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Terrain curvature is one of the most important parameters of land surface topography.
Well-established methods used in its measurement compute an index of plan or
profile curvature for every single cell of a digital elevation model (DEM). The
interpretation of these outputs may be delicate, especially when selected locations
have to be analyzed. Furthermore, they involve a high level of simplification,
contrasting with the complex and multiscalar nature of the surface curvature itself.
In this paper, we present a new method to assess vertical transverse and profile
curvature combining real-scale visualization and the possibility to measure these two
terrain derivatives over a large range of scales. To this purpose, we implemented a
GIS tool that extracts longitudinal and transverse elevation profiles from a high-
resolution DEM. The performance of our approach was compared with some of the
most commonly used methods (ArcMap, Redlands, CA, USA; ArcSIE, Landserf) by
analyzing the terrain curvature around charcoal production sites in southern
Switzerland. The different methods produced comparable results. While conventional
methods quickly summarize terrain curvature in the form of a matrix of values, they
involve a loss of information. The advantage of the new method lies in the possibility
to measure and visualize the shape and size of the curvature, and to obtain a realistic
representation of the average curvature for different subsets of spatial points.
Moreover, the new method makes it possible to control the conditions in which the
index of curvature is calculated.

Keywords: landforms; concavity/convexity; DEM; elevation profiles; geomorphome-
try; morphometric variables

1. Introduction

Since at least the 1960s, terrain curvature has been recognized as one of the most
important parameters of land surface topography (Curtis et al. 1965, Speight 1968). As
such, it is now considered and measured with great care by specialists in many
scientific fields and is included and presented as a salient aspect of landscapes in a
countless number of databases, management reports, and scientific publications
(Moore et al. 1991, Wilson and Gallant 2000, Huggett and Cheeseman 2002, Hengl
and Reuter 2009).

In differential geometry, curvature (k) is a measure of how curved a curve is, that is, of
how far it is from being a straight line (Abate and Tovena 2012). As already described
around 1671 in Newton’s De methodis serierum et fluxionum (Knoebel et al. 2007), for a
plane curve, the curvature can be expressed as the inverse of the radius of the osculating
circle that locally approximates the curve at a given point.
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In geomorphology, terrain curvature is a continuous and multiscale surface phenom-
enon that can be defined as the rate of change of a first derivative, such as slope gradient
or aspect, in a particular direction (Wilson and Gallant 2000, Romstad and Etzelmiiller
2012). In reality, this rate is never constant, which makes calculating the curvature
surprisingly difficult. The most established measures of curvatures are those defined by
the principal planes intersecting the topographic surface (Wilson and Gallant 2000,
Peckham 2011). In particular, plan curvature is the curvature in the horizontal plane,
while profile curvature is the curvature in the vertical plane oriented in the direction of the
steepest slope. Less acknowledged are the fangential curvature, calculated in the oblique
plane perpendicular to the slope line (Schmidt et al. 2003), and the streamline curvature,
measuring the rate at which the flow direction changes along the streamline (Peckham
2011, Evans 2013, Minar et al. 2013). The matter is more complicated when we consider
the number of terms with a similar meaning (De Smith ef al. 2007). For instance,
planform curvature, contour curvature, horizontal curvature, and transverse curvature
sometimes have been used as synonymous of plan curvature; usually vertical curvature
has a similar meaning to profile curvature, and rotor curvature and flow path curvature
are synonyms of streamline curvature. For their part, longitudinal curvature and cross-
sectional curvature are quite similar to profile curvature and tangential curvature, respec-
tively, even if their functions are clearly different (Wood 1996, De Smith et al. 2007,
Jenness 2013). Moreover, some of these expressions have been used in confusingly
different ways in literature (Schmidt ef al. 2003, Florinsky 2011, Jenness 2013), and
inconsistencies exist regarding definitions and equations (Porres de la Haza and Pardo
Pascual 2002, Blaga 2012, Jenness 2013). As observed by several authors (e.g., Hart and
Sagan 2007, Jenness 2013), for a given point on the terrain, there is theoretically an
infinite number of ways in which the curvature can be measured. Shary (1995, see also
Shary et al. 2002) proposed a classification system that recognizes and integrates 12
different types of curvature. The system was further extended by other authors (Schmidt
et al. 2003, Dong et al. 2008). Despite this variety of terms and procedures, modern
geomorphometry continues to rely largely on techniques developed decades ago, and
curvature is always reported and represented as an index, that is, as a single value for
every square cell of the digital elevation model (DEM) (Evans 1972, 1980, Krcho 1973,
Zevenbergen and Thorne 1987, Moore et al. 1991, Florinsky and Kuryakova 1996, Wood
1996, 2009b). In GIS analysis, for instance, the curvature is a common geomorphometric
terrain derivative, extracted and calculated from DEM and then stored in the form of grid,
raster, or matrix indices. This conventional curvature index offers undeniable advantages,
such as simplicity and a direct relationship with DEM cells. Furthermore, it is implemen-
ted in most GIS software packages, which explains its success as one of the most
important parameters of land surface topography. However, it also has some limitations,
especially when the land surface curvature must be depicted in detail and analyzed at a
variety of scales (Wood 1996, Shi et al. 2007). Specifically, curvature k values are
strongly dependent on scale, so that the effect of DEM resolution has to be considered
with great care (Shary ef al. 2005). Any matrix of topographic attributes is necessarily a
simplification of the irregular and curvilinear forms of land surface (Schmidt et al. 2003,
Erskine et al. 2007). Owing to this simplification, to the lack of clarity concerning the unit
of measurement, and to the differences in the usage of plus and minus signs, it is very
difficult to mentally imagine the true form of the terrain represented by these indices. In
addition, due to the narrowness of the moving window taken into consideration, the
resulting values may be sensitive to errors and noise (i.e., outliers and striping artifacts) in
light detection and ranging (LiDAR)-derived elevation data and may fail to represent the
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general trend of the curvature (Schmidt ez al. 2003, Erskine et al. 2007, Sofia ef al. 2013),
although solutions have been proposed to mitigate these problems (Shary et al. 2002,
Albani and Klinkenberg 2003). Florinsky (1998) found that the accuracy of curvature x
values may be poor especially when calculated on flat terrains. Albani et al. (2004)
showed that the use of a moving window larger than 3 x 3 allows a substantial reduction
in the effect of elevation errors on terrain derivatives but can lead to an excessive
generalization of the topographic surface.

