 
and plan curvature are helpful in measuring 
and predicting soil water content, overland 
flow, rainfall-runoff response in small catch-
ments, and the distribution of vegetation.

 Profile curvature is an index of the sur-
face shape in the steepest downhill direction 
(Figure 11-9). The profile curvature may be 
envisioned by imagining a vertical plane, 
slicing downward into the earth surface, 
with the plane containing the line of steepest 
descent (aspect direction). The surface traces 
a path along the face of this plane, and the 
curvature is defined by the shape of this 
path. Smaller values of profile curvature 
indicate a concave (bowl shaped) path in the 
downhill direction, and larger values of pro-
file curvature indicate a convex (peaked) 
shape in the downhill direction.
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Figure 11-8: Aspect may be reported as an azi-
muth angle, measured clockwise in degrees from 
north. 
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Different softwares apply different sign 
conventions, sometimes making concave 
curvature positive, sometimes assigning 
them negative values. Raw values are 
reported in some versions, while other soft-
wares scale curvatures over a standard 
range, e.g., from 0 to 100. As with most spa-
tial analysis, the specific software imple-
mentation should be verified over known 
test cases.

Plan curvature is the profile shape in the 
local direction of level, at right angle to the 
steepest direction. This means plan curva-
ture is measured at a right angle to profile 

curvature (Figure 11-9). Plan curvature may 
also be envisioned as a vertical plane slicing 
into the surface, and is measured in a hori-
zontal plane. The surface traces a path on the 
face of the plane, and the plan curvature is a 
measure of the shape of that path. Concave 
plan curvature values are small or negative 
for sloping valleys or clefts, while convex 
plan curvature values at ridge and peak sites 
are large or positive.

Figure 11-9: Profile curvature and 
plan curvature measure the local ter-
rain shape. Formulas (left) combine 
values surrounding a center cell with 
coefficients that reveal concavity or 
convexity in the level (plan) and 
downhill (profile) directions (below).
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These concepts of directional terrain 
shape may be developed further to identify 
terrain or morphometric features. These are 
characteristic terrain elements including 
planes, peaks, passes, saddles, channels, 
ridges, shoulders, toe slopes, and pits (Fig-
ure 11-10). Each of these shapes has particu-
lar terrain attributes that often affect 
important spatial variables. For example, 
soil is thinner and water scarcer on ridges 
and peaks because they are convex, while 
materials accumulate in pits and channels. 

Terrain features may be identified by 
observing the convexity in the plan and pro-
file directions. For example, peaks are char-
acterized by convex shapes in both the x and 
y directions, a ridge is convex in one direc-
tion but relatively flat in another, while a pit 
is concave in orthogonal directions (Figure 
11-10). Formulas similar to those in Figure 
11-9 have been developed to measure the 
convexity and concavity in specified orthog-
onal directions. The various combinations 
may then be applied to identify terrain fea-
tures (Figure 11-11). 

Figure 11-10: Morphometric feature types may 
be defined by the relative heights, and hence 
directional convexity, of adjacent cells (adapted 
from Jo Wood, 1996).

Figure 11-11: Terrain morphometery, or morphometric features may be derived from directional convex-
ity measures. A shaded map of a mountainous area shows valleys and channels (above, left), which are 
identified via morphometric terrain analyses and shown as uniformly shaded areas (above, right).
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Hydrologic Functions
Digital elevation models are used exten-

sively in hydrologic analyses. Water is basic 
to life, commerce, and comfort, and there is 
a substantial investment in water resource 
monitoring, gathering, protection, and man-
agement. Spatial functions are applied to 
DEMs to yield important information on 
hydrology.

A watershed is an area that contributes 
flow to a point on the landscape (Figure 11-
12). Watersheds may also be named basins, 
contributing areas, catchments, drainages, 
and subbasins or subcatchments. The entire 
uphill area that drains to any point on a land-
scape is the watershed for that point. Water 
falling anywhere in the upstream area of a 
watershed will pass through that point. 
Watersheds may be quite small. For exam-
ple, the watershed may cover only a few 
square meters on a ridge or high slope. Local 
high points have watersheds of zero area 
because all water drains away. Watersheds 
may also be quite large, including continen-
tal areas that drain large rivers such as the 
Amazon or Mississippi Rivers. Any point in 
the main channel of a large river has a large 
upstream watershed.

