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The emergence of airborne lidar data for studying landscape evolution and natural hazards has revolution-
ized our ability to document the topographic signature of active and ancient surface processes. Notable
lidar-facilitated discoveries, however, would not have been possible without the coupling of fieldwork and
lidar analysis, which contradicts the ill-considered notion that high resolution remote sensing technologies
will replace geomorphic field investigations. Here, we attempt to identify the primary means by which
lidar has and will continue to transform how geomorphologists study landscape form and evolution:
(1) lidar serves as a detailed base map for field mapping and sample collection, (2) lidar allows for rapid
and accurate description of morphologic trends and patterns across broad areas, which facilitates model test-
ing through increased accuracy and vastly increased sample sizes, and (3) lidar enables the identification of
unanticipated landforms, including those with unknown origin. Finally, because the adoption of new technol-
ogies can influence cognition and perception, we also explore the notion that the ongoing use of lidar enables
geomorphologists to more effectively conceptualize landforms in the field.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

For early geomorphologists, field observations were central to
how they investigated study sites and perceived the evolution of
landscapes. Although this statement may seem obvious, upon consid-
ering the recent proliferation of maps and digital geospatial data, it
invites an exploration of how technology influences how geomor-
phologists develop intuition about landscape development. As one
of the forefathers of geomorphology, G.K. Gilbert's dependence on
field observation and expedition living was so embedded in his psy-
che that he included a drawing entitled ‘Ways and Means’ depicting
his mule, Lazarus, Duke of York, in his seminal 1877 report on the
Geology of the Henry Mountains. Although whimsical at first blush
(note that the illustration only appears in the first printing of the
report), this drawing reflects Gilbert's reliance on and reverence for
(what we now consider) ‘old-school’ technology that facilitated his
protracted and far-flung field campaigns. In a related vein, Luna
Leopold's contributions firmly establish the primacy of field observa-
tions, especially quantitative ones. Many of Leopold's publications
begin with a simple statement about a fundamental landscape prop-
erty that can be readily noted in the field, even with the untrained
+1 541 346 4692.
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eye. For example, his 1966 article on river meandering begins with
“Is there such thing as a straight river? Almost anyone can think of
a river that is more or less straight for a certain distance, but it is un-
likely that the straight portion is either very straight or very long”
(Leopold and Langbein, 1966).

Decades later, digital topographic data, remote sensing imagery,
and computing power afford the opportunity to readily witness
many of the most captivating features on Earth not only via field ob-
servation but also from one's office. Initially, coarse-scale maps and
data sets enabled geomorphologists to analyze broad landscape pat-
terns, thus, facilitating collaboration with structural geologists and
geophysicists concerned with large-scale geological problems, such
as plate boundaries and fold-thrust belts. For process-scale studies
of hillslope processes and valley network organization, however,
the standard topographic data sets generated from aerial photos
(with point densities of 1 point per 900 m2) proved to be too coarse.
Maps or imagery, such as shaded relief models generated from these
early DEMs (digital elevation models), revealed landforms, but they
systematically failed to portray features that are readily identifiable
in the field (Fig. 1). For example, the finest scale of channels and in-
terfluves, which defines drainage density, as well as potential shallow
landslide sources in steeplands, is typically not resolved by 30-m
DEMs (Montgomery et al., 2000). As a result, the most readily avail-
able and widely used topographic data sets failed to portray land-
forms that reflect fundamental geomorphic problems regarding the
organization of the surface of Earth as well as potential natural haz-
ards (e.g., Duffy et al., 2012). More so, contour maps derived from
these data often proved intractable for successful identifying one's
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Fig. 1. Comparison of terrain near Big Sky, Montana, represented with USGS 7.5″ topographic map (A, C) and airborne lidar (B,D). The boxes in A and B correspond to the enlarged
areas shown in C and D, respectively. Large landslides have shaped the vast majority of the area, including slumps and flow-like features. The topographic signature of individual
landslides is clearly visible in the lidar imagery, but not apparent in the USGS contour data.
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location in the field, further limiting the utility of available DEMs for
process-scale geomorphic research.

Instead, investigations of process-scale geomorphology required
extensive fieldwork, particularly surveying, to document and analyze
spatial patterns of landscape morphology at the relevant resolution.
The advent of total stations (theodolites and lasers) and global posi-
tioning system (GPS) receivers provided critical tools for topographic
surveying even though acquisition rates were slow, costly, limited in
scope, and challenging in remote and steep regions. Dense vegetation
and steep terrain, in particular, can render total stations and GPS inef-
fective by blocking sight lines and satellite signals. As a result, the press-
ing need for high resolution topographic information guaranteed that
process-oriented geomorphologists remained actively engaged with
their study sites through extended field campaigns.

In the late 1990s, the increasing availability, affordability, accuracy,
and point density of airborne lidar data sets constituted a monumental
advance in our ability to resolve process-scale landforms. The impor-
tance of this technological innovation for geomorphic research cannot
be overstated. Airborne lidar does not represent an incremental in-
crease in data density: it enabled a more than two orders of magnitude
increase in topographic information (Fig. 2). Research-grade, lidar-
derived bare-earth point densities commonly exceed 1 point per square
meter (Slatton et al., 2007); at this resolution, features such as gully
heads, landslide scars, channel banks, and bedrock tors can be readily
identified and mapped from afar. Remarkably, geomorphologists were
suddenly given the ability toworkwithmaps that portrayed an arguably
complete depiction of channel networks. This technology has been used
in scores of geomorphic papers, includingmany that tackle the same fun-
damental questions that challenged Gilbert, William Morris Davis, and
subsequent generations of field-oriented geomorphologists.

