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Earth Surface Processes and Landforms

ABSTRACT: The concept of peneplains has existed since the end of the nineteenth century. Typical peneplains are elevated
geomorphological features with a low relief surface on top. They may be tilted due to tectonic activity or intersected by evolving
erosion. Until now neither a standardized definition for peneplains, nor an established procedure to identify and quantify well
preserved peneplains as prominent landforms existed. At present the global availability of homogeneous digital elevation models
(DEMs) provides an accurate characterization of the morphology of the Earth surface. In this study a new, numerical, DEM-based
fuzzy-logic approach is presented for the delineation of peneplains solely from a morphological perspective. The approach is
based on a morphometric analysis of the 90-arcsec Shuttle Radar Topography Mission (SRTM) DEM. Four critical parameters
are employed which are implemented within a geographic information system (GIS). The parameters for the correct and unam-
biguous description of a ‘flat top mountain’ are: (i) slope, (ii) curvature, (iii) terrain ruggedness index, and (iv) relative height. The
approach was developed using a test area in the central Tibetan Plateau, which is characterized by representative and well pre-
served peneplains and for which additional field data were collected. In order to verify the method, peneplains were delineated
in different regions with various geological settings for which potential peneplains were already described in the literature. The
results from the Appalachian Mountains, Andes, Massif Central, and New Zealand confirm the robustness of the proposed
approach. Copyright © 2015 John Wiley & Sons, Ltd.
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Landis et al., 2008). (5) Peneplains are interpreted as elevated
and low relief surfaces generated by glacial and peri-glacial
erosion (Steer et al., 2012; Hall et al., 2013). (6) Piedmont ag-
gradations of clastic sediment, derived from erosion of a high
mountain range, can induce the rise of the base level around
the range. This process reduces the erosion efficiency of the
drainage system and results in progressive smoothing of the re-
lief and formation of peneplains (Babault et al., 2005, 2007). (7)

Introduction

Flat-top mountains have always fascinated geologists and geo-
morphologists. The existence of peneplains and planation as a
geomorphological process is controversial, due to the lack of
clear definitions and the fact that peneplains are metastable
landforms. Deposition of cover sediments or uplift and erosion
affect them, thus they can be found at different elevations and

in different stages of decay. The term peneplain is inconsistently
and cautiously used. Nevertheless, various theories about the
genesis and formation of these distinctive geomorphological
features have already been developed, published and
discussed.

Eight different approaches are established to provide clarity
regarding genesis and definition of peneplains. (1) Peneplains
are generated after uplift of a young landform (Davis, 1899;
Penck, 1924). (2) Peneplains develop close to sea level during
periods of persistent rising of sea level (Pitman and
Golovchenko, 1991). (3) They can be found at high elevation
as a result of post tectonic uplift (Lamb et al., 1996; Kennan
etal., 1997). (4) They are regarded as marine planation surfaces
which have been uplifted (Garcia-Castellanos et al., 2000;

Peneplains are the result of mantle-plume activity uplifting low-
relief erosion surfaces (LeMasurier and Landis, 1996; Sheth,
2007). (8) The term peneplain is used to describe any low-relief
regional-scale erosion surface without genetic connotations as
suggested by Fairbridge and Finkl (1980).

Peneplains and related features termed low-relief surfaces
or paleosurfaces are discussed on every continent and in
many mountain belts such as the Klamath Region in Califor-
nia (e.g. Anderson, 1902; Aalto, 2006), the Rocky Mountains
(e.g. Lindgren and Livingston, 1918; McMillan et al., 2006),
the Andes (e.g. Kummel, 1948; Jordan et al.,, 1989; Hoke
and Garzione, 2008; Schildgen et al., 2009; Allmendinger
and Gonzélez, 2010), the Pyrenees (e.g. Babault et al., 2005;
Gunnell et al., 2009), Scandinavia (e.g. Stram, 1948; Gjessing,
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1967; Lidmar-Bergstrom, 1999; Sturkell and Lindstrom, 2004;
Steer et al., 2012), Africa (e.g. Willis, 1933; Dixey, 1939;
Coltorti et al,, 2007), the Himalayas (e.g. Cui et al., 1997;
Liu-Zeng et al., 2008; van der Beek et al., 2009),
Australia/New Zealand (e.g. Mulcahy et al, 1972; Stirling,
1991; Landis et al, 2008), and Antarctica (e.g. LeMasurier
and Landis, 1996).