One may ask why plan or profile terrain curvatures should be reduced to a single
number. Would it not be more effective to report the convexity and concavity in the
transverse or longitudinal direction through two simple curved lines (‘N” and ‘U ’) rather
than through two « values? In this respect, an elevation profile may be a good way of
illustrating the curvature of the terrain at a given point, especially when it is centered at
that point, oriented in transverse or longitudinal direction and conceived with the differ-
ence in altitude from the point (vertical axis) versus the horizontal distance from the point
(horizontal axis).

In this paper, we first review the main existing methods of curvature extraction from a
DEM and then present an alternative approach for measuring and visualizing terrain
curvature in the form of self-explanatory profiles. This approach led to the development
of a tool that automatically extracts, represents, measures, and statistically assesses the
two fundamental elevation profiles from DEM: the transverse elevation profile (TEP) and
the longitudinal elevation profile (LEP). The first is a cross profile along the mean
orientation of the contour line, while the second is a profile following the line of
maximum slope, although the procedure of orientation is independent from these two
lines (see Figure 1 and Section 3.1 explaining the alternative approach). Finally, we
evaluate the new approach comparing it with some of the most commonly used ones by
applying all of them to the challenging test case of the study of terrain curvature around
wood charcoal production sites (CPS) in selected areas in the Canton Ticino, Southern
Switzerland.

We discuss the following research questions in particular:

— Are there significant differences between our method and conventional methods in
characterizing terrain curvature around CPS?

— What advantages and disadvantages does this new approach have in comparison to
conventional methods, in terms of terrain curvature assessment and visualization?

— Are curvature profiles a good way of assessing the relationship between CPS and
terrain curvature?

2. Methods for assessing terrain curvature

Commonly used approaches for assessing terrain curvature and related algorithms mostly
use a moving window of 3 x 3 cells and calculate the curvature of the central raster cell by
referring to the elevation of its eight neighbors (Corripio 2003, Tarolli et al. 2012, Jenness
2013). The nine elevation data points of the window are first approximated by a type of
polynomial surface (Evans 1980, Zevenbergen and Thorne 1987, Florinsky 1998, Hurst
et al. 2012, Jenness 2013) from which the morphometric terrain parameters are derived
(e.g., curvature). This is the method currently used in many commercial GIS software
packages (e.g., ArcMap from Esri, Redlands, CA, USA; TNTmips from Microlmages,
Lincoln, NE, USA; RiverTools from Rivix, Broomfield, CO, USA), ArcGIS extensions
(e.g., ET Surface, ET SpatialTechniques, Faerie Glen, Pretoria, South Africa; DEM
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Figure 1. The transverse elevation profile (TEP) and the longitudinal elevation profile (LEP)
calculated starting from a site (S). To obtain these two vertical profiles, we draw a horizontal circle
centered on the site with diameter equal to the desired profile segment length (Segm). The
orientation of the TEP is given by the pair of diametrically opposed circle points (P1 and P2)
minimizing the difference in altitude when projected on the DEM (Z1 and Z2), while the orientation
of the LEP is given by the pair of opposed circle points (P3 and P4) maximizing the difference in
altitude on the DEM (Z3 and Z4).

Surface Tools, Jenness Enterprises, Flagstaff, AZ, USA), and open-source GIS software
(e.g., QGIS, QGIS Development Team, International Developer Community; SAGA GIS,
SAGA User Group Association, International Developer Community; PCRaster, PCRaster
R&D team, Utrecht, Netherlands). With this predominant method, the neighborhood size
is determined by the pixel size (Shi et al. 2007, Gao et al. 2012), so that the calculation of
the curvature at larger spatial scales presupposes the resampling of the DEM. This, in turn,
results in a lowered resolution with a consequent loss of a large part of the elevation data.