In this contribution, our goal is not to simply highlight scientific dis-
coveries enabled by lidar. Rather, we explore how the availability of air-
borne lidar has changed how geomorphologists go about their work,
particularly their field investigations. In undertaking these tasks, we
emphasize many of our own lidar-enabled contributions because we
possess first-hand knowledge of how the availability of lidar imagery
influenced our research process, including the fieldwork. The list of
lidar-facilitated findings is vast and includes the identification of
previously unmapped faults in metropolitan areas and the discovery
of paleo-landslide dammed lakes. The complete context of these discov-
eries, however, would not have been realized without significant field-
work in concert with lidar analyses. The perception that desktop, virtual
geomorphic investigations fueled by lidar and an array of other remote
sensing imagery will replace ‘Boots on the ground’ geomorphic obser-
vation simply has not come to fruition, and we contend that it will
not. Instead, scientific investigation using both lidar and targeted field
observation has strong potential as an efficient and effective means of
geomorphic analysis (Church, 2013).

Our survey of the literature suggests that airborne lidar has
influenced geomorphic research in the following ways: (1) lidar
serves as a detailed base map for field mapping and sample collection,
(2) lidar allows for rapid and accurate description of morphologic
trends and patterns across broad areas, which facilitates model test-
ing through increased accuracy and vastly increased samples sizes,
and (3) lidar enables the identification of unanticipated and some-
times unexplained landforms. Lastly, we will explore the notion that
exposure to lidar data affects how geomorphologists perceive land-
scapes in the field. Recognizing that lidar now enables geomorpholo-
gists to easily map subtle differences in hillslope convexity or surface
roughness, has this enhanced morphologic knowledge increased our
awareness of reality? In other words, does lidar stimulate new ways
for us to conceptualize natural landscapes?

2. Pre-lidar technologies for documenting topography

Prior to the advent of lidar, geomorphologists relied primarily on
field techniques, such as sketches, plane table/alidade surveys, incli-
nometers, pressure altimeters, and total stations, to quantify local
landform morphology. Gilbert (1877) described the geology and
surface processes of the Henry Mountains using field sketches and
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Fig. 2. Timeline showing the evolution of lidar-based geomorphological research. Solid line shows sampling frequency (proxy for bare-earth point spacing) using data from Slatton
et al. (2007). Solid line with circles shows the cumulative number of references found using GeoRef to search for “lidar AND geomorphology”. Dashed line with circles shows cu-
mulative number of NCALM projects. Vertical bands mark key events in the history of lidar for geomorphic research.
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observations. Because these often idealized sketches essentially
served as their data, early workers devoted a great deal of time and
effort on these depictions, much to the surprise and delight of mod-
ern geomorphologists (Fig. 3). Decades later, the quantitative revolu-
tion in geomorphology (e.g., Horton, 1945; see Salisbury, 1971, for a
thorough review) meant that subsequent workers, such as Leopold
and Maddock (1953), used survey methods to measure landscape
Fig. 3. Idealized sketch of a ‘planation’ feature from Gilbert's (1877) report, where it appea
union and separation over long time periods. Modified from Gilbert (1877).
properties and record change over annual to decadal timescales.
Data collection via these methods is limited by time; for example, a
team of three students can collect only 30 to 40 topographic data points
per day using a plane table and alidade. Total stations, reflectorless
lasers, ground-based lidar, and GPS receivers have alleviated this limita-
tion to a certain extent, but surveying remains challenging in remote
and steep landscapes (Perroy et al., 2010).
rs as Fig. 62. The sketch shows current stream courses across a plain subject to stream

image of Fig.�2
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Surveying landforms requires that researchers make choices about
the extent and density of topographic information they acquire. Even
field sketches require deliberate thinking on the spatial field and the
level of detail to be included. Certainly, the simple act of making these
decisions encourages engagement with one's field area, but do draw-
backs exist to using field techniques as the sole means of documenting
topography? In determining appropriate survey locations, even the
most savvy and intellectually rigorous geomorphologist can bias their
data collection by imposing preconceived notions on the landscape.
For instance, the classic Wolman and Leopold (1957) description of
meandering, gravel-bed streams with fine-grained floodplains in the
mid-Atlantic assumed that these streams were equilibrium landforms
that had persisted from prior to European settlement. Recent work
using lidar data acquired over numerous broad valleys coupledwith de-
tailed analysis of historical archives and floodplain stratigraphy, howev-
er, has shown that these streams are the product of eighteenth-century
mill dams (Walter and Merritts, 2008). In this case, the scale and
extent of human alteration to the valley systems made the millpond
legacy challenging to decipher from local field observations. Further-
more, because our conceptualization of landscapes changes over time,
project-specific field survey strategies can limit the utility of data for fu-
ture investigation. By contrast, lidar provides objective, high resolution
topography that functions as a topographic archive, facilitating reinter-
pretation of landscapes as the field of geomorphology advances.

