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While LiDAR-based digital elevation models (DEM) are more accurate and precise than the USGS-sourced
DEM that are widely used in soil mapping in the US, their high cost and other problems prohibit an
easy decision of adopting them in service-oriented soil mapping conducted by a government agency like
USDA-NRCS. This study compares the performances of LiDAR-based DEM and the USGS-sourced DEM in
calculating slope gradient as an input for knowledge-based digital soil mapping (KBDSM), aiming to provide
scientific evidence andmore importantly, propose a scientific approach to evaluating the two types of DEM for
KBDSM.We conducted the comparison by evaluating how closely the DEM-based slope gradient values match
the field-measured values. For a small watershed in northern Vermont, US, we prepared three DEM, including
a 10-m DEM interpolated from the 7.5-minute USGS topographic map, a 1-m DEM based on LiDAR points, and
a 5-m DEM resampled from the 1-m DEM. When calculating slope gradient, we applied two neighborhood
sizes (10 m and 30 m), two neighborhood shapes (square and circular), and three slope gradient algorithms
(Evans–Young, Horn, andmodified Zevenbergen–Thorne) to the three DEM.We then compared the calculated
slope gradient values with the values measured by soil scientists at 159 sample locations in the study area.
Statistics show that across all the tested settings, the LiDAR-based DEM perform significantly better than
the USGS-sourced DEM. We conclude that LiDAR-based DEM may considerably improve the quality of inputs
for KBDSM. We also find that the results from the 1-m LiDAR-based DEM and the resampled 5-m DEM do not
show considerable and consistent differences.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Terrain attributes such as slope gradient can be major elements in
a soil-landscape model, the basis of soil mapping. In digital soil map-
ping (DSM), terrain attributes are usually derived from gridded digi-
tal elevation models (DEM). Thus the quality of the DEM may have
a direct impact on the quality of the resulting soil maps, making the
choice of DEM critical to the success of any DSM project.

In the US, The Natural Resources Conservation Service (NRCS) of the
United States Department of Agriculture (USDA) conducts routine soil
survey and mapping to provide soil information to farmers, planners,
engineers, and others. Herein we call this type of soil mapping service-
oriented soil mapping to distinguish it from research-oriented soil
mapping that serves academic purposes. While numerous computation-
based techniques relying on dense sampling have been explored in
research-oriented soilmapping (seeMcBratney et al., 2003 for a compre-
hensive review), today, most (if not all) service-oriented soil mapping is
still knowledge-based, i.e., the soil-landscape models are built by soil

scientists based on their knowledge of local soils, particularly that gained
through years of fieldwork. Hudson (1992) considers this process to be
the current paradigm of soil survey and mapping. It has been argued
that the knowledge-based approach is efficient and economical when
the mapping area is large and the knowledge is available, which is
often the case in a service-oriented soil mapping project (Hudson,
1992; MacMillan et al., 2007; Shi et al., 2009).

Then, in knowledge-based digital soil mapping (KBDSM), on the
one hand, soil scientists use field measurements to build soil-
landscape models; on the other hand, the terrain attribute values
sent into the soil inference are calculated from DEM. Hence how
well the calculated values match the field measured values may
greatly impact the quality of the resulting soil maps, because if they
do not well match, we are eventually feeding the model with values
it was not built for. Therefore in KBDSM this match is a critical crite-
rion in choosing DEM. This also implies that a DEM with higher accu-
racy and precision does not automatically justify its use in KBDSM
(Smith et al. 2006). For example, when measuring slope gradient in
the field, the soil scientist may subjectively decide to ignore a small
bump on the ground, and in this case a DEM with higher accuracy
and precision is not necessarily better in generating values that
match the field measurement.
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The DEM provided by the US Geological Survey (USGS) or custom-
arily created based on the USGS topographic maps are currently the
main DEM products used in the service-oriented soil mapping in the
US. In this paper we call these DEM USGS-sourced DEM. Major justifi-
cations for using the USGS-sourced DEM include their complete na-
tional coverage and low cost. On the other hand, the inherent error
in these DEM resulting from the data source and the creation process
has been well studied (e.g., Guth, 1999; Holmes et al., 2000; USGS,
2000), and the impact of the coarse resolutions of these DEM on en-
vironmental modeling has drawn considerable and continuous atten-
tion, particularly from the soil science area (e.g., Erskine, et al., 2007;
Pike, et al., 2006; Shi, et al., 2007; Smith et al. 2006; Thompson et al.,
2001; Venteris and Slater, 2005).

An alternative to the USGS-sourced DEM is the DEM created from
the Light Detection and Ranging (LiDAR) data. LiDAR data are gath-
ered by emitting fast pulses of a focused infrared laser from a remote
object, oftentimes a plane flying over a specified flight path. Through
measuring the elapsed time between the transmitted and received
signal, the distance between the ground and the plane is determined
and in turn the elevation of the ground is derived (US Army Corps of
Engineers, 2002). Various interpolation methods can then be applied
to LiDAR points to generate gridded DEM (Bater and Coops, 2009; Liu,
2008; Raber, et al. 2002; US Army Corps of Engineers, 2002).