Only a few software packages attempt to overcome this problem by allowing the user to
select the neighborhood size independently of the DEM resolution. This is the case, for
instance, with ArcSIE, an extension of ESRI’s ArcMap®, which calculates the eight
elevation values on the edge of a square or circular neighborhood through bilinear inter-
polation (Shi et al. 2007, Shi 2013). Other software, such as Landserf (cfr. 3dMapper),
offers a more advanced method that allows the user to define the neighborhood size by
selecting the odd number of pixels that defines the side of the moving window (Wood
2009a). The software then approximates the surface of the DEM inside the window by
fitting a bivariate quadratic function to all elevation points. Note that the same method has
been implemented also in GRASS (see the Jo Wood’s software overview chapter in Hengl
and Reuter 2009, at page 333). The drawback of this approach is that computation times
tend to become very long (Gao et al. 2012). Furthermore, no software provides a report of
the goodness of fit, so that it is very difficult to evaluate how well polynomial functions
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represent the DEM surface. Most existing software packages also fail to properly indicate
the units of the curvature values. For instance, in the ArcGIS 10.1 desktop help library and
in the ArcSIE user’s guide, the units of the curvature are not clearly defined (Shi 2013).
Probably the most commonly used curvature units are degrees per hundred meters (Evans
1980) and radians per hundred meters (Wilson and Gallant 2000, Jenness 2013), but other
units, such as radians per feet or radians per meter, are also mentioned (Porres de la Haza
and Pardo Pascual 2002, Milevski 2007, Smith 2012). According to Reuter and Nelson (in
Hengl and Reuter 2009, p. 278), ESRI software products (e.g., ArcGIS) calculate curvature
in radians/100 m (Table 1). Concerning Landserf, its user’s guide states that curvature is
measured as a dimensionless ratio (Wood 2009a, p. 81, cft., Prasicek et al. 2014). The sign
of the curvature index is problematic too. Usually in earth sciences convexity is positive and
concavity is negative, while in mathematics the signs may be reversed (Shary 2008).
Because earth sciences and mathematics cannot be divorced, this can lead to a lack of
agreement about the meaning of positive and negative values (Blaga 2012, Minar et al.
2013). Contrary to what is stated by Hengl and Reuter (2009), there are software packages
that disregard the rule about the positive curvature sign of convex surface shapes (see, for
instance, ArcMap and Landserf in Table 1).

In conclusion, despite its undeniable advantages with regard to simplicity, the direct
relationship with DEM cells, and its implementation in most GIS software packages, the
conventional curvature index approach shows some limitations, especially when specific
points on the land surface need to be analyzed in depth and at a variety of scales (Wood 1996).

3. Proposed approach
3.1. The Elevation profiler

We developed a GIS tool (hereafter referred to as the Elevation profiler) for the extraction
of the two fundamental elevation profiles (TEP and LEP) starting from a DEM and a point
shapefile. These two elevation profiles represent the intersection of vertical planes with
the DEM surface (Figure 1). The tool is conceived as a VBA macro that can be added and
run from the visual basic editor in ArcMap (see Appendix A in the supplementary
electronic materials for details).

Input data and initial parameters required by the Elevation profiler are a DEM, a
shapefile with the Cartesian coordinates of at least one site (see S on Figure A.2), the
diameter (D) and the desired number of points on the circle (CircPts) and on the profile
segment (SegmPts). For each site, the tool first builds a circle of regularly spaced points
around each given site. Then it searches for the pair of diametrically opposed points on the
circle that minimize the absolute difference of altitude when projected on the DEM
(Figures 1 and A.2). The identified pair of opposed points (P1, P2) represents the
endpoints of the transverse profile segment (TEP). In contrast, the pair of opposed circle
points maximizing the absolute difference in altitude (P3, P4) defines the longitudinal
profile segment (LEP). Thanks to this procedure, the resulting longitudinal and transverse
profile segments respect the general configuration of topography around the site without
depending only on a terrain attribute measured at one single point. In particular, LEP
orientation is not dependent on the direction of the maximum slope gradient measured at
the site, but is instead related to the overall flow direction in the circle determined by the
profile diameter (Figure A.4), while TEP orientation is related to the overall direction of
the contour lines in the same circle (Figure A.5). It follows that the TEP and LEP are
oblique to each other and not necessarily perpendicular. Despite being completely
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different from the D-infinity routing, our procedure avoids the limitations related to some
widely used algorithms, such as the Steepest Descent and the Deterministic 8 (Peucker
and Douglas 1975, O’Callaghan and Mark 1984, Tarboton 1997, Hengl and Reuter 2009).
The TEP represents the transverse curvature well since it always starts and ends at the
same altitude, whereas the LEP portrays slope and curvature. The longitudinal curvature
can be easily obtained by subtracting the mean slope line from the LEP (see Figure A.3
for details). The precision of the TEP and LEP orientation is highly dependent on the
number of CircPts defined; we recommend to set at least 360 CircPts. Similarly, the
number of points on the profile segment (SegmPts) will determine the level of detail of the
elevation data on the profiles.

3.2. The Curvature visualizer

The outputs of the Elevation profiler are further processed with R (R Core Team 2013) for
an in-depth analysis of the LEP and TEP curvatures. In particular, we use a specific R
script (hereafter referred to as the Curvature visualizer) to perform the following steps for
each considered site:

— calculate an n-degree polynomial that best approximates the elevation profile;

— calculate the coefficient of determination (R?) to evaluate the goodness of fit of the
polynomial function;

— derive the curvature index (k for x = 0) in radians per hundred meters from this
function;

— display, in the same plot, the DEM profile, the fitting function, and the osculating
circle representing the curvature;

— write the calculated data in two tables that summarize « and R? results, respectively;

— compile a pdf file that presents the curvature profiles of all processed sites.

Finally, the elevation profiles are rotated and averaged in order to obtain different types of
mean TEP or LEP curvature profiles.