3. Airborne lidar background

In the past 15 years, the availability, use, and quality of research-
grade airborne lidar data sets have dramatically increased (Fig. 2).
In the 1990s, lidar-generated data sets were sparsely available be-
cause private contractor acquisition costs were very expensive, ne-
cessitating small coverage areas. In 2000, the University of Florida
and Florida International University became the first academic insti-
tutions to acquire a lidar machine for research purposes, enabling
a vast expansion of lidar available to the geoscience community
(Carter et al., 2001). Geomorphologists were among the first to recog-
nize the capabilities of this technology and in 2003 the National
Science Foundation sponsored the National Center for Airborne
Laser Mapping (NCALM) with the primary goals of providing research-
grade lidar data for scientific use, advancing the state-of-the-art in lidar
mapping, and training graduate students. Since its establishment,
NCALM has acquired over 100 lidar data sets, which are publically avail-
able through the NCALM Data Distribution Center (ncalm.org). Over this
time period, many states embarked on lidar acquisition campaigns
through cooperative agreements with local, state, and federal agencies,
although the quality and point density of these data has been highly var-
iable. In Oregon, the state geological agency, the Department of Geology
and Mineral Industries (DoGAMI), spearheaded a highly successful lidar
consortium that has acquired lidar data over a substantial portion of
the western half of the state (Luccio, 2013). In the Puget Sound area of
Washington, a similar consortiumbegan in 1999 and has successfully ac-
quired research-grade data over much of western Washington. Initially
motivated by earthquake hazards (Haugerud et al., 2003), the consor-
tiumhas expanded in scope to include a range of Earth and environmen-
tal problems.

The sampling frequency of lidar data has steadily increased since
the late 1990s. Early airborne lidar systems operated at only 103

points per second, and over the next several years acquisition rates
increased to 104 points per second (Slatton et al., 2007). More recent-
ly, lidar systems typically used for research-grade investigations
are capable of >1.5 × 105 points per second, which translates to
bare-earth point densities of 1 to 10 per square meter depending on
vegetation properties (Fig. 2). This increase has been largely facilitat-
ed by the rapid improvement of electronics in the last decade.
Sampling is only one example, however, of improvements in lidar
technology as other important advances have emerged, including:
(1) full waveform lidar (Mallet and Bretar, 2009) that enables
three-dimensional characterization of heavily vegetated or urbanized
areas; (2) green wavelength lidar that enables bathymetric data in
relatively shallow and non-turbid water (McKean et al., 2008); and
(3) increased geo-referencing accuracy (e.g., flight paths and aircraft
orientation). In addition, terrestrial laser scanning (TLS) systems
have rapidly emerged, providing localized, yet dense topographic
and vegetation data (Heritage and Hetherington, 2007).

The increased prevalence of airborne lidar allows for its integra-
tion with fieldwork in ways that can improve the efficiency and effi-
cacy of field campaigns. Lidar data helps direct field tasks and
allows for contextual analysis while in the field. Rather than serving
as a fieldwork substitute, lidar enhances and leverages more tradi-
tional technologies and field methods in ways that benefit geomor-
phologists. Lidar data sets can be integrated with all stages of
fieldwork, from pre-field planning to post-fieldwork analyses. Before
embarking on a field campaign, areas to target for sampling, for ex-
ample, can be identified clearly and precisely, and new or unantici-
pated features can be identified for field checking (e.g., Challis,
2006; De Pascale and Langridge, 2012). In the field, no substitute ex-
ists for having a map that enables one to clearly locate oneself
amongst landforms. With hardcopy lidar maps or imagery loaded
on GPS receivers, one can readily identify the spatial extent of fea-
tures within view and more easily connect those observations to the
larger-scale features that define landscapes. Put simply, field-based
investigation with the aid of lidar provides geomorphologists with a
means to rigorously explore and test process-form linkages in ways
not previously possible (Dietrich et al., 2003; Perron et al., 2008).

Loading lidar imagery onto a handheld GPS unit permits accurate
and rapid determination of location, andmore importantly, allows geo-
morphologists to efficiently target desired sites for sample collection
and model testing. Furthermore, lidar data derivatives, such as slope
angle or drainage area, can be viewed in the field, providing geomor-
phologistswith themeans to associate field observationswith quantita-
tive topographic metrics. This context cannot be achieved by analyzing
a DEM in the office or by qualitative field observations alone. In many
cases, features such as subtle landslide benches or shallow channels in
otherwise rubbly lava flows may not be immediately obvious in the
field, but are readily revealed in lidar data sets.

Post-field lidar analyses help identify patterns in landscape tex-
ture or morphology. Such pattern recognition allows extrapolation
of field data to broader areas, as well as enabling contextualization
or validation of models. Precise geolocation also makes lidar ideal
for repeat surveys for the purpose of mapping landscape change
(Burns et al., 2010; Ventura et al., 2011; Delong et al., 2012,). High
resolution DEMs have proven capable of quantifying change to the
meter or sub-meter scale depending on vegetation cover, slope, and
quality of lidar data (Means et al., 2000; Hodgson et al., 2005;
Slatton et al., 2007). Lidar also allows for three-dimensional change
calculations, eliminating the need to assume that displacement fields
are composed only of vertical change (e.g., Woolard and Colby, 2002;
DeLong et al., 2012). Most generally, lidar combined with field work
has led to improved hazard inventory maps and planning, better
short-timescale tracking of landforms, discoveries of new geomorphic
features, and precise geolocation of known features.