The drainage network is the set of 
streams and rivers in a watershed, and it is 

completely contained within the watershed. 
As shown in Figure 11-12, the stream net-
work often shows a dendritic pattern, with 
smaller watercourses branching off from 
larger segments as one moves upstream. The 
base of the drainage network is often called a 
pour point or outlet.

Flow direction is used in many hydro-
logic analyses. The true surface flow direc-
tion is the path water would take, if dumped 
in sufficient excess on a point so as to gener-
ate surface flow. This excess water flows in 
the steepest downhill direction, usually set 
equivalent to the local aspect. 

The use of aspect to assign flow direc-
tion may be wrong, particularly in nearly flat 
areas and in built environments. Water flows 
both above and below the surface; if subsur-
face flow is large, ignoring it may cause 
errors. If soils have different permeabilities, 
or resistance to flow, then subsurface flow 
direction may be different than surface flow 
direction. In steep, undeveloped terrain, 
there is a strong downslope gravitational 
gradient that often dominates, and surface 
and subsurface flow directions are often sim-
ilar, so aspect provides a reasonable approxi-
mation of overall flow direction. In flat or 
nearly flat terrain, soil permeability may 
dominate, causing different subsurface and 
surface flow directions. Ditches, culverts, 

Figure 11-12: The watershed and drainage network for the Brule River in 
northern Minnesota. Water drains downslope from highland lakes, at the left 
and top, toward Lake Superior, at the lower right. The watershed area con-
tributing to the river’s flow, the river path, and lake locations can be mapped 
from a DEM.
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buried storm sewers, and other built features 
alter flow directions in ways that aren’t rep-
resented by terrain. However, subsurface 
drainage and built features are often based 
on modified flow directions that are first 
derived from surface shape.

Flow directions may be envisioned as an 
arrow from a single cell to a single adjacent 
cell, and stored as compass angles in a raster 
data layer (Figure 11-13). Acceptable values 
are from 0 to 360 if the angle is expressed in 
degrees azimuth. Alternately, flow direction 
can be stored as a number indicating the 
adjacent cell to which water flows, taking a 
value from 1 to 8 or some other unique iden-
tifier for each direction towards cells. 

 The use of a single flow direction is an 
incomplete representation in many 
instances. Cells often exhibit divergent flow, 
in multiple directions out of a cell to multi-
ple adjacent cells (Figure 11-14). Flows may 
also be convergent, with multiple cells con-
tributing to a cell. The most common flow 
direction methods provide a single direction 
for each cell, so divergent and some conver-
gent flows are not represented. One solution 
involves recording sub-cell flow directions, 

but this leads to more complicated raster 
structures and calculations.

When the flow direction arrow from one 
cell does not point exactly at the adjacent 
cell, we may distribute the flow to more than 
one adjacent cell. There are various ways to 
distribute flows among adjacent cells. The 
D8 method is common, and assigns all flow 
from a cell to the cell with the steepest 

Figure 11-13: Flow direction (arrow, and number reflecting azimuth degrees), watershed, and drainage net-
work shown for a raster grid. Elevation data are used to define the flow direction for each cell. These flow 
directions are then used to determine a number of important hydrologic functions.

Figure 11-14: An example of simple (a), conver-
gent (b), and divergent (c) flow. 
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downhill gradient (Figure 11-15, left). The 
D8 is simple to understand, program, and 
store, but is particularly poor at representing 
divergent flow and flow in low-gradient 
areas. This can cause large errors in derived 
measures such as upslope contributing area 
or soil moisture indexes, and lead to atypical 
drainage networks in nearly flat areas. Out-
put flow direction rasters derived from the 
D8 method may be represented with only 8 
codes, allowing a simple and compact data 
layer.

Alternative flow direction methods may 
assign flow to multiple cells, and hence rep-
resent some forms of divergent flow. One 
common method, known as D-infinity, dis-
tributes flow to one downslope cell when the 
flow direction is exactly toward the center of 
the cell, and otherwise assigns a portion of 
the flow to each of the two adjacent cells in 
the downslope direction (Figure 11-15, 
right). The split is proportional to the angles 
between the steepest downslope direction 
and the respective cell centers. This reduces 
the main shortcoming of the D8 method, 
while slightly increasing complexity. 