4. Materials and methods
4.1. Experimental design

We developed our experimental design in order to test the suitability of the proposed
approach using the CPS in Canton Ticino, Southern Switzerland. CPS are places where
the transformation of wood into charcoal through traditional methods of carbonization
(e.g., earth-covered heaps) was achieved one or more times in the past. Typically, CPS
display a modified surface terrain, more specifically, a sort of platform with a flat and
elliptical-shaped surface (with a longest diameter from 4 to 20 m) upon which an earth
mound kiln (a neat pile of wood covered with insulating material) was built and, in turn,
used in the carbonization process. This flat oval area is bounded upwardly by an excava-
tion and is supported downwardly by an embankment or a simple dry-stone wall, resulting
in a cut into the hillslope (Figure 2) (Rennie 1997, Ludemann et al. 2004). The particular
needs of wood concentration, water availability, wind protection, soil thickness, and
charcoal transportation reported in the literature (Svedelius 1875, Toffenetti 1993) com-
bined with knowledge of the typical workflow in CPS lead to the hypothesis that CPS are
not randomly distributed in the territory but are strategically placed in a network of
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Figure 2. Typical structure of a CPS. The platform is formed by a simple cut and fill method. The
back is dug out of the hillslope and the earth thrown forward to build up the front. The height of the
back excavation and of the front bank depends upon the slope. Charcoal burners usually built these
terraces in a short time by using simple tools (shovel, pickaxe) and exploiting the materials present
on the spot (earth and stones).

suitable sites. Therefore, we expect that CPS terrain curvatures are significantly different
from terrain curvatures of random points (RP).

To test this hypothesis, we exploited our systematic inventory of 1070 CPS in three
geographically separated and geomorphologically different areas in Canton Ticino, which
cover an area of 16.3 km? in total (Figure 3, Table 2). In all three areas, the nearest-
neighbor ratio of CPS is significantly less than 1 (P < 0.001), indicating that there is a
tendency toward clustering. CPS aggregation is particularly marked in Muggio (nearest-
neighbor ratio = 0.73), quite evident in Morobbia (0.81), and scarcely noticeable in
Arbedo (0.91). The inventory was conducted from April 2009 to November 2011 through
a field survey consisting in systematically exploring the whole study area on foot and
georeferencing, by means of a GPS receiver with submeter accuracy (Trimble GeoXT),
the identified CPS. In order to create a reference set to compare with the 1070 mapped
CPS, we generated a sample of 1000 RP for each study area using the ‘create random
points’ of ArcGIS (ERSI®). We forced a 10-m minimum horizontal distance between RP
since the horizontal distance between CPS is almost never less than 10 m.

4.2. Terrain curvature assessment

We obtained, for the three study areas, a high-resolution elevation model consisting of a
LiDAR DEM with a pixel size of 2 m (see ‘swissALTI3D’ at www.swisstopo.ch).

Plan and profile terrain curvature of CPS and RP were then assessed with the well-
established methods provided by ArcMap, ArcSIE, and Landserf. These were compared
to the vertical transverse and profile curvature calculated with the new method proposed


http://www.swisstopo.ch
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Figure 3. Location of the three study areas in southern Switzerland: Arbedo (1), 9° 5’ 39", 46° 11’
54"; Morobbia (2), 9° 6’ 37", 46° 9’ 43"; Muggio (3), 9° 3" 9", 45° 52" 45". Latitudes and longitudes
refer to the centroid of the polygon.

Table 2. Main characteristics of the three study areas.

General data Altitude Slope Aspect

No. Area  Forest North East South West
CPS km?®) (%) Min Max Mean Max Mean (%) (%) (%) (%)

Arbedo 347 392 9475 6529 15394 1141.6 683 350 343 76 258 322
Morobbia 376 7.13 8339 7448 18049 12586 71.8 339 382 119 207 292
Muggio 347 522 89.66 5382 10658 771.8 644 322 376 79 142 403

in this paper (Elevation profiler and Curvature visualizer). We defined neighborhood size
as referring to the side of the moving window in ArcMap and Landserf, the diameter of
the circular neighborhood in ArcSIE, and the profile segment length in the new method.
In order to explore and compare the behavior of the curvature index over a large range of
spatial scales, all calculations were repeated for a neighborhood size ranging from the
minimum possible size up to 1000 m. In ArcMap, this required multiple resampling of the
high-resolution LIDAR DEM to obtain a set of DEM covering all the requested cell sizes.
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Plan and profile curvature were then calculated by analyzing all resampled DEMs with the
basic 3 x 3 moving window.

In ArcSIE, calculations were performed using the Zevenbergen—Thorne method with a
circular neighborhood ranging from 10 to 1000 m in size.

In order to reduce computation time, in Landserf it was necessary to resample the
LiDAR DEM to 5-m pixel size. Plan and profile curvatures were then calculated with a
square neighborhood size ranging from 15 to 1005 m, which corresponds to a moving
window ranging from 3 x 3 to 201 x 201, respectively.

In Elevation profiler, we set the number of circle points to 4000 in order to reduce
inaccuracy to less than 0.1°, and we produced elevation profiles for circle diameters
ranging from 10 to 1000 m by steps of 10 m (i.e., 100 different profile lengths). The
number of SegmPts was set so as to maintain a constant horizontal distance of 1 m
between adjacent segment points (e.g., 101 SegmPts for a 100-m long profile segment).
Considering the two profile types (transverse and longitudinal) and the 100 different
profile lengths, the tool produced a total of 814,000 elevation profiles stored in 1200
tabular data files requiring around 3.4 GB and a few days of computing time on a typical
personal computer (e.g., 4 GB DDR3 RAM, Intel® Core i5-650 3.20 GHz).