4. Role of lidar in geomorphic research

4.1. Lidar for base maps

A driving motivation of geomorphology is to understand and
explain the processes that form landscapes. The quantification of
geomorphology has encouraged the development of models that es-
tablish process-form linkages. These models must be tested and vali-
dated in natural landscapes that span a range of properties (e.g.,
amount and intensity of rain across a region over a period of time).
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Because rock properties dictate the efficacy of many geomorphic pro-
cesses, geological substrate is a key parameter for landscape evolution;
as such, accurate geologic maps are necessary for robust model devel-
opment and testing. For most of the last century geologic maps around
theworldwere produced using contourmaps as basemaps. Thesemaps
had contour intervals ranging from 10 to 100 m (or more). While they
provided a skilledmapperwith a reasonable representation of the land-
scape, these base maps did not have the capacity for meter-scale accu-
racy for contact locations and field measurements.

The origin and accuracy of traditional geological maps is often
neglected when the geologic data are transformed into a digital format.
Digitization reveals that while unit identification and geologic relations
are typically correct, locations (contacts, geographic features) can be
offset by hundreds of meters. In the United States, numerous state geo-
logic surveys recognize the utility of lidar for accurate location of con-
tacts, and have invested considerable public funds for the acquisition
of lidar data sets (e.g., Oregon, Kentucky, Pennsylvania, North Carolina,
South Carolina). With the recognition (internally or as a result of legis-
lative action) that geospatial products are expected to be spatially accu-
rate at increasingly high resolutions, several states now exclusively use
lidar as basemaps for geologic and/or natural hazardmapping aswell as
property line definition (e.g., Oregon, Kentucky) (House, 2010; Madin
and Frankel, 2010). Asmore agencieswithin the USA and international-
ly, follow suit, spatial products will increasingly have the accuracy
that users expect (i.e., meter scale or better). Obviously, lidar-enabled
improvements in accuracy also apply to landform maps used for re-
search purposes, including maps of channels (Devauchelle et al.,
2012), terraces (Fuller et al., 2009; Bowles and Cowgill, 2012), landslide
scars (e.g., Mackey and Roering, 2011), and underlying structures
(e.g., Martel, 2011; Pavlis and Bruhn, 2011). Also, landslide inventory
maps are more readily generated for large areas, including identifying
new landslides and better constrained boundaries, when using lidar—
especially in conjunction with older techniques (e.g. Schulz, 2007;
Van Den Eeckhaut et al., 2007; Guzzetti et al., 2012). The use of
lidar-derived shaded relief maps for showing sample locations allows
readers to place data (samples) in the context of the landscape and
form their own interpretation.

Interestingly, because lidar enables documentation of landscape
changes associated with geologic events or anthropogenic activity,
agencies that employ lidar are confronting the question of how
often and when to reacquire imagery for a given location. In addition,
continued lidar acquisition provides more opportunities for studying
surface changes associated with geomorphic processes, such as
landsliding (Ventura et al., 2011; Daehne and Corsini, 2012; DeLong et
al., 2012) or dune migration (Woolard and Colby, 2002; Jerolmack et
al., 2012).

4.2. Lidar for rapid and accurate description of morphologic trends and
patterns

Thehigh resolution andprecision of lidar-derivedDEMs allows a geo-
morphologist to ask two classic questions with the hope of discovering
robust, quantitative answers. Put simply, ‘What does the surface of
Earth look like?’, and ‘Why?’ Answering the former question quantita-
tively requires detailed statistical analyses of surface morphology,
made possible by large sample sizes of precise point measurements.
For example, a typical research grade NCALM survey might collect ~10
points per square meter over a study area of ~100 km2, yielding ~1 bil-
lion (x,y,z) data pointswith ~0.1 mprecision. Answering the latter ques-
tion requires process-based models for landscape evolution, which can
nowbe informed by and tested against high-resolutionDEMsgenerated
from lidar point clouds. Rapid growth in the quality and availability of
lidar data, aswell as successful field verification, has resulted in a prolif-
eration of studies that quantify the topographic expressions and spatial
structure of a variety of geomorphic features. Importantly, in nearly all
such studies, detailed fieldwork and interpretation of features observed
directly by geomorphologists served as the ground truth for evaluating
the performance of the lidar-based work.

The goal of many process-form studies is to identify a unique topo-
graphic signature that faithfully reflects a particular geomorphic pro-
cess and then investigate how this topographic metric might change
in space or in time (Dietrich et al., 2003). This venture has been espe-
cially fruitfulwhen applied to local features defined by topographic var-
iability, such as landslides, alluvial fans, or low order channels. For
example, lidar has revealed in detail the often subtle scarps, hummocks,
lateral margins, and pressure ridges of deep-seated landslides, which in
many places were previously hidden under dense vegetation. McKean
and Roering (2004) andGlenn et al. (2006) first documented the spatial
statistics of these features and suggested that various measures of
topographic roughness systematically reflect landslide deformation
processes. More recently, Booth et al. (2009) showed that the rough-
ness associatedwith deep-seated landsliding has a characteristic spatial
scale and accurately mapped landslides in several areas of the Pacific
Northwest, USA, by extracting topography with this characteristic
scale (Fig. 4A, B). Similar studies have continued to improve the state-
of-the-art in automated mapping of landslides (Tarolli et al., 2012;
Van Den Eeckhaut et al., 2012; Berti et al., 2013), extraction of channel
networks (Fig. 4C), (Lashermes et al., 2007; Snyder and Kammer,
2008; Passalacqua et al., 2010a, 2010b, 2012), identification of biotic
signatures in landscapemorphology (Roering et al., 2010), classification
of marine terraces (Bowles and Cowgill, 2012), and characterization of
alluvial fan surfaces (Staley et al., 2006; Frankel and Dolan, 2007;
Volker et al., 2007). Despite the efficiency of such automated feature
mapping techniques,most of these efforts still require some formof cal-
ibration or field mapping to be applied to broad areas, highlighting the
complementary nature of high-resolution, remotely-sensed data and
traditional geomorphic fieldwork.