The LiDAR process can cover a large area quickly, and more impor-
tantly, the data collected have extremely fine resolution, both horizon-
tally and vertically, with a high level of accuracy. In fact, LiDAR-based
DEM are among the ones with the finest resolution and accuracy avail-
able today (Anderson et al., 2006; Chow and Hodgson, 2009; Hodgson,
et al. 2003; Liu, 2008), and have been used in many environmental ap-
plications (e.g., Akay et al., 2009; Barber and Shortridge, 2005; Kasai et
al., 2009; Murphy et al., 2008; Rothwell and Lindsay, 2007; Tenenbaum
et al., 2006). However, the fine resolution and high accuracy comewith
costs. First, LiDAR data are much more expensive, compared with the
USGS-sourced DEM. Second, the data size of LiDAR raw data is huge
and requires extensive labor and computation to produce DEM
(Anderson et al., 2006; Liu, 2008). Third, LiDAR-basedDEM, even gener-
ated from the LiDAR points that have gone through the post-process to
remove non-ground noise, may still pick up surface details that are not
important or even become noise to the soil scientist when assessing
soil-landscape relationships, like tree canopies, roads and associated
berms and ditches, furrows, and surface stoniness. Automatically iden-
tifying and removing those artifacts and noises from the LiDAR-based
DEM remain a challenge (Liu, 2008).

Because of their fine resolution and accuracy, LiDAR-based DEM
naturally come under consideration for DSM. However, the high
cost and lack of direct evidence that they can significantly improve
the quality of KBDSM prohibit an easy decision of adopting this type
of DEM in service-oriented soil mapping conducted by a government
agency. Comparisons between LiDAR-based DEM and the USGS-
sourced DEM can indeed be found in the literature (e.g., Hodgson,
et al., 2003; Wang and Zheng, 2005; Zhang et al., 2009), but none of
those studies are within the context of soil mapping, and thus their re-
sults are hardly applicable to KBDSM. More generally, while numerous
studies claiming that they are evaluating “accuracy” of DEM-based ter-
rain attributes such as slope gradient, aspect, and curvatures, few direct-
ly serve the purpose of KBDSM. In fact, we consider that for a real-world
land surface those terrain attributes do not have objective and universal
accuracy in the first place, because in the real world those attributes do
not have objective and universal true values. The value of, e.g., slope gra-
dient, is fractal and also method- or model-based. As Florinsky (1998)
points out, the “accuracy” is reference-dependent and people have
used widely different references in the “accuracy” evaluation, including
hand measurements from topographic maps (Evans, 1980; Skidmore
1989), calculated values from a high-resolution DEM (Chang and
Tsai, 1991), calculated values from a mathematically created smooth
(derivable) surface (Hodgson, 1995; Jones, 1998a; 1998b; Zhou and

Liu, 2004), and field measurements (Bolstad and Stowe, 1994; Giles
and Franklin 1996; Shi, et al. 2007). Apparently, the “accuracy” evaluat-
ed using these different references do not mean the same thing.
Florinsky (1998) proposed a way to get around this problem, but unfor-
tunately his method does not really address the problem. He implied
that his mathematical method for estimating the root mean square
errors (RMSE) associated with the different algorithms for calculating
certain terrain attributesmight be a better way to evaluate the accuracy
of the calculated values, as it does not rely on reference values.What the
method evaluates, eventually, is not the accuracy of the values, but the
sensitivity of the algorithm to noise in the DEM. His finding that the
Evans–Young method (Evans, 1979; 1980; Young, 1978) is the best
among the several consideredmethods is consistent with the empirical
study conducted by Jones (1998b). His statement that “(i)t should be
stressed that we examine the fundamental error in the algorithms
rather than an error associated with how well polynomials are used
within those methods… to model the real elevation distribution” indi-
cates his understanding of the limitation (Florinsky, 1998, page 52). But
strictly speaking, the “error” in this quotation is not real error if we are
talking about, e.g., the difference between the calculated slope gradient
value and the true slope gradient value; instead, it is the difference be-
tween the slope gradient value calculated using elevationswith noise in
them and the slope gradient value calculated using the true elevations;
in other words, it is the sensitivity to elevation error.

Since no true value of certain terrain attributes like slope gradient
can be defined for a real-world land surface, the quality or usefulness
of the calculated values of such attributes is then entirely application-
and situation-specific, and the evaluation has to be based on what is
used in that specific application as the reference value. In KBDMS,
this reference value is the field measurement.
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Fig. 1. The study area and sample locations.
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