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ABSTRACT: A key aspect of geomorphological enquiry is concerned with quantitatively monitoring
the development of the Earth’s surface, in a diverse set of environments, and at a range of spatial
scales and temporal frequencies. A variety of geomatics technologies facilitate the acquisition of
multitemporal survey data that can be used to construct Digital Elevation Models (DEMs). The
technique of producing a DEM of Difference (DoD) involves quantifying volumetric change between
successive topographic surveys. Whilst the essence of the technique is relatively simple,
distinguishing between real geomorphic change and survey noise requires appropriate approaches
to error analysis to ensure that DoDs are reliable. This is especially important when DEMs have
been constructed from fusions of data acquired using different survey or analysis techniques,
causing vertical error to be spatially and/or temporally variable across component DEMs. This book
chapter reviews example applications of DoDs from across the geomorphological discipline and
then focuses upon examining morphological sediment budgeting in fluvial geomorphology. The
chapter summarises approaches to error analysis, provides guidance on DEM acquisition, and
reviews available software.

KEYWORDS: DEM of Difference (DoD), Deposition, Erosion, Error, Morphological Change, Sediment
Budget

collections and, based on knowledge of
forcing events during the monitoring period,
inferences can be made about processes that
caused change. Whilst DEMs of Difference
(DoDs, Wheaton et al., 2010) provide insight
into the interaction between process and
form, they can also be used to assess the
predictions of numerical morphodynamics
models.

Introduction

Quantifying volumetric change is a primary
objective for many investigations that
consider landform development. Over the last
decade, rapid progress in the development of
geomatics technologies, and associated
processing  techniques, has enabled
geomorphologists to develop monitoring
campaigns that are capable of acquiring

accurate Digital Elevation Models (DEMSs) at This chapter first provides an overview of

temporal frequencies that are commensurate
with rates of landform evolution (e.g. Favalli
et al., 2010; Fuller et al., 2010; Fuller et al.,
2011; Williams et al., 2011; Carrivick et al.,
2012) and at hitherto unprecendented spatial
resolution (e.g. Milan et al., 2007; Brasington
et al, 2012). This enables insight from
morphological change to be coupled directly
to process based observations. In addition,
new image analysis techniques offer the
potential to generate DEMs from archived
aerial photos (Lane et al., 2010). This
provides the opportunity to extend timescales
of enquiry using information from historical
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mapping morphological change using the
DoD technique. It then summarises pertinent
examples of DoDs from a range of
geomorphological fields and examines, in
detail, the use of the morphological sediment
budget method in fluvial geomorphology.
Finally, the chapter discusses error analysis
and provides guidance on generating DoDs.
The focus of the chapter is on producing
DoDs in situations that are characterised by
elevation changes in one plane (i.e. 2.5
dimensions), which is typical of many Earth
surface applications. In some cases change
may be measured from a plane thatis not
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Figure 1: Thresholded DEM of Difference using data from the ReesScan project (Williams et al.,
2011). For illustration clarity, DEMs have been detrended by subtracting the streamwise bed slope
from each DEM. Approximate flow direction is from right to left.

horizontal, for example when considering
river bank retreat (Resop and Hession, 2010;
O'Neal and Pizzuto, 2011) or glacial terminus
dynamics (Quincey et al.,, 2011). For 3d
cases, where a 2.5d grid approach would
bias vertical or overhanging components,
Lague et al. (Submitted) provide guidance on
3d cloud comparison. The chapter
concentrates on discussing survey data
acquired in a field setting but the techniques
discussed are equally applicable to deriving
sequences of multitemporal DEMs from
laboratory experiments (e.g. Brasington and
Smart, 2003; van Dijk et al., 2012).