Most peneplains were described prior to the 1960s and derive
solely from field observations and topographical maps. In the last
two decades, new techniques have been used to investigate pe-
neplains such as thermochronological and geochronological
tools (e.g. Jordan et al., 1989; Lamb et al., 1996; Gunnell et al.,
2009; Hetzel et al., 2011; Haider et al., 2013), cosmogenic
nuclides (e.g Jackson et al.,, 2002; Hetzel et al., 2011; Strobl
et al., 2012) or geospatial data analysis (e.g. Babault et al.,
2005; Hoke and Garzione, 2008; Strobl et al., 2010).

What is common in all the earlier mentioned studies is the
observation of distinctive elevated and flat surfaces, regardless
of their geological history and age. Existing definitions of pene-
plain are unclear and are still intensively discussed. As a conse-
quence, it is nearly impossible to outline peneplains in a
reproducible way. It is thus necessary to redefine this remark-
able geomorphological structure in order to enable their unbi-
ased identification and to foster a deeper understanding of the
peneplains and the multiple possibilities for their origin.

In this study, peneplain is used as a descriptive term in con-
trast to the controversial definition of Davis (1899) as a genetic
term. As of yet the minimum uplift of peneplains relative to
their surrounding landscape is not defined. The focus lies on
peneplains which are uplifted relative to their surrounding
landscape by at least 100 m. The minimum specification is
not a firm number so it is assumed that the likelihood decreases
continuously with decreasing relative elevation towards zero.

Peneplain is referring to a distinctively elevated landform hav-
ing almost plain top with a slope less than 15°. It might be slightly
tilted or incised due to tectonic activity and/or advanced erosion.
To a certain degree, erosion may degrade the plain surface, but
no well-developed valley system or intersecting river system
can be found on an intact peneplain. It is not necessarily the
highest geomorphological unit in a mountain range; young tec-
tonics or volcanism may create local heights above a peneplain.

This study focuses on peneplains from the perspective of sur-
face morphology. The peneplains are characterized as distinct
morphological units which can be defined by geomorphometric
parameters, thus enabling the development of a simple and gen-
eral model for the delineation of peneplains using parameters
derived from digital elevation models (DEMs). For the definition
of the morphological criteria, data for the central part of the
Tibetan Plateau are used from where ground observations were
collected. The validity and reproducibility of this geospatial
approach is tested in various geological settings in different
parts of the world by comparison with peneplains described in
the literature.

Geological Setting and Characterization of the
Peneplains North of Nam Co, Central Tibet

The central Tibetan Plateau is dominated by well-developed
and preserved peneplains, this was confirmed during several
field investigations (Figure 1). A peneplain identification
method has been developed in this area, thus a brief descrip-
tion on the geology and geomorphology of the region is
given.

The Tibetan Plateau is the highest and with approximately
2 million km? the largest plateau on Earth. More than 90% of
the plateau has an elevation between 4800 m and 5400 m,
and a relief of less than 1 km at a wavelength of about 100
km (Fielding et al., 1994). An internal drainage system is
progressively filling the intermontane basins by sediments
eroded from the adjacent mountains (e.g. Métivier et al.,
1998; Liu-Zeng et al, 2008). The highly uplifted Tibetan
Plateau is the result of collision of India and Asia that
generated the thickened crust (Patriat and Achache, 1984).