While perhaps more accurate in many 
conditions, multiflow direction systems have 

not been widely implemented. A more com-
mon option is to use higher-resolution raster 
data such that raster cell size is small enough 
to make within-cell divergence or conver-
gence impacts negligible

Flow accumulation area, contributing 
area, or upslope area are other important 
hydrologic characteristics. A flow accumu-
lation area function is based on a flow direc-
tion surface. The flow accumulation 
function places a value in each cell that is the 
area uphill that drains to that cell. 

Watersheds may be identified once a 
flow direction surface has been determined. 
Flow direction is followed “uphill” from a 
point, until a peak is reached. Each uphill 
cell may have many contributing cells, and 
the flow into each of these cells is also fol-
lowed uphill. The uphill list is accumulated 
recursively until all cells contributing to the 
starting cell have been identified, and thus 
the watershed is defined.

Flow direction in flat areas is difficult to 
calculate and prone to error. Aspect is unde-
fined in a truly flat region, because there is 
zero gradient. Flow directions in these cases 
may be strongly influenced by small height 
errors, so flow directions are sometimes 

Figure 11-15: The D8 flow direction method (above left) assigns all flow to the cell center closest to 
the flow direction (cell 1), while the D-infinity method partitions the flow to the two cells nearest the 
flow direction, proportional to the flow direction angles (cells 1 and 2, above right).
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manually specified, or the aspect calculated 
using a larger cell size or neighborhood. The 
neighborhood may be successively 
expanded until an unambiguous flow direc-
tion is defined. 

Vector incision is another common 
method for prescribing flow direction in flat 
areas. A vector flowpath, e.g., a digitized 
stream segment, is overlain with the raster, 
and raster values modified downstream 
along the vector to specify an appropriate 
flow direction. The most common approach 
lowers elevations along the flowpath, taking 
care to not create a sink along or at the end 
of the flowpath.

A drainage network is the set of cells 
through which surface water flows. Streams, 
creeks, and rivers occur where flow direc-
tions converge. Thus, a flow direction may 
be used to produce a map of likely stream 
location, prior to field mapping a stream 

(Figure 11-13, Figure 11-16). A drainage 
network may be  defined as any cell that has 
a contributing uphill area larger than some 
threshold. These drainage networks are only 
approximations, because the method does 
not incorporate soil texture, depth, porosity, 
subsoil water movement, or other properties 
that affect surface flow. Nonetheless, a 
drainage network derived from terrain data 
alone is often a useful first approximation. 
The uphill area for each cell may be calcu-
lated, and the area compared to the threshold 
area. The cell is marked as part of the drain-
age network if the area surpasses the thresh-
old. 

A drainage network may have discontin-
uous lines when local small dams or sink 
areas capture flow, where all surrounding 
cells point into, and none out of, a location 
(Figure 11-16). This may create cells imme-
diately downhill from the sink that has a zero 

Figure 11-16: Flow direction (black arrows) calculated over a surface. The right side shows a flowline 
(dotted, blue in electronic edition) along a convergent zone, with values above the surface accumulation 
threshold. On the left of the figure is a local sink, with all flow directions pointing inward. The flowline 
from the upper left enters the sink and does not exit. 
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upstream area. The stream will end, but then 
may begin again further downhill. Natural 
sinks may be quite common in karst regions. 
where sinkholes occur on the surface due to 
collapsed subterranean caverns (Figure 11-
17). Hydrologic sinks are also common 
along drainage ways in dry areas where 
check dams are built to reduce flash flooding 
or store water. Pits are also common in areas 
of deranged topography, for example, in the 
relatively flat, recently glaciated terrain. In 
most other areas, pits are often data artifacts 
and do not represent real geography. Pits 
represented in DEMS should be evaluated 
earlier during processing to determine if they 
are real, and how processing alters results.

Random errors in DEM elevation values 
often create spurious pits (also known as 
false sinks). Because our technologies for 
creating DEMs are imperfect, DEMs often 
contain these pits that aren’t on the Earth’s 
surface.

Spurious pits are found in most DEMs 
due to small elevation errors. For example, 
DEM data collected with LiDAR often have 
a small ground footprint, and may sample 
small features that are above the surrounding 
ground level. A laser image over a recently 

plowed field may return spot heights for 
local mounds and furrows, incompletely har-
vested crops, and farm machinery. A log or 
dense shrubs in a steep-sided ravine may be 
misidentified as the ground surface, creating 
a barrier in the data that doesn’t represent 
true conditions. Pits can be artifacts of inter-
polation methods that are used to fill in the 
grid values in unsampled locations. Post pro-
cessing aims to remove these spurious read-
ings, but they are common nonetheless. 