4.3. Statistical analysis

Differences between CPS and RP in terms of the curvature index (k) and the mean
curvature profiles were assessed using the Wilcoxon signed rank test for all combinations
of study areas, segment lengths (101000 m), and profile types (TEP and LEP). When
presenting P-values (see Figures 4, 5, 7, and B.3 to B.6), we used the usual asterisk rating
system based on the following four categories (Motulsky 2013): ‘n.s.” when P > 0.05 (i.e.,
statistically not significant), “*’ for P < 0.05 (significant), “**’ for P < 0.01 (highly
significant), and “**** for P < 0.001 (very highly significant). The area between the
curves, expressed in per mil of the square of the segment length, was also retained as an
alternative method to evaluate the difference between the mean curvature of CPS and RP
(see right y-axis in Figure 6).

5. Results
5.1. Curvature k values

Table 3 summarizes the obtained results for the conventional methods ArcMap, ArcSIE,
and Landserf, as well as for the proposed approach based on our Elevation profiler and
Curvature visualizer. Remarkable differences were found in terms of sign, magnitude, and
degree of dispersion of the k values, but in general all methods recognize CPS as being
slightly more concave (we mean always concave upward) than RP, both in terms of
transverse and profile curvature, except in the Arbedo study area where CPS appear to be
slightly less concave than RP in the slope direction. In Arbedo and Morobbia, the standard
deviation of curvature x values is generally lower for CPS than for RP, but in Muggio
quite the reverse is the case.

The trends of « values for CPS and RP, with neighborhood size ranging from 10 to
1000 m calculated with the four geomorphometric methods, are presented in Figure 4 for
transverse curvature and in Figure 5 for profile curvature. These trends differ consider-
ably, depending on the method of calculation used. However, P-values resulting from the
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Figure 4. The mean plan curvature (or vertical transverse curvature) of CPS (solid black line) and
random points (dashed gray line) in the three study areas, calculated with the four tested geomor-
phometric methods — (a) Elevation profiler and Curvature visualizer, (b) Landserf, (c) ArcSIE, and
(d) ArcMap — for neighborhood sizes ranging from 10 to 1000 m. In the case of Landserf
(b), neighborhood sizes range from 15 to 1005 m, while with the new approach (a) neighborhood
size coincides with the segment length of transverse elevation profiles (TEP).

Wilcoxon significance tests provide similar estimations of the difference between CPS and
RP curvatures for all methods.

All methods reveal to some degree that CPS are not randomly distributed in terms
of transverse and profile terrain curvature. Mean k values of CPS differ statistically
from mean « values of RP (which represent the average terrain curvature of the study
areas) both parallel and perpendicular to the line of maximum gradient. These differ-
ences are highly significant in Muggio and significant in Morobbia for all neighbor-
hood sizes (i.e., segment lengths, see Figures 4 and 5). In the Arbedo study area, the
differences are significant only for transverse curvature and at small neighborhood
sizes (from 10 to 100 m, Figures 4 and 5). The selectivity of CPS in terms of « values
depends to some degree on the geographical characteristics of the study area, and also
from the spatial resolution used as the basis to calculate terrain curvature (i.e., the
segment length).
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Figure 5. The mean profile curvature (or vertical longitudinal curvature) of CPS (solid black line)
and random points (dashed gray line) in the three study areas, calculated with the four tested
geomorphometric methods — (a) Elevation profiler and Curvature visualizer, (b) Landserf,
(c) ArcSIE, (d) ArcMap — for neighborhood sizes ranging from 10 to 1000 m. In the case of
Landserf (b), neighborhood sizes range from 15 to 1005 m, while with the new approach (a) neigh-
borhood size coincides with the segment length of longitudinal elevation profiles (LEP).

5.2. Transverse profile curvatures

Figure 7a shows the half transverse elevation profiles (half-TEP) for a fixed segment
length of 230 m, which is a graphical representation of the shape of the terrain surface in
the transverse direction related to the absolute horizontal distance from the site, obtained
by averaging the two semi-axes of every TEP. The half-TEP mean curvature reveals a
slightly concave profile for both the CPS and the RP in all three study areas. In other
words, if we move away from a site along an axis perpendicular to the slope, on average,
the terrain surface tends to rise regardless of which of the two semi-axes we follow.
Despite this global trend, the CPS can be clearly distinguished from random points since
the gradient of their average half-TEP profile is much more marked. When expressed in
degrees, the maximum difference between CPS and RP is found in Arbedo, at a segment
length of 300 m (CPS 2.5°, RP 1.0°, A 1.5°), in Morobbia at a segment length of 790 m
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Figure 6. The difference between CPS and random points in the three study areas in terms of
average TEP and LEP curvature according to profile segment length. The difference is expressed as
percentage of the segment length with significant P-values (solid black line) and as area between the
curves in per mil of the square of the segment length (dashed gray line). The vertical dotted gray
lines highlight the segment lengths that were chosen for a more in-depth analysis of the data, that is,
80, 300, and 720 m for the TEP curvature (see Figures 7b, B.3, and B.4) and 600 m for the LEP
curvature (see Figure 7c¢).

(CPS 6.3°, RP 3.3°, A 3.0°), and in Muggio at a segment length of 230 m (CPS 5.9°, RP
0.9°, A 5.0°). Considering the segment length of up to 1000 m, the mean differences
between CPS and RP are 1.2° in Arbedo, 2.2° in Morobbia, and 3.7° in Muggio (data not
shown). The difference between the two curves of the half-TEP mean curvature for the
CPS and RP is highly significant in Muggio for all segment lengths, and significant in
Morobbia for a large range of segment lengths, ranging from 10 m to approximately
2.5 km (data not shown). In the case of Arbedo, the difference is significant only for
segment lengths ranging from 10 to 170 m (data not shown).