The study area was situated in central Tibet, along the
northern boundary of the southernmost accreted terrane,
the Lhasa terrane. The landscape near the lake Nam Co
was studied, where elevated flat surfaces (Figures 1 and 2)
with low relief are common (Clark et al., 2004; Strobl
et al., 2010; see Figure 3). The elevation of this area is
generally above 4600 m. The Nyaingentanghla mountain
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Figure 1. Landsat map showing land surface of the study area in central Tibet, the assumed peneplains (contoured with white lines north and
northwest of Nam Co) and flags of taken images as examples of evidenced peneplains (yellow circles with streaks showing the directions of images
of Figure 3). The assumed peneplains were determined by field observation and by the rough analysis of the available topographic maps. This figure is

available in colour online at wileyonlinelibrary.com/journal/espl

Copyright © 2015 John Wiley & Sons, Ltd.
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Shuttle Radar Topography Mission (SRTM) raster image used for modeling of the topography; the elevation of the area ranges from 3300 m

to nearly 7100 m. The black circles represent areas which were sampled for detailed digital elevation model (DEM) analysis. All three circles have the
same size of 10 737 data points and represent three different geomorphologic areas: circle 1, ‘peneplain’; circle 2, ‘average plateau’; circle 3, ‘steep
and dissected area’. The metadata from these circles were used for detailed statistical analysis (see Figures 5 and 8). This figure is available in colour

online at wileyonlinelibrary.com/journal/espl

range borders the area to the south (Figure 2). South to south-
east of this mountain range, the Tibetan Plateau is highly
dissected and a well-developed river system drains the area to-
wards the ocean. Thus the general geomorphological features
of the area southeast and northwest of Nyaingentanghla
range are highly different: young and steep topography in
the south with a high density of river network and old,
passive, and smooth topography with lakes in the north
(Figure 2). The peneplains are carved mainly in a Cretaceous
granitoid suite and in Jurassic metasediments (Jixiang et al.,
1988; Leeder et al., 1988; Leier et al., 2007). Peneplains west
of the study area are carved also in Paleozoic metasediments
(Pan et al., 2004).

Materials and Methods

The Shuttle Radar Topography Mission (SRTM)
DEM

The global availability of homogeneous DEMs allows a
quantitative characterization of the Earth’s topography. The
Shuttle Radar Topography Mission (SRTM) DEM was used
as a base to compute the algorithm describing potential pe-
neplains. The SRTM provides digital topographic data of un-
precedented quality across most of the Earth’s surface for
the international community (Farr and Kobrick, 2001). The
data was acquired during an 11 days mission of the Endeav-
our Space Shuttle in February 2000. The single path radar
interferometry at C-band recorded the topography of the
Earth between latitudes 60°N and 57°S. The data is freely
available on the Internet. The original SRTM DEM denoted
commonly as SRTM version 3 which was assembled by Jet
Propulsion Laboratory contains gaps in areas of radar
shadows and low. In this study, the gap-filled version de-
noted as SRTM version 4 (Reuter et al., 2007; Jarvis et al.,
2008) was used. The SRTM is available at a pixel resolution
of 3 arc seconds (90 m at the Equator).

Copyright © 2015 John Wiley & Sons, Ltd.

Processing of the SRTM data: the Peneplain
Analyzing Tool (PAT)

The geographic information system (GIS) analyses were per-
formed by using ArcGIS Info 9.3 and Arc Tool Spatial Analyst.
As spatial reference system, UTM projection and WGS84 da-
tum were used. Depending on the size of analyzed area, sev-
eral image tiles were assembled into a single mosaic. In the
following step the basin-like artifacts were filled-up by using a
standard procedure of ArcGIS where the tool iterates until all
sinks are filled (Tarboton et al., 1991). This procedure is neces-
sary to enable an automatic and representative identification of
drainage structure in the following step (Figure 4A). The pixel
resolution of 3 arc seconds persists through the complete
modeling procedure.

The new Peneplain Analyzing Tool (PAT) based on derivation
of multi-assessment parameters was implemented in an interac-
tive environment of ArcGIS Modelbuilder. Figure 4A displays a
schematic overview of the structure of PAT. The raster analysis
was always performed by using the smallest floating window,
namely three-by-three pixels to keep the high resolution of
the original DEM through the complete modeling procedure.
Only at the focal statistics in the last step of the modeling pro-
cedure the floating window size is expanded to 55 by 55 pixels.
This last step was established to obtain compact areas of possi-
ble peneplains in the final outcome. The used cell size of about
495 m x 495 m delivers the best output visualizing possible pe-
neplains and emphasizes their boundaries. The performance
with higher resolution data are too detailed for our approach.
Nevertheless, this setting can be modified depending on the
purpose.