Mapping Morphological Change

Geomorphic Change Detection (GCD, James
et al, 2012) can either be applied
volumetrically, using DEMs (e.g. Rumsby et
al., 2008; Wheaton et al., 2010), or in plan,
where  geomorphological features are
delimited from remote sensing imagery or
cartography (e.g. Gurnell, 1997; Surian,
1999; Hooke and Yorke, 2011). Here we are
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concerned with volumetric GCD where two
DEMs that share the same geodetic control
(Bannister et al., 1998) are subtracted from
one another to reveal a mosaic of
morphological change:

OE = Zz — Zl (1)

where OE is a DEM showing change in
elevation, Z, is a DEM that was surveyed
earlier and Z, is a DEM that was surveyed
later. Summing the total change across the
DoD (6E) quantifies total volumetric change.
Negative and positive values on a DoD map
show erosion and deposition respectively
(Figure 1). Application of equation 1 assumes
that both DEMs are true representations of
morphological form. Such an assumption is
unlikely to be valid when considering field or
laboratory observations and, based on
Wheaton et al. (2010), the DEM elevation
value, Zpew, is likely to contain a vertical error
component, 6z:

Zactual = Zpem * 0Z 2
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where Zacwal IS the true elevation value. It is
thus necessary to undertake error analysis to
ensure that a DoD is reliable. Suitable error
analysis techniques are discussed in the
“Error Analysis” section below.

Applications
Geomorphology

A variety of geomatics technologies and
processing techniques have been applied
across the geomorphological discipline to
guantify volumetric changes at a range of
temporal frequencies and spatial extents
(Table 1). These have included terrestrial,
airborne and spaceborne photogrammetry,
terrestrial laser scanning (TLS), airborne
Light Detection and Ranging (LIDAR), Real
Time Kinematic Global Positioning System
(RTK-GPS) and total station survey. In
coastal geomorphology sequences  of
multitemporal DEMs have been used to
estimate beach level changes associated
with the passage of a hurricane (Zhang et al.,
2005), cliff erosion rates during a year-long
monitoring period (James and Robson, 2012)
and estuarine bathymetric evolution at a 50-
year frequency during a 150 year period (van
der Wal et al., 2002). DEMs of Difference
have also been widely applied to monitor
mass movements (Jaboyedoff et al., 2012)
where TLS has emerged as the benchmark
technology for monitoring rockfalls (e.g.
Rosser et al., 2007; Oppikofer et al., 2009).
Landslides have been monitored using a
range of geomatics technologies (e.g. Mora
et al., 2003; Chen et al., 2006), and debris-
and earth-flows have been monitored using
airborne LIDAR (e.g. Bull et al.,, 2010;
DeLong et al., 2012). Applications of
successive DEMs in volcanology also
exemplify the range of temporal frequencies
and monitoring durations that can be
considered. For example, investigations have
guantified changes in lava flow fields every
15 minutes during several days (Favalli et al.,
2010), lava dome growth every day for over a
year (Major et al, 2009), bi-monthly
monitoring of slope evolution during effusive
eruption (Baldi et al, 2008) and
morphostructural change during several
decades (Neri et al., 2008). Sequences of
multi-temporal DEMs have also been
acquired and differenced in glaciology with
applications in glacial, proglacial and
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periglacial settings (e.g. Barrand et al., 2009;
Fischer et al., 2011; Carrivick et al., 2012).

Overall, the breadth of examples from across
the geomorphological discipline illustrate that
guantitative measures of morphological
change provide a principal analysis technique
for many investigations that consider change
in Earth surface form. In  fluvial
geomorphology, considerable attention has
been focused upon evaluating survey errors
because geomorphic change is often only
just detectable above the accuracy of the
survey technique being applied. In contrast,
investigations in other geomorphological
fields tend to focus little attention on
guantifying errors. In some cases this is
justified since the magnitude of geomorphic
change is of a far greater magnitude than
survey errors. However, in other cases
appropriate error analysis would provide a
more rigorous estimate of morphological
change.Indeed, of all the investigations listed
in Table 1, only Favailli et al’s (2010)
investigation of an evolving lava field
provides an example of rigorously assessing
the reliability of multitemporal DEMs.