Pits may cause problems over locally 
flat surfaces, often along drainage ways 
(Figure 11-18). Flow direction and flow 
accumulation functions often return errors 
due to spurious pits, particularly near water-
courses. These low areas are shown as white 
patches in the figure. These apparent ponds 
do not exist in many landscapes, in that an 
erroneous pit in a stream course creates false 
basins. 

Pits causes errors in subsequent hydro-
logic calculations. Drainage networks are 
incomplete, flow accumulation values are 
too low, and watersheds may be improperly 
identified when pits are encountered (Figure 
11-19).

Figure 11-17: Examples of a discontinuous stream network, with downslope flow stopping at a sink (A), and 
then restarting downhill (B) when the flow accumulation threshold is again surpassed. The same kind of 
break is observed at a road crossing (C and D), although there is likely a culvert, not represented in the DEM.

A

B

C

D
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Figure 11-18: Examples of erroneous pits caused by DEM errors. The light-colored areas along drainage 
ways show local depressions that are artifacts of data errors, and don’t exist on the landscape. Drainage net-
works and watersheds based on unfilled DEMs will be in error, because the flow directions based on the 
DEMs will be inward at all pits.

Figure 11-19: Watersheds and stream networks delineated from unconditioned DEMs (above, left) often 
result in missing stream segments, shown at a, b, d, and e, and incomplete watersheds (upstream from a and 
b, and at c). 
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DEMs must be “conditioned” to remove 
erroneous depressions (Figure 11-20). This 
involves pit identification, followed by 
either filling or downcutting downstream 
cells to remove the pit. A threshold is often 
specified above which a pit is not removed. 
This threshold is typically larger than com-
mon vertical errors in the data but also less 
than any true, “on the ground,” pit depth. 
Known pits may be identified prior to the 
filling process and left unfilled. Once spuri-
ous pits are removed, further processing to 
identify watersheds and drainage networks 
may proceed.

The pit may substantially alter the DEM, 
and the scope of alteration may depend on 
the method (Figure 11-21). A fill process 
raises the values of a local depression until 
all cell values are at least equal to the value 
at the local “rim” or edge of the depression 
(Figure 11-21, center). This may create a flat 
surface, with no unambiguous drainage 
direction, so some variants of the fill process 
add a small slope over large fill areas to 
ensure drainage toward a downhill direction. 
Pits may also be removed through a breach-
ing process (Figure 11-21, bottom), in which 
cells along a steepest gradient are lowered, 
searching a specified surrounding area to 
identify the steepest downhill path. 

As shown in Figure 11-21, breaching 
may sometimes better reflect the true drain-
age pathways rather than fills, and may 
result in more “natural” landscapes. It often 
depends on the nature of the depression, 
whether it is due to a spurious, small, iso-
lated low elevation value (fill usually pre-
ferred for conditioning), or a narrow, high, 
linear feature, often built and with a culvert 
or other subsurface drainage way (breach 
usually preferred for conditioning). Unfortu-
nately, many GIS softwares do not provide a 
breach function, even though breaching is 
increasingly useful for high-resolution 
DEMs based on LiDAR over urban or built-
up areas.

Drainage and watershed geography 
inferred from terrain analysis depend sub-
stantially on the algorithm used, particularly 
for flow direction, so care should be taken in 
identifying the methods and thresholds that 
give sufficiently accurate results for the 
intended tasks. Many softwares only provide 
depression filling, and D8 flow direction, 
and often result in erroneous flowpaths in 
flat or near-flat terrains. The broadest range 
of general hydrologic and general terrain 
analysis tools are currently provided by 
Whitebox GAT, developed and maintained 
by John Lindsay at the University of Guelph. 

To review, the steps for identifying a 
watershed from a DEM is shown inFigure 
11-22. DEMs are conditioned as needed, and 
then the flow direction, accumulation, 
stream threshold, and watershed boundaries 
calculated. Different conditioning and flow 
accumulation methods may result in slightly 
different stream locations and, in some 
cases, watershed boundaries.