Characterization of peneplains by
geomorphometric parameters

We hypothesize that peneplains can be characterized by a
set of parameters describing the morphology of a flat-top

Earth Surf. Process. Landforms, (2015)
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Figure 3.  (A) Assumed peneplains (hatched areas) plotted on the geological map of the study area (Pan et al., 2004). The local geology does not have an
impact on the development of peneplains; they are formed both in granitoids and in (meta-) sedimentary formations. (B) Landscape photographs of pene-
plains from three different areas of the field; see locations in Figure 1. Images 1 and 2 display peneplains carved into Cretaceous granitoids while image 3
shows peneplains formed in Cretaceous volcano-sedimentary sequence. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

mountain. These parameters would allow us to identify pene-
plains in an unbiased way regardless of their genesis, geol-
ogy, and geographic location. For identification of planation
surfaces, various morphological parameters that can be de-
rived from the rough DEM data were tested. A systematic
search was performed for suitable parameters describing the
geomorphological features to constrain peneplain morphol-
ogy. Finally, four parameters were selected: (1) slope inclina-
tion, (2) curvature, (3) terrain ruggedness index (TRI), and (4)
relative height.

All four parameters were collected on a pixel-by-pixel basis in
a floating window. None of these parameters alone can describe
the morphology and identity a ‘flat-top” mountain. For a joint
evaluation, the four parameters have to be normalized and they
should be given a weight. This was accomplished using a fuzzy
logic procedure (e.g. Zadeh, 1968; Santos, 1970; Biacino and
Gerla, 2002). Therefore, fuzzy logic was used in order to convert
the magnitude of the parameters to membership degree that a
pixel under consideration belongs to a peneplain. Fuzzy logic al-
lows us to define the peneplain threshold class value by a smooth
transition rather than by a hard threshold which better respect the
character of the peneplain definition.

To set up the parameters, which characterize peneplains in a
complete and unbiased manner, three representative test areas
from basically different landscapes were analyzed. Each area

Copyright © 2015 John Wiley & Sons, Ltd.

contains 10 737 pixels sampled in a circle that is placed on a
(i) well-developed peneplain, (ii) on a typical plateau and (iii)
on an area characterized by rugged mountainous relief and
rapid erosion — called later a ‘steep and dissected area’
(Figure 2). Density scatterplots show the different behavior of
the datasets from the different test areas (Figure 5). While the
dataset of ‘steep and dissected area’ scatters nearly over the
whole diagram, the datasets of ‘peneplain” and ‘average pla-
teau” occupy small areas on the plots. Scatterplots of curvature
versus relative height show the best discrimination between
‘peneplain” and ‘average plateau’. With fuzzy logic it is possi-
ble to capture all data belonging to peneplains and to exclude
all other data points. Fuzzy logic weights the values of each pa-
rameter individually and converts the different magnitudes into
likelihood (membership degree) (Figure 4B).

Implementation of the criteria in the GIS
environment

Slope (sl)

Slope inclination results as a maximum rate of change between
each cell and its eight neighbor cells at the DEM. The slope in-
clination for the model is calculated with standard tools