Fluvial Geomorphology

DoDs have been widely applied in fluvial
geomorphology to (i) infer bedload sediment
transport rates; (ii) interpret processes such
as channel scour, fill, migration and avulsion;
(i) map the disturbance of ecological
habitats; (iv) estimate bed level trends; (v)
validate morphological models; and (vi)
manage gravel extraction and replenishment
schemes. Of these investigation types, the
main difference between them is whether
their objective is purely to map bed level
change or to estimate the rate of bedload
sediment transport. Table 2 lists pertinent
studies that have applied DoDs in fluvial
geomorphology and summarises the survey
technologies applied.

Since bedload is the primary determinant of
channel morphology (Leopold, 1992; Church,
2006), the morphometric method provides an
indirect alternative to the notoriously difficult
task of directly sampling and measuring
bedload transport rates (Gomez, 1991), so
long as the scale of application is sufficiently
large (Hicks and Gomez, 2005). Ashmore
and Church (1998) provide a salient review of
the method, which is based upon a continuity
relation for the bedload transport rate:
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Table 1: Examples of investigations that have applied DEM differencing in a range of geomorphological settings. See Table 2 for a list of fluvial

examples.
Geomorphological | Application Geomatics technology | Monitoring | Survey frequency Approximate Reference
field duration spatial extent
Coasts Estuary change Bathymetric charts (lead | 150 years Half-century 217 km? van der Wal et al. (2002)
lines and echo
sounding)
Estuary change induced by Airborne LIiDAR 5 months Start and end of monitoring 5 km? Measures et al. (2011)
earthquakes
Beach changes after a Airborne LiDAR Event Pre- and post-event 40 km long Zhang et al. (2005)
hurricane coastline
Cliff and gully erosion Airborne LiDAR 6 years Start and end of monitoring 77 km long Young and Ashford (2006)
coastline
Cliff erosion TLS 16 months | Monthly 0.1 km? Rosser et al. (2005)
Cliff erosion TLS 1 year Start and end of monitoring 0.005 km? Hobbs et al. (2010)
Cliff erosion Oblique terrestrial 1 year 7 surveys during 1 year 0.05 km long James et al. (2012)
imagery: SfM and coastline
MultiView Stereo
Fluvial reworking of | Talus cone erosion TLS 3 months Start and end of monitoring 0.009 km? Morche et al. (2008)
sediment stores Cut /fill of gully and alluvial fan | Kinematic GPS 32 months | 3 -5 months 0.5 km? Fuller and Marden (2010)
Glaciology Glacier surface elevation Aerial photogrammetry 1 year Start and end of monitoring 6.3 km? Hubbard et al. (2000)
change
Glacier surface elevation Aerial photogrammetry 18 years Start and end of monitoring 5.5 km? Rippin et al. (2003)
change and cartographic data
Rockglacier movement TLS 8 years 1 month - 3 years 0.04 km? Avian et al. (2009)
Glacier surface elevation Aerial photogrammetry 2 years Start and end of monitoring 6 km? Barrand et al. (2009)
change and airborne LiDAR
Debris covered glacier margins | Airborne LiDAR 4 years Start and end of monitoring 0.5 km? Abermann et al. (2010)
Permafrost affected bedrock Aerial photogrammetry 51 years 2 - 22 years 6.5 km? Fischer et al. (2011)
and glacier ice and airborne LiDAR
Forefield sediment redistribution | Airborne LiDAR 2 years Start and end of monitoring 2 km? Irvine-Fynn et al. (2011)
Proglacial and braidplain Airborne LiDAR and 2 years 1day - 1year 1.5 km? Carrivick et al. (2012)
change TLS
Glacier surface elevation TLS 5 days Daily 0.05 km? Nield et al. (2012)

change
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Table 1 continued

Geomorphological | Application Geomatics technology | Monitoring | Survey frequency Approximate Reference

field duration spatial extent

Mass movements Mudflow Cartographic data 45 years 1-16 years 1.2 km? van Westen and Lulie

Getahun (2003)