Several other hydrologic indices have 
been developed to identify locally conver-
gent or divergent terrain positions, or terrain 
morphometry related to hydrography. These 
indexes are used in many subsequent topo-
graphic and hydrologic analyses, such as 
predicting plant community composition or 
growth, erosion modeling, or estimating the 
rainfall required to saturate an area and pre-
dict the likelihood and intensity of flooding.Figure 11-20: Steps in a watershed delineation.



 Chapter 11: Terrain Analysis 501

Figure 11-21: A DEM (top) with large sinks at A through D as a result of highway berms, with several 
smaller sinks in other locations. Sinks are removed by either a fill process (middle), or breaching (bot-
tom). Breaching results in an output surface that is more accurate for most applications. 
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Figure 11-22: An example of the steps required to create watershed and drainage network features from a 
digital elevation model.
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The specific catchment area (SCA) is 
defined as the total area draining to a point 
relative to drainage width, in raster data sets 
calculated as

SCA = AREA/C (11.5)

where AREA is the accumulated surface area 
upstream from a point, and C is the raster 
cell dimension. Stream power index (SPI) is 
defined as:

SPI = SCA * tan (b) (11.6)

where b is the slope at a point, and SCA is as 
defined above. SPI is used to identify the 
potential erosion at a point, which depends 
both on the upstream area and hence ability 
to accumulate water, and the local slope, 
which drives the erosive energy in water 
flow.

Perhaps the most commonly applied 
wetness index is calculated by:

(11.7)

where w is the wetness index at a cell, SCA is 
the specific catchment area, and β is the 
slope at the cell. This index has been shown 
to effectively represent the increased soil 
wetness due to large upslope areas and low 
slopes, particularly when combined with 
plan curvature and profile curvature mea-
surements. These factors sort terrain along 
ridge-to-stream and convex-to-concave gra-
dients.

There are many other topographic indi-
ces, e.g., for estimating total solar radiation, 
surface air drainage, or surface roughness. 
These and others are described in the refer-
ences at the end of this chapter.

 Contour Lines
Contour lines, or topographic contours, 

are connected lines of uniform elevation that 
run at right angles to the local slope. Contour 
lines are a common feature on many map 
series; for example, they are depicted on the 
USGS 1:24,000 scale nationwide series, and 
Britain’s 1:50,000 Ordinance Survey maps. 
The shape and density of contour lines pro-
vide detailed information on terrain height 
and shape in a two-dimensional map, with-
out the need for continuous tone shading. 
Both color and continuous tone printing 
were important limitations for past cartogra-
phers. Contour lines could be easily drawn 
with simple drafting tools. Although contin-
uous tone printing is much less expensive 
today, contours will remain common as they 
have entered the culture of map making and 
map reading.

Several rapid, efficient methods have 
been developed for calculating contours, 
either from points or from grid data (Figure 
11-23). Early contour maps and DEMs were 
developed from height measurements at a set 
of points. While useful, these points did not 
provide clear depictions of elevation. Con-
tour lines of fixed values were interpolated 

w
SCA

βtan
------------ 
 ln=

Figure 11-23: Contour line locations are often 
estimated from point height locations, as a linear 
proportion of the height and distance differences 
between points. 
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linearly between nearest measurement 
points, as shown in Figure 11-23. Later mea-
surement methods either identified contour 
lines directly from stereopairs (see Chapter 
6), or derived them from mechanically or 
electronically produced rasters. Raster to 
contour generation also typically follows a 
linear interpolation. For a raster, appropriate 
adjacent cell centers are selected, and con-
tour values interpolated as illustrated in Fig-
ure 11-23.

Contour lines are typically created at 
fixed height intervals, for example, every 30 
m (100 ft) from a base height (Figure 11-24). 
Because each line represents a fixed eleva-
tion above or below adjacent lines, the den-
sity of contour lines indicates terrain 
steepness. Point A in Figure 11-24 falls in a 
flat area (the foreground of the photo, at bot-
tom), where elevation does not change 
much, and there are few contour lines. Steep 
areas and cliffs are depicted by an increase 

Figure 11-24: Contours may depict terrain 
features succinctly, as shown in this con-
tour map, looking vertically downward on 
the area approximately shown in the photo. 
The image includes the Royal Arches and 
North Dome, from Yosemite Valley, Cali-
fornia. Changes in slope, cliffs, overhangs, 
and peaks are all succinctly represented by 
contour lines.
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in contour density, as shown at point B, with 
changes in steepness depicted by changes in 
density (above and below point C). Peaks, 
such as the top of Washington’s column, D, 
and North Dome, E, appear as concentric 
rings. Note that contours may succinctly rep-
resent complex terrain structures, such as the 
curving arches in the center of the photo-
graph, and shown below point C, and the 
overhanging cliff, to the left of point F.