Earth Surf. Process. Landforms, (2015)
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Figure 4. (A) Schematic workflow chart developed for the identification of peneplains. Step 1, input; step 2, closure of the erroneous small pixel
holes and gaps in raster; step 3, meta output of four calculation strings (slope, curvature, terrain ruggedness index [TRI], and relative height); step
4, converting meta output to appropriate raster set with fuzzy logic method and map algebra (MA); step 5, output of final map after multiplication
of all four meta raster with map algebra. (B) Fuzzy logic chart of each single calculation string. The Y-axis represents ‘membership degree’ in percent-
age; the maximum value of each curve is 100%, the minimum value is zero. (C) Schematic sketch outlining the effect of different threshold settings of
the valley system for calculating catchments and thus calculating erosional base level (gray dashed lines). While interpolation between catchment of
10 km? cuts huge amount of information off, interpolation between catchment 1 km? has higher resolution. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl
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Figure 5. Density scatterplots from the metadata of three different areas marked in Figure 2. Each plot was generated from 10 737 DEM pixels of the
selected areas. Scatterplots of the upper row concerns the ‘steep and dissected area’, while the middle row represent results of ‘peneplain’ and the
lower row apply to ‘average plateau’. Gray and black shapes in the plots outline the ‘high likelihood parameter field” used at fuzzy logic (see text
for explanation). Data points plotting in the gray shapes have a membership degree of > 80%, while data points inside the black rimed ‘high likeli-
hood parameter field” hold a membership degree of > 95%. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

(Burrough and McDonell, 1998). Nevertheless, slope solely is The slope is naturally limited to a value between 0° and 90°.
not sufficient for detection of potential peneplains because For the identification of peneplains, the primarily the low angle
lakes and other flat areas, as e.g. alluvial basins, also have slope data are relevant. However, peneplains can be tilted by
low slope. tectonic activity. Therefore, it is problematic to set an explicit

Copyright © 2015 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, (2015)
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boundary between ‘still being a peneplain’ and ‘definitely not a
peneplain’. With increasing slope the likelihood of a possible
peneplain decreases. Peneplains with a slope up to 10° are
highly possible and becoming continuously implausible to-
wards slope > 30° (Figure 5). Such situations are well-posed
for the fuzzy logic approach. If an elevated planar surface is
tilted more than 15°, it is clearly not matching any criterion
considered until now in the related geomorphological literature
at the definition of a peneplain and thus such surface can be
disregarded.

Thus, the fuzzy logic criteria is set as follows: > 30° are set to
0%; 0°=10° are set 100% and values from 10° to 30° change
continuously from 100 to 0% (Figure 4B). With this fuzzy logic
criteria the likelihood of a peneplain with a slope of 14° is 80%.

Curvature (cu)

Curvature for any direction is the second derivate of the surface
or in other words, a function ‘slope of a slope” described by
Zevenbergen and Thorne (1987) and Peckham et al. (2011).
Profile and plan curvature can be calculated which are related
to the concavity (negative values) and convexity (positive
values) of the surface (Olaya, 2009). Zero value describes a
plain surface independently of inclination. Curvature is broadly
used in terrain analysis in hydrology and soil erosion studies
(Zevenbergen and Thorne, 1987; Olaya, 2009; Peckham
et al., 2011; Hurst et al., 2013). As potential parameter for
PAT, curvature distinguishes planar surfaces and excludes
zones along mountain crests which cannot be distinguished
by the parameter slope. Curvature correlates to slope in flat
areas (~0 m~" versus ~0° slope) while the characteristics can
diverge in steep realms (Figure 5). The excluded areas are gen-
erally small and easy to distinguish from potential peneplains in
the final model.

Curvature with values near zero can characterize potential
peneplains. The curvature can be high only at the rim of the pe-
neplain, along the transition zone towards rugged, eroding
areas. For the calculation of curvature, the standard tool imple-
mented in ArcGIS involving combined plan and profile curva-
ture is used, which calculates an inverse curvature range
between =100 and +100 m™'.

n level

interpol

-

The fuzzy logic criteria: ranges < —1.0 and > 1.0 m™" are set

to 0%; ranges < —0.14 and > 0.14 m™' are set 100% and ranges
~0.14to-1.0 m™" and 0.14 to 1.0 m™"' respectively change lin-
early from 100 to 0% (Figure 4B).

Terrain ruggedness index (TRI)

The TRI is the summed change in elevation between a grid cell
and its eight neighbor grid cells (Riley et al., 1999). It was de-
veloped to characterize surface ruggedness and quantify topo-
graphic heterogeneity such as steep and dissected area and
undulating surface. The following formula is adopted for calcu-
lation of the TRI:

TRI = +/x+9vZ —2vs

where x the focal sum of the squared DEM cells (IDEM]?), v for
focal value and s for focal sum in the floating window 3 by 3
raster cells.