The same processes documented by these relatively short length
scale topographic features also drive broader scale landscape pat-
terns, such as ridge-valley sequences, and lidar enables quantification
of landscape form over the complete range of scales from b1 m to
tens or even hundreds of kilometers (Hilley and Arrowsmith, 2008;
Jasiewicz and Stepinski, 2013). Analysis of lidar data over this wide
range of scales has already forced geomorphologists to reconsider
how landscapes are organized and how water and sediment are
routed through landscapes. At first glance, for example, many land-
scapes appear fractal such that the largest scale ridges and valleys
are simply geometrically scaled versions of the smallest ridges and
valleys. Analyzing the shape of the topography over a full range of
scales, however, reveals that this is not always the case — in many
settings distinctive characteristic spatial scales are associated with
the topography (Perron et al., 2008). To differentiate landscapes, geo-
morphologists frequently rely on plots of local slope vs. drainage area
to characterize the spatial scales (in this case drainage areas) associ-
ated with key geomorphic process transitions; lidar has contributed
to the realization that trends in these plots depend on the scale of ob-
servation in addition to the particular method of calculating slope and
area (Tarolli and Dalla Fontana, 2009).

Landscape evolution models, which are “mathematical theor(ies)
describing how the actions of various geomorphic processes drive
(and are driven by) the evolution of topography over time” (Tucker
and Hancock, 2010), aim to generate the topographic signatures de-
scribed in the preceding paragraphs. Pioneering multi-dimensional
landscape evolution modeling produced surfaces that resembled sur-
face of Earth at a coarse scale, but the comparison rarely went beyond
a general and qualitative statement of similarity (Ahnert, 1976). Im-
mediately prior to lidar, digital elevation models with ~10 m resolu-
tion provided a framework for more quantitative comparisons using
slope-area plots, hypsometry, slope distributions, etc. (e.g., Tucker
and Bras, 1998). Currently, lidar provides for a finer scale of resolution
than many process models account for, which allows for accurate
model calibration and evaluation (Roering et al., 2007).



Fig. 4. Examples of semi-automated geomorphic feature mapping using lidar-derived topographic data from Booth et al. (2009) (A and B) and Passalacqua et al. (2010a) (C).
A) Near Carlyon Beach, Washington, the color scale indicates the topographic roughness, measured as the variance of the topography sampled at wavelengths of ~20–50 m.
B) Pixels where this variance exceeds an optimal threshold value (in red) correspond well to the independent, field-based mapping of coastal landslides (in cross hatched pattern).
C) The automatically mapped channel network (“extr. ch”) for a small catchment near the South Fork Eel River, California, matches the field-measured channel network (“surv. ch”)
well and was determined by first smoothing and enhancing edges in the lidar data, then selecting channel paths based on curvature and contributing area.
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Lidar-based measurements are especially informative on hillslopes,
where subtle variations of ridgetop curvature strongly influence the
calibration of soil transport equations and inferred rates of erosion.
Measures of topographic curvature are generally scale dependent
(Heimsath et al., 1999; Lashermes et al., 2007; Roering et al., 2010),
with meter-scale curvature corresponding to surface roughness in the
sense of small pits and mounds associated with biological activity. Cur-
vaturemeasured at the ~10 m scale, which is much coarser than typical
lidar data, better corresponds to process-based models and allows pro-
cess rates to be estimated over vast spatial extents (Hurst et al., 2012).
Lidar combined with geomorphic process modeling thereby can inform
targeted fieldwork and sample collection for independently measuring
process rates.

These types of subtle differences in topography allow accurate
calibration of more complex landscape evolution models that involve
multiple geomorphic processes, as well as differentiation among
different models for the same geomorphic process. For example,
Roering (2008) tested the ability of several different soil transport
equations to produce realistic steady-state hillslopes at the meter
scale, using lidar-derived digital elevation models to evaluate the per-
formance. Similarly, Pelletier and Rasmussen (2009) and Pelletier et
al. (2011) combined lidar data with soil depths determined in the
field to determine the role soil depth plays in soil transport. Perron
et al. (2009) were able to calibrate a landscape evolution model sim-
ulating hillslope and fluvial processes solely from derivatives of lidar
topographic data. In slow-moving landslide-prone terrain, Booth
and Roering (2011) identified subtle differences in topographic gradi-
ent with distance from the divide using lidar data and were able to
determine the relative contributions of landsliding, soil creep, and
fluvial incision to shaping the evolving terrain (Fig. 5).