Profile Plots
Profile plots are another common deriv-

ative of elevation data. These plots sample 
elevation along a linear profile path, and dis-
play elevation against distance in a graph 
(Figure 11-25). Elevation is typically plotted 
on the y axis, and horizontal distance on the 
x axis These profile plots are helpful in visu-
alizing elevation change, slope, and cumula-
tive travel distance along the specific profile 
path. Profile plots are common on the edges 
of maps, particularly maps of off-road, bicy-
cle, or cross-country routes. 

Profile plots often have some level of 
vertical exaggeration because horizontal dis-
tances are usually much larger than elevation 
gain. Vertical exaggeration is a scaling fac-
tor applied to the elevation data when shown 
on the graph. For example, Figure 11-25 
shows a square graph that depicts approxi-
mately 31 km across the Earth’s surface. The 
vertical elevation axis spans approximately 
2.5 km over the same dimensions on the 
graph. This is a vertical exaggeration of 
approximately 12 (from 31/2.5). 

Figure 11-25: An example of a profile plot. The profile path is shown on the shaded relief image (left), 
with the starting point A and ending point B. The profile plot is shown on the right, with corresponding 
starting and ending points. The plot shows the change in elevation along the path. Note that the vertical 
exaggeration here is approximately 9 to 1.

A

B
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Viewsheds 
The viewshed for a point is the collec-

tion of areas visible from that point. Views 
from many locations are blocked by terrain. 
Elevations will hide points if the elevations 
are higher than the line of sight between the 
viewing point and target point (Figure 11-
26). 

Viewsheds and visibility analyses are 
quite important in many instances. High-
voltage power lines or cell towers are often 
placed after careful consideration of their 
visibility, because most people are averse to 
viewing them. Communications antennas, 
large industrial complexes, and roads are 
often located at least partly based on their 
visibility, and viewsheds are specifically 
managed for many parks and scenic areas.

A viewshed is calculated based on cell-
to-cell intervisibility. A line of sight is drawn 
between the view cell and a potentially visi-
ble target cell (Figure 11-26). The elevation 
of this line of sight is calculated for every 
intervening cell. If the slope to a target cell is 

less than the slope to a cell closer to the 
viewpoint along the line of sight, then the 
target cell is not visible from the viewpoint. 
Specialized algorithms have been developed 
to substantially reduce the time required to 
calculate viewsheds, but in concept, lines of 
sight are drawn from each viewpoint to each 
cell in the digital elevation data. If there is 
no intervening terrain, the cell is classified 
as visible. The classification identifies areas 
that are visible and areas that are hidden 
(Figure 11-27). Viewsheds for line or area 
features are the accumulated viewsheds from 
all the cells in those features. 

Figure 11-26: Mechanics of defining a view-
shed.

Figure 11-27: An example of a viewpoint, and corresponding viewshed. 
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Shaded Relief Maps
A shaded relief map, also often referred 

to as a hillshade map, is a depiction of the 
brightness of terrain reflections given a ter-
rain surface and sun location. Although 
shaded relief maps are rarely used in analy-
ses, they are among the most effective ways 
to communicate the shape and structure of 
terrain features, and many maps include 
relief shading (Figure 11-28). 

Shaded relief maps are developed from 
digital elevation data and models of light 
reflectance. An artificial sun is “positioned” 
at a location in the sky and light rays pro-
jected onto the surface depicted by the eleva-
tion data. Light is modeled that strikes a 
surface either as a direct beam, from the sun 
to the surface, or from background “diffuse” 
sunlight. Diffuse light is scattered by the 
atmosphere, and illuminates “shaded” areas, 
although the illumination is typically much 
less than that from direct beam. 