Zones of active and rapid erosion are typically localized
along the decaying margins of the peneplains and the internal,
flat part remain intact for a longer time period, thus these areas
are characterized by low TRI values. Together with curvature
and slope, TRI values exclude areas with surface undulations.
Both, curvature and TRI behave similar in plain realms with
values ranging near zero. The more rugged the topographical
surface becomes, the higher is the variance of TRl and curva-
ture value due to increasing TRI independently of the curvature
(Figure 5).

The parameter TRI provides an opportunity to distinguish be-
tween rough geomorphology (typically the result young inci-
sion) from a flat or hilly and nearly featureless surface. While
a high TRI value is characteristic to mountainous areas, flat
landscapes yield low TRI values. The calculated TRI value
can vary from zero to several hundreds of meters. The threshold
for values involving peneplains is set empirically by testing dif-
ferent value range and analyzing the scatterplots of datasets.
See discussion of this parameter later and in Figure 5.

The fuzzy logic criteria: Values between 0 m and 80 m are
accepted to indicate potential peneplains with a likelihood of

X elevation [m]
3289 7081

0.5190

Figure 6. The relative height results from subtraction of interpolated erosional base level from the DEM. For better visualization both layers are 20
times vertically exaggerated. The result from this specific example, and more explanation, is given in Figure 7C. This figure is available in colour on-

line at wileyonlinelibrary.com/journal/espl

Copyright © 2015 John Wiley & Sons, Ltd.
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100 %. While values higher than 100 m are set to 0%, the
membership degree gradually decreases from 100% to 0%
between 80 m and 100 m (Figure 4B).

Relative height (rh)
Since the focus lies on peneplains which are detectable ele-
vated relative to their surrounding landscape, a suitable param-
eter is needed to describe this relative height. Therefore, this
‘relative height’ can be defined as the elevation above the local
erosional base level represented by main branches of the drain-
age system. The erosional base level was obtained by interpo-
lation of elevation data between the branches which were
detected automatically, as streams with high flow accumula-
tion. Here, the standard hydrological tools in Spatial Analyst
were used.

The purpose to introduce the ‘relative height” into our model
is primarily to eliminate plain surfaces near local erosional base
level to delimit potential peneplains.

The first step in the calculation of the relative height is the de-
termination of flow direction for each raster cell. Based on this
new dataset the catchment area can be determined for each cell
by the summation of the upstream cells. In other words, it is the
catchment area, which drains to the cell under examination.
The next step is the calculation of a drainage system (valley net-
work) applying a threshold for the catchment area. The erosional
base level used in the model is a surface generated by interpola-
tion of the afore calculated drainage systems (Figure 6). It is obvi-
ous that the considered drainage network highly influences the
erosional base level. If too detailed a drainage network is used
for interpolation, then the erosional base level would “follow’
the surface and thus the relative height would be low. If the inter-
polation between the branches of the drainage system is too
rough (i.e. only tributaries considered with large catchment area),
then the interpolated erosional base level would remain at low el-
evation, resulting in a relative height that allows detecting large
and complex peneplain areas (Figure 4C).

Figure 7. Series of images show the impact of the calculated erosional base level on the relative height (the area is shown in Figure 1). The upper
image of each set shows the erosional base level resulted by interpolation between rivers with different threshold settings. The lower image of each set
shows the relative height calculated by subtraction of the interpolated erosional base level from the original SRTM digital elevation raster (Figure 1).
The black square at the bottom right corner symbolizes the size of catchment area (A = 1000, B = 5000, C = 10 000, D = 50 000 DEM pixels) used as
threshold at the determination of the drainage system for the calculation of erosional base level. This figure is available in colour online at

wileyonlinelibrary.com/journal/espl

Copyright © 2015 John Wiley & Sons, Ltd.
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The resolution of the drainage system defines the size of val-
leys that will be considered. The more developed the drainage
system, the higher is the number of the cells in the catchment
area related to the investigated cell. By using different cell num-
bers of the DEM e.g. 1000, 5000, 10 000 and 50 000 the corre-
sponding catchment areas are c. 8.1, 40.5, 81, and 405 km?.
These cell numbers were used for testing the sensitivity; a catch-
ment area threshold set to 5000 DEM pixels is too detailed to in-
terpolate representative erosional base level, while using
50 000 DEM pixels removes too much information and
smoothes the erosional base level too much (Figure 7). The
threshold of 10 000 pixels resulted in the most applicable ero-
sional base level in our test runs, thus this empirically deter-
mined the value of the catchment area used for interpolation.