4.3. Lidar for identification and characterization of unanticipated landforms

An immediate benefit of lidar data is revealing the form of land-
scapes cloaked in dense vegetation. Where features such as river ter-
races were previously known to exist under forests, poor visibility on

image of Fig.�4


Fig. 5. Example of using lidar-derived topographic data to draw inferences from a mathematical model of landscape evolution, from Booth and Roering (2011). Panels A through C
show lidar-derived hillshade maps of study sites with no landsliding (Gabilan Mesa, California), moderate landsliding (Eel River, California — sandstone lithology), and widespread
landsliding (Eel — melange lithology), respectively. White lines are the observed profiles in panels D through I, which are placed below the relevant lidar map. The model included
the geomorphic processes of soil creep, fluvial incision, and slow-moving landslide deformation and was able to accurately reproduce the morphology of the averaged hillslope
profiles, shown as normalized elevation (D through F) and slope (G through I) vs. normalized distance from the drainage divide.
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the ground, combined with surveying difficulties (poor line of sight
and limited GPS coverage), rendered them difficult to study at the de-
sired level of accuracy and spatial extent. With bare-earth lidar DEMs
and derivative maps, the form of river terraces, covered by forest,
could be readily observed and measured. First-order measurements,
such as the longitudinal slope, areal extent, and absolute elevation
of terraces, are quickly obtained from lidar-derived DEMs, but lidar
can also reveal subtle smaller terraces or channel forms that may go
unnoticed on foot. Precise elevation control enables researchers to
link up remnants of old landforms— allowing accurate reconstruction
and projection of features such as terraces and lava flows over long
distances (Fuller et al., 2009; Finnegan and Dietrich, 2011; Ely et al.,
2012; Foster and Kelsey, 2012).

Geomorphic features with a more complex geometry than
subplanar landforms, such as terraces, can be difficult to recognize
on the ground, in aerial photos, or with conventional low resolution
DEMs. For example, dormant deep-seated landslides can easily go
undetected, even when they are the target of a mapping campaign
(Van Den Eeckhaut et al., 2007). Individual landslides can have plan-
form areas exceeding several square kilometers. The diagnostic mor-
phologic landforms of deep-seated landslides, such as headscarps and
lateral margins, can scale according to landslide size and, thus, exceed
hundreds of meters of relief. Such large-scale landforms can be diffi-
cult to attribute to deep seated landsliding from ground-based obser-
vation and this problem is amplified in forested terrain. Bare-earth
lidar maps enable the geomorphologist to readily identify landslides
in the context of the larger hillslope without the camouflage
presented by vegetation, so that the diagnostic morphologic features
of landslides can be observed in context. In this sense, lidar minimizes
the ambiguity of what we see in the field: the innocuous bluff in the
forest, when cross-checked on a lidar map, may emerge as the retro-
gressive crown scarp of a large landslide.

A recent example with broad implications highlights the utility of
lidar for feature identification. Mackey et al. (2011) used lidar to map
the elevation of apparent fluvial terraces along a section of the Eel
River in northern California as part of a regional study of landslide
processes. The patchy and poorly preserved terrace remnants
(which had not been previously identified) were found to occur at a
constant elevation along 30 km of the Eel River as opposed to sloping
downstream, which is typical of river terraces. Terraces at a constant
elevation can be diagnostic of standing water, such as lakes, although
the rapidly eroding Franciscan Melange of the Eel River catchment
was thought to be an unlikely environment for a large lake. Further
investigations revealed a large (>3 × 106 m3) landslide scar in a
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resistant greenstone unit at the downstream extent of the terraces,
suggesting that the valley had once been dammed by a large landslide
deposit, backing up the Eel River to form a 50 km long lake (Fig. 6).
Targeted fieldwork, aided by the lidar dataset, led to the discovery
of lacustrine deposits along a tributary to the Eel River just upstream
of the landslide damming site. Not only did these deposits coincide
with the expected elevation rate for the reconstructed lake, but they
also yielded organic material for radiometric dating of the paleo-
lake age (~22 kya). Previous studies had documented evidence that
the damming event had influenced offshore sedimentation as well
as genetic characteristics of anadromous fish, but neither of these
studies could posit a feasible mechanism for the observations. The
Mackey et al. (2011) study highlights the value of lidar in the field,
provided in the form of printed maps and on GPS units, which were
crucial for locating and describing terrace remnants and paleo-lake
stratigraphy.

By revealing unexpected landscape features, lidar can also chal-
lenge our understanding of the trajectory of landscape evolution.
For example, volcanic landscapes (i.e., lava flows) are thought to
change from highly permeable, undissected surfaces to erosional
landscapes over ~105 years via the gradual reduction of permeability
because of to weathering (Jefferson et al., 2010). Lidar data for Collier
lava flow, a 1500 year old flow in the Oregon Cascades, however, re-
veals a fluvial channel (named White Branch Creek) cut into the lava
(Fig. 7), despite the young morphology and presumably high perme-
ability of the flow. In addition to two steep gorges, the channel has
formed two low-relief alluvial deposits with an estimated total vol-
ume of at least 194,000 m3, indicating significant sediment transport
(Deligne et al., 2012). The channel suggests that the transformation of
lava flows to dissected fluvial landscapes may occur over much
shorter timescales than previously thought. Furthermore, the exten-
sive alluvial deposits indicate that in some settings lava permeability
reduction via weathering may not be as important as externally
sourced sediment (Deligne et al., 2012).