The brightness of a cell depends on the 
local incidence angle, the angle between the 

incoming light ray and the surface normal, 
shown as θ in Figure 11-29. The surface nor-
mal is defined as a line perpendicular to the 
local surface. Direct beam sunlight striking 

Figure 11-28: Relief shading is often added as a background “under” other mapped data to provide a sense 
of terrain shape and steepness. This shading provides a three-dimensional perspective for a mapped area, 
as demonstrated in this relief shading of a U.S. Geological Survey 1:24,000 scale quandrangle map.

Figure 11-29: Hillshade maps show reflectance as 
a function of the angle, θ, between sunbeams and 
surface normals.
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the surface at a right angle (θ = 0) provides 
the brightest return, and hence appears light. 
As θ increases, the angle between the direct 
beam and the ground surface deviates from 
perpendicular, and the brightness decreases. 
Diffuse sunlight alone provides a relatively 
weak return, and hence appears dark. Com-
binations of direct and diffuse light result in 
a range of gray shades, and this range 
depends on the terrain slope and angle rela-
tive to the sun’s location. Hence, subtle vari-
ations in terrain are visible on shaded relief 
maps.

Calculating a shaded relief surface 
requires specifying the sun’s position, usu-
ally via the solar zenith angle, measured 
from vertical down to the sun’s location, and 
the solar azimuth angle, measured from 
north clockwise to the sun’s position (Figure 
11-30). Local slope and surface azimuth 
define a surface normal direction. An angle 
may be defined between the solar direction 
and the surface normal direction, shown as θ 
in Figure 11-30. As noted earlier, the amount 
of reflected energy decreases as θ increases, 

and this may be shown as various shades of 
grey in a hillshade surface.

A shaded relief map also requires a cal-
culation of visibility, often prior to calculat-
ing the reflectances. Visibility to the sun is 
determined; if a cell is visible from the sun, 
the slope and aspect values are used to 
assign the cell brightness. 

Terrain Analysis Software
Terrain analysis and DEM data manage-

ment and analysis are important enough to 
be included in most general-purpose GIS 
packages, including ArcGIS, GRASS, 
ERDAS, Idrisi, and Manifold. While they 
support the most common set of terrain and 
hydrologic analyses, none of these packages 
includes the broadest range of terrain pro-
cessing and analysis functions. Specialized 
analyses are often performed using software 
with a specific focus on terrain analysis. 
These include the Whitebox GAT, from the 
University of Guelph, and commercial tools, 
such as the Watershed Modeling System 
(WMS) by the Scientific Software Group.

Whitebox GAT contains what is likely 
the most comprehensive set of terrain analy-
sis functions in a freely available package. 
Support is particularly strong for hydrologic 
surface and stream link processing and anal-
ysis, with functions for calculating various 
flow direction, accumulation, and watershed 
delineation methods typically not supported 
by other packages. Basic terrain modifica-
tion, LiDAR data input and processing, and 
general raster GIS functions are also sup-
ported.

Landserf is a package with particularly 
strong support for terrain shape and geomor-
phological analysis, in addition to a strong 
focus on surface visualization. Multiple 
methods of calculating and combining first-
and second-order terrain gradients are sup-
ported, as well as basic elevation data con-
version and processing. Landserf is written 
in Java, and hence available across the wid-
est range of operating systems.

Figure 11-30: Direct beam reflectance may be cal-
culated as shown above from the incidence angle, 
θ, between the incoming sunbeam and the local 
surface normal. The surface normal is defined by a 
line perpendicular to the local surface plane.
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ArcHydro is a set of hydrologic analysis 
tools written as an extension to ArcGIS. It 
supports a fairly complete set of hydrologic 
and watershed delineation functions.

There are many other packages avail-
able, including RiverTools, TAUDEM, 
Surfer, TAPES, and MicroDEM, which pro-
vide various specialized capabilities, and 
may be worth investigating for users inter-
ested in terrain and hydrologic analysis.

Summary
Terrain analyses are commonly per-

formed within the framework of a GIS. 
These analyses are important because terrain 
governs where and how much water will 
accumulate on the landscape, how much 
sunlight a site receives, and the visibility of 
human activities.

Slope and aspect are two of the most 
used terrain variables. Both are commonly 
calculated via trigonometric functions 
applied in a moving window to a raster 
DEM. Several kernels have been developed 
to calculate changes of elevation in x and y 
directions, and these component gradients 
are combined to calculate slope and aspect. 