As defined earlier, the relative height is the vertical difference
between the landscape surface and the envelope of the ero-
sional base level calculated according to the considered valley
bottoms of the studied area. Relative height allows
distinguishing peneplains that are elevated above their sur-
roundings, e.g. from other flat landscapes like lakes, swamps,
sedimentary basins, and low-angle alluvial fans, because these
are always at the erosional base level or only slightly above it.
The relative height value can range between zero and the max-
imum relief value of the studied area. After evaluating different
settings empirically, a threshold is set as follows: between 100
and 600 m is set to 100%; less than zero and higher then
2000 m is set to 0%; between 100 and 0 m and between 600
and 2000 m the membership degree change linearly from
100 to 0% (Figure 4B). This parameter value practically ex-
cludes geomorphological domains only slightly elevated above
their surroundings. The reason for selecting such high threshold
values derives from the geomorphology of our primary study
area. In central Tibet the young, brittle, extensional tectonics
generated well developed ‘horst-and-graben’ landscape, where
the elevated peneplains are situated typically a few hundreds of
meters above the alluvial filled basin areas. The PAT system is
flexible and allows for the threshold for fuzzy logic to be set
for lower values, according to the intensity of young erosional
or tectonic differentiation of the surface.

Evaluation of the test areas using the fuzzy logic thresholds
According to the fuzzy logic thresholds the areas of > 80% and
> 95% likelihood are outlined on the different projection
planes represented by the scatterplots of Figure 5. While most
of the data of the ‘peneplain’ test area fit into the high member-
ship degree parameter field of all scatterplots, the relative
height cut out the data of ‘average plateau’. Most of the dataset
within the selection of ‘steep and dissected area’ fall outside of
the high membership degree parameter field (similarly to the
observation of Roering et al., 2005).

After applying fuzzy logic and multiplication of all four pa-
rameters, the analyzed data from the three test areas were plot-
ted as bar charts (Figure 8). Figure 8 shows the membership
degree of the three, geomorphologicaly different test areas be-
longing to a peneplain. The data of ‘steep and dissected area’
spreads over the whole membership degree scale, but more
than 95% have a membership degree less than 60% and the
majority of the data have a membership degree between 0
and 20%. The data of ‘average plateau’ has a membership de-
gree lower than 50% with the highest frequency at 10%. More
than 95% of data of ‘peneplain” have a higher membership de-
gree than 80% and the majority of the data is even above 95%.
This matching of peneplain data and the obvious misfit of the
points derived from the test areas of ‘steep and dissected area’
and ‘average plateau’ emphasize the robustness of the earlier
outlined DEM-based automatic identification scheme of
peneplains.

Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 8. Bar charts showing the membership degree distribution of
the pixels of the selected circular test areas (see their position in
Figure 2). The membership degree of the peneplain is calculated by
the fuzzy logic multiplication of the four parameters (discussed in the
text). The high score of the ‘peneplain’ test area and the very low score
of the ‘high mountains’ test area is obvious. This figure is available in
colour online at wileyonlinelibrary.com/journal/espl