Figure 7b shows the full-TEP mean curvatures for a segment length of 80 m calculated
by averaging the complete TEP, turned so as to have the semi-axis with the higher sum in
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Figure 7. The mean transverse (a and b) and longitudinal (c) profiles of curvature of CPS (solid
black line) and random points (dashed gray line) in the three study areas. The significance of the
difference between CPS and RP, according to the Wilcoxon signed rank test, is presented by plotting
the usual four categories of P-values in the upper part of each graph. The mean half-TEP curvature
(a) is based on a segment length of 230 m. By averaging the two semi-axes of each TEP, the half-
TEP graph shows the vertical displacement of the terrain surface in relation to the absolute
horizontal distance from the site, regardless of the direction of the departure from the center of
the segment. The mean TEP curvature (b) is based on a segment length of 80 m. For this averaging,
all elevation profiles were rotated in order to have the half of the profile segment with the higher
sum always on the left side of the x-axis. On each curve, we marked the minimum point (i.e., the
trough) with a small circle (black for CPS and gray for RP), and we indicated its distance and angle
with respect to the zero point (i.e., the origin). The mean LEP curvature (c) is based on a segment
length of 600 m. The upward half of the LEP is always on the left side of the x-axis. The area of the
concavity for CPS and RP is presented numerically (in square meters) and graphically (by the means
of two grid patterns). On the upper and lower side of each mean profile, we marked the maximum
point with a small circle (black for CPS and gray for RP), and we indicated its angle with respect to
the zero point (i.e., the origin).

terms of y-values on the left (see also B.3 to B.5 for other segment lengths). As reported in
Figure 6, in Muggio differences in full-TEP mean curvature between CPS and RP are
highly significant for all segment lengths, in Morobbia for most segment lengths, while in
Arbedo the differences are significant only for shorter segments.

The position of random points, represented by the zero point on the graph of the full-
TEP mean curvature (Figure 7b and B.3 to B.5), is near the middle, between the upper and
the lower point of the sinusoid, with only a slight shift toward the trough. For CPS, this
shift is much greater, and the sites tend to be closer to the lowest point of the profile and
more distant from the highest point of the profile. For instance, in the range of segment
lengths from 10 to 1000 m, the oblique line connecting the zero point to the trough has, on
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average, greater negative inclinations for the RP (—6.5° for Arbedo, —5.7° for Morobbia,
and —6.9° for Muggio) than for the CPS (—5.5°, —4.0°, and —4.5°, respectively), and is
much shorter for CPS than for RP with reductions in length of 0.65 for Muggio, 0.76 for
Morobbia, and only 0.96 for Arbedo (data not shown).

5.3. Longitudinal profile curvatures

The visualization of the longitudinal curvature around RP reveals a slight concavity in all
study areas. In the case of a 600-m-long LEP (Figure 7¢), moving away from the center
toward the maximum points, the line representing the average curvature goes up with a
mean angle of 2.66° upwardly and 2.24° downwardly in Muggio. In Morobbia, this angle
is even more pronounced (3.57°), while in Arbedo it is almost negligible (0.87° upwardly
and 1.14° downwardly). Also, the longitudinal curvature around CPS is concave, but with
a more marked depression and a clearer and more sudden break of slope, with a reduction
in the gradient coinciding with the center of the segment. Moving away from the center
toward the maximum points, the mean angle is around 4.2° in Muggio and 5.3° in
Morobbia, while in Arbedo this angle is lower upwardly (0.89°) than downwardly
(1.43°). For Muggio and Morobbia, the differences between CPS and RP are significant
over a wide range of segment lengths (Figures 6 and 7c), while in Arbedo, they are
significant only for the shorter segments (Figure B.6).

6. Discussion
6.1. The limits of curvature index

With the advent of geomorphometry, many methods were conceived that are well suited to
the task of quickly assigning a curvature index to every cell of a raster layer. Once stored
in a georeferenced grid, the curvature data can be easily used for all sorts of GIS analysis.
The question whether these cellular indices are always the best way to represent, describe,
and analyze the curvature of the terrain surface remains open, however. The analysis of
terrain curvature around CPS is a good test case to check the limits of the different
methods. The most common procedure included in several commercial and open-source
GIS software packages calculates the curvatures for each cell of the DEM raster data set
solely using its eight immediate neighbors. The only way for the user to get larger
neighborhoods is to first resample the DEM changing its cell size. Our test case shows
that this method, implemented in ArcMap, tends to produce uneven results starting from
neighborhood sizes of 200—360 m in Morobbia and 440—600 m in Muggio, and does not
permit the clear evaluation of the differences between CPS and RP in terms of transverse
and profile curvature (Figures 4d and 5d). Such a decrease in reliability for larger
neighborhoods is certainly due to the initial resampling of the DEM and the consequent
depletion of elevation data. Beyond a certain limit of DEM simplification, the resulting
terrain morphometric attributes tend to become inaccurate.

In this sense, the other two conventional methods applied in our test case (ArcSIE and
Landserf) proved to be more robust and effective in assessing transverse and profile
curvature even at large spatial scales (Figures 4b, 4c, 5b, and 5c) thanks to the possibility
of selecting the neighborhood size independently of the DEM cell resolution.