In some instances, lidar surveys have revealed features of un-
known origin. In theWillamette Valley, Oregon, lidar data sets exhibit
ubiquitous evidence of volcanic features, including previously
unmapped cinder cones buried by Missoula Flood deposits. In addi-
tion, the imagery shows hundreds of faint, subtle circular depressions
with diameters of 101 to 102 m that may result from grounded
Fig. 6. Oblique view of a landslide dammed paleo-lake discovered along the Eel River, CA, rec
blue coloring. The modern Eel River runs right to left.
icebergs during Missoula floods, tornadoes, or an alternative mecha-
nism (Fisher, 2011). Most generally, lidar has proven powerful at
identifying low-relief, long wavelength features that have gone
undetected on the ground or with lower-resolution DEMs. The ability
to manipulate elevation color scales or create dense contours can fa-
cilitate the identification of subtle features, which can be targeted
on the ground for further analysis (Jones et al., 2007).

4.4. Lidar for enhancement of other data sets

In addition to improving our ability to characterize landscapes, lidar
data sets also afford the ability to better georeference archival air photos
(e.g., Liu et al., 2007). Using airborne lidar as a basemap for established
ground control points and a topographic base for orthorectification,
Mackey and Roering (2011) achieved 2 m or less average root mean
square errors (RMSE) for the horizontal position of stable points identi-
fied in successive photos beginning in the 1940s. The historical imagery,
much of which lacked camera calibration information, was more accu-
rately rectified than when low-resolution DEMs were used for process-
ing. The imagerywas used successfully to estimate temporal and spatial
variations in the velocity of slow-moving landslides by tracking the po-
sition of trees, shrubs, and large boulders in successive imagery. Anoth-
er exciting future lidar-enabled enhancement involves the coupling of
lidar with hyperspectral data, which records in high spectral resolution
(typically 10 nm) the spectra (i.e., wavelengths emitted) of the surface
(e.g., Gilvear et al., 2004; Mundt et al., 2006; Anderson et al., 2008;
Elaksher, 2008; Jones et al., 2010). Because hyperspectral data has
numerous applications for investigating chemical (e.g., mineral compo-
sition) and biologic (e.g., plant health) properties, its couplingwith lidar
provides an unprecedented opportunity to characterize the detailed
form, biota, and geochemistry of the surface of Earth.

4.5. Lidar for spatial and morphologic cognition

Because emerging technologies often encourage us to observe and
explore our worlds in new and different ways, it seems inevitable that
technology adoption will change our perception of how Earth func-
tions and organizes itself. For petrologists, volcanologists, and soil sci-
entists, for example, the advent of scanning electron microscopes
enabled the documentation and analysis of minerals and surface
onstructed using lidar. The reconstructed lake surface at 243 m elevation is shown with
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Fig. 7. Hillshade of lidar data showing fluvial channel atop the Collier Cone lava flow, Oregon Cascades. Blue line shows channel location; yellow lines outline extent of alluvial de-
posits mapped in the field. The longitudinal profile of the channel (which spans A–A′) is shown in the lower right inset, including the location of steep bedrock gorges demarcating
up to 10 m of bedrock incision since 1500 ya.
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properties that reflect geologic and pedogenic processes. This analyt-
ical capability enabled these scientists to make observations that
were previously impossible and empowered them to tackle new sci-
entific questions as well as become more thoughtful and systematic
in their sample collection. By contrast, airborne lidar has provided
geomorphologists with a greatly enhanced perspective on something
with which they were already intimately familiar: the surface of
Earth. As such, widespread lidar acquisition and application has the
potential to fundamentally alter our cognitive abilities during field-
work by encouraging us to revisit and refine how we characterize
landscape morphology.

In the field of linguistics, the oft-debated concept of linguistic rel-
ativity suggests that the structure of language alters our conceptuali-
zation of reality (e.g., Boroditsky and Gaby, 2010). In essence, the
tools afforded by language can activate cognitive abilities that might
otherwise be lacking. One fascinating example that supports this no-
tion also holds relevance for geomorphologists. In Western Australia,
languages of the indigenous peoples of the Pormpuraaw region incor-
porate absolute spatial orientation. In other words, a Pormpuraaw
resident uses cardinal directions (east, west, north, south) rather
than a local reference frame (right, left) to convey spatial information
and context. Furthermore, these indigenous languages encode spatial
orientation in most daily interactions (even casual greetings), which
results in superior spatial reckoning and navigation skills that have
been frequently recognized (Levinson, 2003). For example, indige-
nous origin stories for Lake Eyre, which is a nearly 10,000 km2 feature
in central Australia, revolve around the hunting and killing of a kan-
garoo. The outline of the enormous lake resembles a kangaroo skin
that's been laid open on the ground. Remarkably, this distinctive
shape was readily apparent to indigenous peoples whom navigated
the region millennia before maps or remote imagery. In the sports
realm, the on-field strategic skills of indigenous rugby players has
been commonly noted, including one sportswriter who opined that
they played as if they could see the field from above. These examples
highlight the ability of language to alter how we process information
and, in this instance, demonstrate a possible connection between
spatial cognition and the channels used to convey information. Put
another way, Whorf (1940) states: we dissect nature along lines
laid down by our native languages…the world is presented in a
kaleidoscopic flux of impressions which has to be organized by our
minds — and this means largely by the linguistic systems in our
minds. We cut nature up, organize it into concepts, and ascribe signif-
icances as we do, largely because we are parties to an agreement to
organize it in this way — an agreement that holds throughout our
speech community and is codified in the patterns of our language.