Landslide Kinematic GPS 18 months | 7 - 11 months 0.04 km? Mora et al. (2003)
Earthquake triggered landslide Aerial photogrammetry 14 years 1-11years 6 km? Chen et al. (2006)
and river erosion of deposit and airborne LIiDAR
Rockfall and slope failure TLS 32 months | Monthly 0.1 km? Rosser et al. (2007)
(coast)
Rockfall and slope failure TLS 1 year 1 day - 6 months 0.06 km? Oppikofer et al. (2008)
(deglaciated terrain)
Landslide (deep seated, Aerial photogrammetry 50 years 6 - 21 years 0.8 km? Dewitte et al. (2008)
Tertiary sediments) and airborne LiDAR
Rockslide (fjord) TLS 2 years Annual 0.6 km? Oppikofer et al. (2009)
Landslide (slope undercut by TLS 18 months | 2 - 6 months 0.01 km? Prokop and Panholzer
river) (2009)
Rockfall from landslide scar TLS 10 months | 2 - 8 months 0.004 km? Abellan et al. (2010)
Debris flow and flood Airborne LiDAR Event Pre- and post-event 0.4 km? Bull et al. (2010)
Earthflow (soil and weathered Airborne LIiDAR 4 years Start and end of monitoring 0.06 km? Delong et al. (2012)
bedrock)

Seismology Deformation due to surface Airborne LIiDAR Event Pre- and post-event 50 km long
rupture multi-fault

Volcanology Landslide Aerial photogrammetry 18 years 3-10years 7 km? Fabris and Pesci (2005)
Slope evolution during an Aerial photogrammetry 4 years 8 days — 14 months 1 km? Baldi et al. (2008)
eruption
Summit morphological change Airborne LiDAR and 21 years 2 —-12 years 7 km? Neri et al. (2008)
due to eruptive processes and aerial photogrammetry
deformation
Lava dome growth Oblique terrestrial 17 months | 24-48 hours 1 km? Major et al. (2009)

imagery

Lava flow dynamics Airborne LiDAR 2 days 15 minute intervals 28 km? Favalli et al. (2010)
Growth and deformation of a Airborne LiDAR 4 years Annual 2 km? Fornaciai et al. (2010)
scoria cones
Lahar Airborne LiDAR Event Pre- and post-event 62 km long river | Procter et al. (2010)
Crater wall collapse TLS 4 years 17 — 32 months 9 km? Pesci et al. (2011)
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Table 2: Examples of geomatics technologies applied to undertake morphological budgeting in

fluvial geomorphology.

Geomatics technology

Examples

Aerial photographs, bathymetric charts and bank
height from longitudinal profile and maps

Popov (1962)

Total station surveyed cross-section

Griffiths (1979; Goff and Ashmore (1994); Martin and Church
(1995) Milne and Sear (1997) Brewer and Passmore (2002);
Fuller et al. (2002)

Combination of aerial photogrammetry, sonar and
total station surveyed cross-section

McLean and Church (1999)

Combination of ground-based photogrammetry and
total station distributed point survey

Lane et al. (1994)

Total station distributed point survey

Eaton and Lapointe (2001); Fuller et al. (2003); Rice et al.
(2009); Milan et al. (2011)

RTK-GPS distributed point survey

Brasington et al. (2000); Brasington et al. (2003); Fuller et al.
(2011); Fuller et al. (2012)

Airborne photogrammetry and image analysis

Brasington et al. (2003); Lane et al. (2003); Lane et al. (2010)

Airborne LiDAR

Lane et al. (2003); Hofle et al. (2009)

TLS

Milan et al. (2007); Resop and Hession (2010); Wheaton et al.
(2010); O'Neal and Pizzuto (2011)

TLS (mobile platform)

Alho et al. (2011); Williams et al. (2011)

Non-metric photogrammetry from a pole

Bird et al. (2010)

Aerial photos and measurements of average bed
depth change

Carson and Giriffiths (1989); Ham and Church (2000)