With these advanced methods, it is possible to precisely calculate the average curva-
ture over large terrain surfaces, without the need to resample and simplify the input DEM.
There are, however, a number of drawbacks. The first is the calculation time. In Landserf,
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computation times tend to become very long (i.e., many minutes or even many hours)
when handling DEM with more than one million points (e.g., >1000 x 1000 elevation
data) and when setting neighborhood windows with more than 1000 values (i.e.,
>31 x 31 pixels). Difficult to understand is the fact that the absolute k values computed
with Landserf are generally the highest for the plan curvature and the lowest for the
profile curvature compared to those calculated with the other methods (Table 3, Figures
4b and 5b). Secondly, the method-dependent differences in terms of units, sign, amplitude,
statistical dispersion, and pattern make curvature measurements difficult to interpret and
compare. As pointed out by one of the pioneers of modern geomorphometry, the ‘numer-
ous variant definitions of curvature have complicated matters, reducing the simplification
originally desired’ (Evans 2013). In fact, the diversification of methods and techniques
has somewhat dampened the initial enthusiasm of those who considered the system of the
five fundamental attributes (altitude, gradient, aspect, plan, and profile convexity) as the
main pillar of geomorphometry (Evans 1972, 1980, Krcho 1973, Goudie et al. 2005).
Finally, conventional methods do not offer any kind of graphical visualization to
complement the indices of curvature that would facilitate their interpretation. As stated by
Wood (2009b), it is regrettable that geomorphometry does not really take advantage of
recent development in visualization. In fact, k values are not self-evident and their
interpretation can be tricky, especially without any additional information allowing the
user to visually evaluate the relationship between the shape of the ground and the resulting
k value. Terrain curvature is a continuous and multiscale surface attribute and, conse-
quently, a matrix of k values cannot provide a comprehensive representation of reality.

6.2. The novel approach to calculate and visualize the index of curvature

By using, in sequence, the VBA macro Elevation profiler to build TEP and longitudinal
elevation profile (LEP) for all CPS and RP, and the Curvature visualizer R script to
calculate the k values, we obtained a summary of the trends of the mean transverse and
profile curvature index for CPS and RP in the three study areas and for a range of
neighborhood sizes going from 10 to 1000 m (Figures 4a and 5a). By comparing this
summary with those obtained with Landserf (Figures 4b and 5b) and ArcSIE (Figures 4c
and 5c), and by correctly interpreting the sign and the amplitude of k values, we can
conclude that the various methods provide quite similar results. This is encouraging since
it shows that our method, while using a very specific procedure, provides reliable results
that do not differ much from the outputs of conventional methods.

In contrast to classical methods, our approach offers to users the ability to set the
degree of the polynomial function that will be used to approximate the elevation profiles
and to assess, in various ways, the quality of fit, which is a crucial step in the calculation
of the index of curvature. Starting from the output table summarizing the coefficient of
determination (R?), the user can, for example, easily display the goodness of fit in the
form of a scatter plot. In our test case, by approximating the TEP and LEP of CPS with
sixth-degree polynomials, the median of the goodness of fit remains nearly always above
90% in every study area and for every profile segment length (Figures B.1 and B.2). In
this regard, Landserf, for instance, permits neither the choice of the complexity of the
function used to fit the elevation data, nor the evaluation of the goodness of fit of the
polynomial surface in representing the elevation model in the selected window size.
Another advantage of our approach is the possibility to visualize the TEP and LEP of
individual sites, complete with all relevant numerical and graphical information concern-
ing the curvature (k value, R, polynomial function, and osculating circle). The Curvature
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visualizer assembles and outputs these curvature profiles for all sites in a practical pdf file
(see, for instance, the file ‘Muggio CPS TEP 300m.pdf” in the supplementary electronic
materials that reports the TEP of 300 m in length for all 347 CPS inventoried in the
Muggio study area). Please note that with the Curvature visualizer, the user can choose to
force the polynomial function (depicted by the solid purple line in the profiles) to pass
through the origin, that is, through the point representing the specific study site. In
addition, the user may also choose the aspect ratio relating the x-axis to the y-axis of
the plots. When the scale of the two axes is set as independent, the script automatically
selects the more suitable scale for the y-axis, producing a vertical exaggeration and forcing
the osculating circles to be drawn as ellipses (depicted by the red dashed lines in the
profiles).

6.3. The average curvature profile

An additional interesting feature provided by the new approach is the possibility of
calculating the mean TEP or LEP curvature by averaging all profile data. This makes it
possible to obtain an effective representation of the curvature of the terrain around a
specific category of sites. These average profiles of curvature have never been considered
and exploited as a mean of analysis in geomorphometry. We are convinced that this type
of Cartesian representation of the average curvature has great potential in terms of amount
of information conveyed, simplicity and ease of understanding, and new analytical
possibilities. Compared to a mean « value, an average curvature profile provides a more
comprehensive description of the curvature of a particular category of sites, and, in
addition, it is easier to understand and interpret. In short, it enables the graphical
representation of the shape and spatial dimension of the curvature, and offers several
operational and performance advantages that we can summarize as follows:

e The curvature profiles are very similar to common elevation profiles, and, as such,
they are easily readable and understandable because they represent the shape of the
depicted surface.

e Unlike the difficulties of interpretation related to the sign of the curvature index, in
the case of curvature profiles the distinction between concavity and convexity can
be easily made by considering the shape of the profile.

e The profile provides a continuous representation of the curvature by using real
quantities and common metric units of measurements. In our TEP and LEP profiles,
we applied a vertical exaggeration (usually between x10 and %20) to emphasize
vertical features and consequently highlight the curvature (Figures 7 and B.3 to
B.6). One can, however, also use the same scale for the two axes and thus obtain a
more realistic representation of the curvilinear form of terrain surface (Figure A.6).

e Starting from the TEP and LEP profiles, one can easily carry out many different
measurements (e.g., horizontal and vertical distances from the crest and the trough,
mean angles, area of the concavity, energy consumption) to better describe and
analyze the characteristics of the curvature.

e It is possible to calculate the significance of the difference between mean curvature
profiles ascertaining whether different categories of sites have different curvature
patterns.