Profile curvature and plan curvature are 
two other important terrain analysis func-
tions. These functions measure the relative 
convexity or concavity in the terrain, relative 
to the downslope direction for profile curva-
ture and the cross-slope direction for plan 
curvature.

Terrain analyses are also used to 
develop and apply hydrologic functions and 
models. Watershed boundaries, flow direc-
tions, flowpaths, and drainage networks may 
all be defined from digital elevation data.

Viewsheds are another commonly 
applied terrain analysis function. Intervisi-
bility may be computed from any location on 
a DEM. A line of sight may be drawn from 
any point to any other point, and if there is 
no intervening terrain, then the two points 
are intervisible. Viewsheds are often used to 
analyze the visibility of landscape alterations 
or additions, for example, when siting new 
roads, powerlines, or large buildings.

Finally, relief shading is another com-
mon use of terrain data. A shaded relief map 
is among the most effective ways to depict 
terrain. Terrain shading is often derived 
from DEMs and depicted on maps.
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Study Questions

11.1 - What are digital elevation models, and why are they used so often in spatial 
analyses?

11.2 - How are digital elevation data created?

11.3 - Write the definition of slope and aspect, and the mathematical formulas used to 
derive them from digital elevation data.

11.4 - Calculate dZ/dx and dZ/dy for the following 3 x 3 windows. Elevations and the 
cell dimension are in meters.
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11.5 - Calculate dZ/dx and dZ/dy for the following 3 x 3 windows. Elevations and the 
cell dimension are in meters.

11.6 - Calculate the slope and aspect for the underlined cell values, using the four 
nearest cell method.
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11.7 - Calculate the slope and aspect for the underlined cell values, using the four 
nearest cell method.

11.8 - Calculate the slope and aspect for the underlined cell values, using the third-
order finite difference method.

11.9 - Calculate the slope and aspect for the underlined cell values, using the third-
order finite difference method.

11.10 -  Plot a graph of slope in degrees (on x axis) against slope in percent (y axis). 
Which is usually larger, slope as degrees, or slope expressed as percent?

11.11 - What is an elevation contour?
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11.12 - Draw the approximate location of contours for the following set of points. 
Start contours at the 960 value and use a 30 unit contour interval. For this exercise, it 
is permissible to estimate the contour locations visually; you do not have to calculate 
the distances between points to place the contour lines.
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11.13 - Draw the approximate location of contours for the following set of points. 
Start contours at the 0 value and use a 200 unit contour interval. For this exercise, it is 
permissible to estimate the contour locations visually; you do not have to calculate 
the distances between points to place the contour lines.

11.14 - What is the formula to calculate a contour height from two measured eleva-
tions?
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11.15 - Using the figure below, calculate the distances to the listed contour line along 
the shortest path between points. The example shows the distance calculation from 
Point A to the contour with value 250, along the straight line from A to B, when the 
values of A and B are shown, and the distance from A to B is 148.

Distance from B to the 300 contour on the line B - D, when dBD is 94
Distance from E to the 250 contour on the line E - D, when dED is 115
Distance from C to the 200 contour on the line C - D, when dCD is 188
Distance from E to the 300 contour on the line E - G, when dEG is 248

11.16 - Using the figure above, answer the following:
Distance from A to the 200 contour on the line A - C, when dAC is 94
Distance from E to the 300 contour on the line E - D, when dAC is 115
Distance from F to the 400 contour on the line F - G, when dFG is 178
Distance from B to the 350 contour on the line B - F, when dBF is 224
Distance from E to the 250 contour on the line E - G, when dEG is 248

11.17 - What are the plan curvature and profile curvature, and how do they differ?

A,210 B,260

C,180 

D,310

E,220

F,420

G,340

dAB

distance A to contour value 250 is

118.4 = 148 * 
(250 - 210)

(260 - 210)
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11.18 - Define the watershed boundaries and possible stream locations in the digital 
elevation data depicted below:
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11.19 - Define the watershed boundaries and possible stream locations in the digital 
elevation data depicted below:

11.20 - Define the following: solar zenith angle, solar azimuth angle, and solar inci-
dence angle.

11.21 - Draw a diagram illustrating the solar incidence angle, and identify what site/
terrain factors affect the solar incidence angle.

11.22 - What are viewsheds, when are they used, and how are they calculated?

11.23 - What is a shaded relief map? How are the values for each cell of a hillshade 
surface calculated?