G=V-(1-pZ @3)

where V, and V; are volumes of sediment flux
out of and into the reach respectively, p is
porosity, 6S is change in storage and &t is
change in time (Figure 2). Early work on the
morphometric method was undertaken by
Popov (1962), expanded by Neill (1971;
1987) and the technique has subsequently
been developed using a range of geomatics
technologies to infer sediment transport rates
(e.g. Ferguson and Ashworth, 1992; Goff and
Ashmore, 1994; Lane et al., 1995; Eaton and
Lapointe, 2001; Martin and Ham, 2005). The
major empirical challenges in applying the
method are associated with: (i) closing the
sediment budget by estimating sediment flux
through the reach of interest; and (ii)
guantifying error in DoDs. In addition,
compensating cycles of cut and fill that occur
at a temporal frequency greater than the
monitoring frequency have the potential to
introduce bias.

To calculate sediment flux through a reach
using only morphological information it is
necessary to estimate sediment travel
distance, as described in Ashmore and
Church (1998):

0y =V 7't )
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where Qy is the bulk sediment transport rate,
Ve is the volume of erosion, L;and L are the
transport and reach distances respectively
and t is the time between morphological
surveys. Step length can be estimated by
measuring distances between the paired
centroids of erosion and deposit volumes
along the main channel. However, volume
matches between pairs can be difficult to
establish, and searches may be futile,
particularly in complex braided rivers
(Ashmore and Church, 1998; Eaton and

Vi = Vw+ \l'rd

vy V, =V, +V,

Figure 2: Application of morphometric method
in fluvial geomorphology using equation 3. Vi
and Vo are the volumetric sediment input and
output. Vw is the volumetric washload
material. Ve and Vd are the volumetric
sediment erosion and deposition. Based on
Church (2006).
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Lapointe, 2001). Alternatives approaches to
estimating sediment flux through the reach of
interest include bedload sampling (Lane et
al.,, 1995), and using tracer pebbles to
estimate travel distances and sediment
mobility patterns (Schwendel et al., 2010).

The advent of remote sensing techniques
enables spatially continuous surveys of
topography and has largely replaced the
prism based method of interpolating cross-
sections in a streamwise direction to estimate
volumetric change (Griffiths, 1979; Ferguson
and Ashworth, 1992; Martin and Church,
1995) or techniques to estimate the aerial
extent of bed material depth changes from
aerial photos (Ham and Church, 2000). In
some situations, however, survey by regular
cross-sections remains the primary means of
monitoring channel morphology for long-term
(annual to decadal) sediment budgeting.
Indeed, many unitary authorities commission
cross-section surveys to monitor channel
topography due to the cost-effective nature of
this survey technique. Discussions on the
balance between cross-section spacing and
accuracy in morphological budgeting can be
found in Lane et al. (2003), Hicks (2012) and
Lindsay and Ashmore (2002).

Error Analysis

Acquire multitemporal
DEMs

S— L

[ |
i -
Acquire | ] -
: q [ Derive metrics foreach
! additional ] . -
i i DEM's guality
' surveydata :
[ 1

e @

Apply appropriate
change detectiontheory

L

Thresholded DEM of
Difference

Figure 3: Workflow for DEM differencing with
error assessment.
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DEMs are unlikely to be exact
representations of the Earth’s surface due to
a variety of uncertainties including those
associated with sampling, topographic
complexity, geodetic control, survey point
precision, processing methods, interpolation
and resolution. The production of DoDs can
propagate and amplify these uncertainties
and it is therefore essential to identify and
minimise errors (James et al., 2012). It is
useful to consider the ability to detect
geomorphic change as a signal, S, to noise,
N, ratio:

s _ Ve
el %)

Where Vgc is variability due to geomorphic
change and Ve is variability caused by error
(James et al., 2012). This concept highlights
the notion that change detection is likely to be
more reliable when measured change is of a
greater magnitude than associated survey
errors. In many cases, however, the
magnitude of geomorphic change is similar to
the magnitude of uncertainties and
appropriate error analyses must therefore be
applied to produce reliable DoDs. Moreover,
errors are likely to be spatially variable and
the signal to noise ratio is likely to vary
across an area of interest. The development
of appropriate morphological budgeting error
analyses has received substantial research
attention in fluvial geomorphology (e.g.
Brasington et al., 2000; Brasington et al.,
2003; Fuller et al., 2003; Lane et al., 2003;
Heritage et al., 2009; Wheaton et al., 2010;
Milan et al., 2011). In particular, the need to
develop reliable DoD techniques has been
necessary because channel change is often
relatively subtle and of a similar magnitude to
DEM uncertainties, especially in the case of
deposited gravel sheets (Brasington et al.,
2003).