The drawbacks of this alternative method of calculation and analysis of the land surface
curvature are the following:
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e A more time-consuming calculation with respect to the well-established methods of
curvature computation, especially when working with long profile segments and
high levels of spatial resolution.

e The higher amount of storage space occupied by the resulting tabular data files in
comparison to common curvature grids.

e The need to process these files with R scripts in order to obtain any kind of
information such as graphic charts, statistical analyses, or topographic
measurements.

e The lack of the possibility of calculating the global curvature in addition to the
transverse and longitudinal curvature.

Figure 7c is a good example of the amount of information on curvature that a mean LEP
can provides. The longitudinal profiles for the three study areas are computed here for a
segment length of 600 m, which is over a quite large spatial scale. On this scale, the
mean K values show only slight differences between RP and CPS that are difficult to
interpret (Figure 5). For instance, using ArcSIE, we obtain the following mean values
(Figure 5c): —0.039 for RP and —0.036 for CPS in Arbedo; —0.062 for RP and —0.077
for CPS in Morobbia; and —0.038 for RP and —0.073 for CPS in Muggio. The
negative sign indicates that both RP and CPS are slightly concave, and that CPS are
a little bit more concave than RP at least in Morobbia and Muggio. But differences are
so minimal that they may also result from the fact that charcoal sites are anthropo-
genically modified with concavity artificially created at the upper side and convexity
at the downslope side (Figure 2). Thanks to the mean LEP (Figure 7c), we obtain
instead a detailed visualization of these differences. In particular, the geomorphic
effect of the platforms artificially created by charcoal burners is clearly visible at
the origin of the profiles (x, y = 0). In Arbedo, this effect is particularly marked with
an impact over large part of the profile. Instead, in Morobbia and Muggio, this effect
is limited to the close proximity of CPS, while the concavity at broader scale and the
location of CPS at the break of slope are related to the way CPS were selected. In
addition, mean LEP offers the possibility to express the curvature in terms of area of
the concavity/convexity. In the case of 600 m long longitudinal profiles (Figure 7c),
the maximal concavity is observed for CPS in Morobbia (10392 m?), while the higher
difference between RP and CPS is observed in Muggio with an areal ratio of
approximately 1:1.74 (4032 against 7009 m?).

7. Conclusion

Terrain curvature is a key morphometric variable that has a great variety and number of
applications. Despite its importance, conventional calculation methodology has remained
practically unchanged over the past decades. On the one hand, these methods enhance the
complexity because they use a polynomial three-dimensional surface to approximate the
elevation data, even when calculating transverse and profile curvature that are the
attributes of two-dimensional curves. On the other hand, they are prone to oversimplifica-
tion because they reduce the irregular, multiscalar, and curvilinear forms of land surface to
single k values, or grids of numbers, which may be not informative enough for studying
the topography of selected sites.

In this study, we attempted to overcome these limitations by developing new GIS tools
to represent graphically and measure the shape and spatial dimensions of curvature. Our
approach proved to be reliable even for very large neighborhood sizes, providing quite
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similar results in terms of mean k values for CPS and RP with respect to the well-
established reference methods. One of the advantages of our approach is the full control
on curve fitting through the choice of degree of the polynomial function, the visualization
of the fitted curve on elevation profiles, and the report of the goodness of fit. Moreover,
the tool permits visualization of the convexity of terrain through curvature profiles, thus
avoiding the inherent oversimplification of k values.

The shift from a single-point value to a curvature profile is a decisive step opening
new possibilities. For instance, half transverse profiles show terrain curvature in a very
clear and simple way, with a significant increase of quantitative information, compared to
the common indices of curvature. On the other hand, full transverse profiles offer the
advantage of accounting also for the differences between the two semi-axes of the
elevation profile. Thanks to the initial ordering of the profiles, the graph of the full-TEP
mean curvature tends to become a wavy line (i.e., a single cycle of a sinusoid) that clearly
shows the average and relative position of the sites with respect to the main neighboring
concave and convex forms or, specifically in our test case, to the mountain stream
channels (represented by the crest of the sine wave) and ridges (represented by the trough
of the sine wave), respectively.

The new method makes it possible to visualize, characterize, and compare the con-
vexity around different types of sites, thus offering the means and motivation to pay
greater attention to land surface curvature. Last but not the least, the Elevation profiler
enables the automatic calculation of TEP and LEP, starting from a DEM and a point
shapefile, which could be useful in many different fields.

We are aware that such a complex approach is particularly suitable for cases where
curvature is a prominent part of the object of study. When curvature is just a
morphological parameter among many others, it is often preferable to apply routine
quantifications so as to reduce the complexity of terrain curvature to a single value per
surface unit.

In our test case, the curvature profiles turned out to be a good way to demonstrate that
charcoal burners paid some attention to land surface curvature when choosing and
preparing places for carbonization. Convex sites were generally avoided. As a result,
CPS tend to occupy more concave places, both in terms of TEP and LEP curvature, and
on both small and large spatial scales. On average, CPS are closer to the bottom of runoff
channels and more distant from the top of ridges, without being coincident with the axis
of the concave features. These results suggest further research, especially in the field of
historical geography, to answer remaining questions concerning the location of CPS. In
this respect, it would be useful to review the existing historical and ethnographic doc-
umentation in order to obtain a summary of what has been written on the qualities
required for CPS.
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