By analogy, does working with high-resolution spatial data, such
as those generated by airborne lidar, influence how we encounter
and perceive landscapes in the field? In other words, does the ‘lan-
guage’ of lidar shape our conceptualization of landscapes? Evidence
generated by studying how children acquire and use spatial reference
frames strongly suggests that language plays a significant role in
structuring spatial cognition (Majid et al., 2004). In motivating this
question, we are falsely equating lidar with language, but we endeav-
or nonetheless by conceptualizing lidar as a means to communicate
the details (as well as broad patterns) of natural landscapes with an
unprecedented level of resolution and accuracy.

Feedbacks between human cognition and spatial information (e.g.,
maps) reflect how we acquire abstract concepts of space as well as
conceptualize spatial relations that have not been experienced direct-
ly (Uttal, 2001). Because lidar depicts features easily observed in the
field, quantification of landforms using lidar data coupled with field-
work may enhance our ability to decipher subtle topographic pat-
terns in the field as a means to identify process signatures or infer
landscape history. Decades ago, for example, hillslope forms were
typically classified in a relatively simplistic fashion, such as convex,
concave, planar, or some combination of these categories. Some stud-
ies used survey data to quantify morphology, but these efforts were
usually one-dimensional hillslope profiles of limited spatial extent.
As a result, geomorphologists possessed a primitive ability to recon-
cile their spatial data with their field-based perceptions of landscape
form. Now, lidar data coupled with algorithms to calculate spatial var-
iations in topographic derivatives, such as slope and curvature (which
are functionally related to the fluxes of water and sediment), enable
us to map these distributed topographic metrics broadly. Further-
more, simply being aware of the extent to which hillslope forms can
vary should sharpen our capacity for distinguishing such morphologic
trends in the field. In essence, the repeated coupling of lidar analysis
with fieldwork may increase the richness (or gradations) that we em-
ploy for characterizing landforms while in the field. Importantly, im-
proved landscape conceptualization facilitated by lidar likely requires
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active engagement during field campaigns; otherwise geomorpholo-
gists run the risk of mistaking lidar data for reality. The perils of becom-
ing overly reliant on geospatial data and technology have been
documented (Frankenstein, 2012). Witness, for example, scores of an-
ecdotes about drivers that navigate to the same location for weeks
using a GPS unit in their car. When their GPS units are lost, broken, or
stolen, however, many of these drivers are unable to find their destina-
tion despite having made the trip dozens of times with the aid of
geospatial technology. This is perhaps one of the most profound argu-
ments for the primacy of field observations in geomorphology.

5. Potential future roles for lidar in geomorphology

Geomorphology is inherently interdisciplinary considering that
the surface of Earth is the venue for a myriad of linked biotic, geo-
chemical, and physical processes. For tying these fields together,
lidar data may be unique in providing a common framework (or
starting point) for disciplinary scientists seeking to tackle complex
problems that require topographic information at different scales.
For example, understanding the current status and future of an
aquatic ecosystem is predicated on understanding the degree to
which watershed habitat features are functionally linked at scales
ranging from micro to meso (Poff, 1997; Naiman and Bilby, 1998).
In other words, being able to accurately characterize the geomorphic
features and processes (e.g. pool riffle habitat and sediment routing)
at geomorphically and biologically relevant scales is critical for the
success of such an interdisciplinary science. Innovative new models
for linking geomorphic concepts with biological predictions highlight
the strength of lidar data. For example, the RIPPLE model (Dietrich
and Ligon, 2008) relies on geomorphic metrics, including slope and
channel width, to determine the distribution of sediment size and
habitat suitability for salmonid species for all stream reaches within
a given watershed. More generally, lidar capability facilitates many
of the grand challenges outlined in the 2010 National Research Coun-
cil report ‘Landscapes on the Edge’, including, how do ecosystems and
landscape co-evolve? Given that inadequate collaboration between
ecologists and geomorphologists appears to limit our ability to develop
predictions regarding landscape response to human disturbance and
climate change (Reinhardt et al., 2010), lidar data sets may provide a
common reference or testing ground to facilitate interdisciplinary prob-
lem solving. Linkages between land-use practices and channel habitat
need to be established for ecosystem restoration andmanagement pro-
jects and lidar is well-suited to establish these connections. For exam-
ple, in Napa County, California, where road-channel crossings pose a
significant impact to aquatic habitat, lidar-enabled mapping of over
400 dams and 4000 road crossings on small tributaries was used to
refine and calibrate sediment production and routing calculations
(Dietrich et al., 2004).

6. Conclusion

Because it is impossible to visit every locale in large study areas to
form a first-hand interpretation of landforms, lidar is a critical tool for
conveying landscape forms and patterns that reflect process and his-
tory. More so, because lidar enables the quantification of process-
scale morphologic trends and patterns, its increasing availability has
revolutionized the formulation, calibration, and testing, of geomor-
phic models. As lidar acquisition continues in new study areas, unan-
ticipated features will emerge from sometimes subtle variations in
landscape form. Whereas some of these features will be identified
via automated feature recognition algorithms, many will be found
through time-tested pattern recognition systems: the eyes and brains
of geomorphologists. With frequent exposure to lidar data, geoscien-
tists may achieve gains in their cognition of spatial and morphologic
patterns in the field. Certainly, lidar data is no substitute for being
in the field, but the coupled analysis of lidar data and fieldwork has
spawned many of the most compelling geomorphic discoveries in
the past decade.
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