Figure 3 shows a workflow that illustrates the
main stages in producing a DoD that is
thresholded based on an error assessment.
Various approaches can be applied to
measure DEM quality (Wheaton et al., 2010)
including manufacturer reported instrument
precision, repeat observations of control
points, bootstrapping experiments, repeat
surveys of unchanged areas, fuzzy terrain
models and geostatistical techniques. A
number of change detection workflows have
been proposed. These can be broadly
divided into techniques that: (i) apply a

Geomorphological Techniques, Chap. 2, Sec. 3.2 (2012)
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minimum level of detection; (i) map
probabilistic thresholding using a user
defined Confidence Interval; (iii) consider the
spatial variability of uncertainty from multiple
parameters; and (iv) assess the spatial
coherence of erosion and deposition. Each of
these techniques is summarised below, and
the associated advantages and
disadvantages of each approach are
discussed.

Minimum Level of Detection

The combined error in a DoD, dUpop, that
results from the addition or subtraction of two
DEMs, Z; and Z;, can be estimated from the
root sum square of errors:

“’W

[ ]

au, = |dzy +dz
Don "'J (6)
where 6z, and 6z, are the errors associated
with Z; and Z, respectively. For example, if
60z1 and 0z, were both 0.05 m then 6Upop
would be 0.07 m. To apply the Minimum
Level of Detection (LODwin), the value of
OUpop is applied as a constant threshold
across the DoD. This approach is
conservative because only geomorphic
change that is greater than the LODuwin is
deemed to be reliable. Indeed, testing by
Brasington et al. (2003: Figure 8) and
Wheaton et al. (2010: Figure 3) indicates that
volumetric and areal estimates of
morphological change are very sensitive to
the LoDwin threshold and information on real
geomorphic change is likely to be lost below
the threshold. Nevertheless, conservative
estimates of geomorphic change have been
obtained by defining the LoDwmin threshold
using grain size information (Schwendel et
al., 2010; Fuller et al., 2011; Fuller et al.,
2012), and by assessing instrument and
registration error (O'Neal and Pizzuto, 2011).
A variation on Equation 6 is provided by
Fuller et al. (2003: Equation 6) who add an
additional term to consider the covariance
between the component DEMs.

Probabilistic thresholding using a user
defined Confidence Interval

A more rigorous approach to producing a
DEM of Difference is to subject the total error
to probabilistic thresholding at a user defined
confidence interval (Brasington et al., 2000;
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Brasington et al., 2003; Lane et al., 2003). By
assuming that estimates of &z are
approximated by the standard deviation error,
o, and have a normal distribution, equation 6
can be modified to:

U.pie = t/SDEL + SDE? (7)

where Ucrit is the critical threshold error,
SDE1 and SDEZ2 are the standard deviations
of error for Z1 and Z2 respectively, and t is
the critical t-value for a two-tailed Student’s t-
distribution for a chosen Confidence Interval:

|z1—27]
t=—t—%

Su (8)

where |Z> — Zi| is the absolute value of the
DEM of Difference. For tests at the 1o or
68% Confidence Interval, t 2 1 and for tests
at the 20 or 95% Confidence Interval, t =
1.96.

Probabilistic ~ thresholding  provides a
technique to remove systematic bias through
the filtering of elevation changes based on
the confidence that detected change is real.
Moreover, the user can decide a suitable
Confidence Interval for the analysis.
However, 0. and o0, are not necessary
uniform across their respective elevation
surfaces and the estimation of their values
usually requires the use of quality control
points that are compared to a surface
(Brasington et al., 2000). Applications of
probabilistic thresholding have commonly
spatially segmented o1 and o, based on the
influence of riverbed conditions (i.e. dry-dry,
wet-wet, wet-dry, dry-wet) on the DEMs that
are being differenced (Brasington et al.,
2003; Lane et al., 2003; Milan et al., 2007;
Bird et al.,, 2010). Wiliams et al. (2011)
extended this approach to riverbed condition
segmentation by assigning spatially variable
o values across dry areas using values of o
estimated from detrended TLS survey data
(Figure 4). Owverall, whilst probabilistic
approaches to DoD production are likely to
produce more reliable estimates of
morphological change than approaches
based on a minimum LOD, geomorphic
changes that are small in elevation but
significant in areal extent, such as floodplain
sedimentation, may still be misclassified as
noise rather than actual morphological
change.

Geomorphological Techniques, Chap. 2, Sec. 3.2 (2012)
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Figure 4: Workflow for producing a DEM of Difference by applying probabilistic thresholding using
a user defined Confidence Interval. Reproduced, with permission, from Williams et al. (2011:

Figure 8).

Mapping spatial variability of uncertainty
from multiple parameters

The incorporation of spatial variability in
uncertainty across component DEMs has
recently been considered by both Wheaton et
al. (2010) and Milan et al. (2011). Whilst
Milan et al. (2011) incorporate form
roughness into their error budget, and
produce DoDs that are less biased than
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spatially uniform approaches, Wheaton et al.
(2010) use a fuzzy inference system to
estimate error from multiple factors that
contribute to DEM uncertainty. In brief,
Wheaton et al.’s (2010) technigue has three
stages (Figure 5). First, the factors that
contribute to uncertainty in a DEM grid cell
are identified and the magnitude of their error
is rated on a linguistic scale (e.g. low,

Geomorphological Techniques, Chap. 2, Sec. 3.2 (2012)
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Figure 5. Example of mapping spatial variability of DEM of Difference (DoD) uncertainty using
multiple parameters. For each DEM (2005 and 2006) the three inputs (point density, slope and
GPS quality) are combined in a three rule fuzzy inference system to produce a defuzzified
prediction of elevation uncertainty (where a probability > 0 is deposition and < 0 is erosion).
Reproduced, with permission, from Wheaton et al. (2010: Figure 7).

medium, high). Second, a set of rules is
defined that considers all combinations of the
contributing factors and results in error
output, also on a linguistic scale (e.g. low,
average, high, extreme). Finally, each DEM
grid cell is assigned a weighted uncertainty
value. Wheaton et al. (2010) applied this
technique to five annual surveys of a 700 m
long reach of the River Feshie, Scotland, to
develop a fuzzy inference system that
incorporated error associated with survey
point density, slope and GPS point quality. A
MATLAB toolbox is available as a
supplement to their paper that enables user
configuration of the fuzzy inference system.
The fuzzy logic approach enables DoDs to
incorporate spatial variability of errors even
though it is difficult to define error in precise
terms due to the relative dearth of
independent survey data on the spatial
distribution of error magnitude.

Spatial coherence of erosion and

deposition
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Cut and fill tend to occur in spatially coherent
patterns. Therefore, areas of contiguous and
coherent erosion or deposition should have a
higher probability of being characterised as
such than those that are associated with
unstructured patterns. Wheaton et al. (2010)
developed a procedure that first defines
coherent units of erosion or deposition using
a moving window, and then produces a
probability that change in a grid cell is true.
The authors then calculated a conditional
probability that coupled this spatial coherence
approach with their technique to map the
spatial variability of uncertainty using a fuzzy
inference system. The spatial coherence
approach could, however, be applied
together with other approaches, such as
probabilistic  thresholding using a user
defined Confidence Interval (Section 4.2).
Nevertheless, Wheaton et al. (2010) used
data from the River Feshie to show that
incorporating spatial coherence produces
DEMs of Difference that retain greater
volumes of erosion and deposition compared
to applying a technique that only considers
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the probability of change on a cell by cell
basis. Accounting for spatial coherence in
DoDs that are subjected to error analysis
therefore appears to ensure that the rich
detail of real geomorphic change is
preserved.

Guidance
DEM acquisition and quality

The most important factor for determining the
reliability of a DoD is the accuracy of the
individual DEMs and their coregistration. The
largest errors in DoDs arise in areas with high
form and surface roughness, and sparse
survey point densities. Therefore the most
expedient way to improve the reliability of
erosion and deposition estimates is to
acquire DEMs that are characterised by
levels of precision and accuracy that are
commensurate with the magnitude of errors
that are acceptable. An investigation's
objectives will, of course, also determine the
survey frequency and spatial extent that is
necessary and these too will impact detection
accuracy. The application of novel remote
sensing methodologies, such as Structure
from Motion (James and Robson, 2012;
Westoby et al., in press) and TLS (Heritage
and Hetherington, 2007; Williams et al.,
2011) are enabling increasingly rich and
dense point cloud datasets to be generated
at a relatively low cost. However, filtering and
classifying dense datasets to generate a
DEM is not necessarily straightforward and
requires the use of suitable processing
techniques (e.g. Brasington et al., 2012;
Brodu and Lague, 2012; Rychkov et al,
2012). Moreover, awareness of appropriate
DEM generation techniques is integral to
producing high quality DEMs (Heritage et al.,
2009; Schwendel et al.,, 2012). Since other
chapters in this volume describe key
principles and practices associated with
various geomatics technologies that are
utilised to produce DEMSs, further discussion
on minimising survey errors is not warranted
here. However, it is pertinent to note that any
investigation that intends to acquire survey
data for generating DEMs should include
consideration of how DEM quality will be
measured. This is particularly important when
different survey techniques are fused
together. For example, in fluvial
geomorphology the wetted channel problem
(Hicks, 2012) wusually requires different
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geomatics technologies to map exposed and
inundated areas of the riverbed (e.g.
Brasington and Smart, 2003; Westaway et
al.,, 2003; Williams et al., 2011; Legleiter,
2012).

Software

DoDs can be produced using a variety of
Geographic Information System (GIS) and
programming software (e.g. Golden Software
Surfer, ESRI ArcGIS, Mathworks MATLAB).
A very useful utility for ArcGIS is the
Geomorphic Change Detection Toolbox
(http://gcd.joewheaton.org/home). This
Toolbox includes procedures to prepare data,
undertake change detection using various
uncertainty methods, perform batch runs and
segment DoDs. Results are output in a
variety of forms including GIS grid files,
charts and text files. Help on using the
Toolbox is available through a series of
online video tutorials and help forums. Whilst
users should be aware of the principles
associated with geomorphic change detection
theory before using automated toolboxes,
such software reduces the time required to
produce DoDs and thus enables attention to
be focused upon interpretation of estimated
morphological changes.

Error analysis

The development of appropriate error
analyses for DoDs has primarily been
undertaken within the field of fluvial
geomorphology. This interest has been
driven by desire to reliably estimate relatively
small magnitudes of geomorphic change
relative to uncertainty when applying
morphological sediment budgeting in gravel-
bed river environments. The techniques
developed within fluvial geomorphology are,
however, transferable to other
geomorphological fields. Indeed, applying
appropriate error analyses should be de
rigueur for reliably estimating morphological
change across all fields of geomorphological
enquiry.

Limitations

A range of geomatics technologies enable
the acquisition of precise topographic data
during repeat surveys. However, the
accuracy of a volumetric estimate of
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morphological change is limited by the
temporal frequency of the successive
surveys. For example, in fluvial
geomorphology, increasing the temporal
interval between two surveys is likely to
increase the probability that a DoD will
incorporate compensating cycles of scour
and fill. This is particularly likely if more than
one competent flow event has occurred
during the intervening period. The DoD
technique thus provides a lower-bound
estimate of volumetric change. Ultimately, the
utility of a volumetric estimate of change will
depend upon the history of forcing events
and the characteristics of the environmental
setting that is being examined.
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