Results

Peneplains identified in Nam Co area in central
Tibet

Beyond the selected test areas (Figure 2), the peneplain identi-
fication procedure was performed on the entire Nam Co area,
where data across three field seasons were collected and geo-
morphological observations were gathered. Neither the single
parameters, (Figure 9, upper panels), nor the fuzzy logic ap-
plied to the single parameters (Figure 9, lower panels) identify
peneplains optimally. Figure 10 presents the integration of the
four parameters in a single map. The final result is a map that
shows the likelihood expressed as membership degree that a
given area can be considered as a peneplain. Focusing on cal-
culated peneplains with a membership degree of > 80% in the
study area, they coincide with observed peneplains in the field
(see inset in Figure 10). The fuzzy logic based map of pene-
plains shows occurrence of peneplains not only north of Nam
Co, but also in the Amdo Basement (Figure 10, right top cor-
ner). Along the Nyaingentanghla range and south of it no signif-
icant areas of peneplain character could be detected except a
few small spots. In the inset image of Figure 10 the known pe-
neplains of Nam Co are shown in detail and are compared to
the rough contour of the previously assumed extent of the pe-
neplains. The latter coincides well with the automatically iden-
tified peneplains.

Verification of PAT on peneplains identified and
mapped in previous studies by various authors

The proposed approach was tested at four independent areas
located in the Andes, Appalachian Mountains, Pyrenees, and
southern New Zealand (Figures 11 and 12) where peneplains
have already been described and discussed by different au-
thors. The same parameter settings were used for modeling of
these areas that were applied in the Tibetan Plateau.
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Figure 9. The upper panel shows the four parameters: slope (sl), curvature (cu), relative height (rh), and terrain ruggedness index (TRI) calculated for
the Nam Co area (see topography of the area and geological map in Figures 2 and 3). The colored maps in the lower panel present the membership
degree after fuzzy logic conversion (only membership degree above 80% are colored, the lower values remained gray-scaled). This figure is available

in colour online at wileyonlinelibrary.com/journal/espl

Andes

In the central Andes in the region of the Altiplano numerous
publications mention peneplains or elevated planation surfaces
or paleosurfaces. In the northern area peneplains were de-
scribed by e.g. Kummel (1948) and Campbell et al. (2006),
while examples in the south are given by e.g. Jordan et al.
(1989) and Hoke and Garzione (2008). In the central Andes
in northern Chile and Bolivia, Lamb et al. (1996) mentioned —
among others — peneplains in the Eastern Cordillera around
Juan de Oro Basin. Kennan et al. (1997) also studied the Eastern
Cordillera and used for the observed geomorphology the ex-
pression ‘highly elevated plain surface’. Hoke et al. (2007)
mentioned pediments and paleosurfaces. Further south in Si-
erras Pampeanas Jordan et al. (1989) studied peneplains from
a thermochronological point of view. Galli-Olivier (1967) and
Murioz et al. (2008) investigated peneplains in the Tarapacé Re-
gion (northern Chile), whereas Galli-Olivier (1967) interpreted
the observed geomorphology as pediplain. Allmendinger and
Gonzélez (2010) started the modern deformation cycle with a

Copyright © 2015 John Wiley & Sons, Ltd.

long period of erosion that culminated in a regional surface as
the Tarapacé peneplain.

PAT detects peneplains along the coast and also in
several spots in the highly elevated parts of the orogen
(Figure 11A). Peneplains along the coast outline the ramp-
like piedmont areas between the Western Andean Escarp-
ment and the Coastal Cordillera in northern Chile and
southern Peru (e.g. Worner et al., 2002; Schildgen et al.,
2009). Notably, peneplains on the Altiplano typically scat-
ter around the basins. A well-studied peneplain is the
Tarapaca Peneplain between Altiplano and Atacama Desert
(Figure 11A), which is also clearly identified by PAT. The in-
termontane basins and big lakes as Lake Titicaca are cor-
rectly classified as non-peneplain although they share
many characteristics (slope, ruggedness and curvature) with
peneplains. However, the relative height is low in these
geomorphological domains, thus PAT classifies the inter-
montane basins in the Altiplano or in the Atacama area
with a very low membership degree (around 0%).

Earth Surf. Process. Landforms, (2015)
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Figure 10.

Map of the peneplains of the Nam Co area identified by the fuzzy logic integration of the four parameters (presented individually in

Figure 10). Areas with a higher membership degree than 80% are colored while the others are kept in shades of gray. The main peneplain area
shown in the rectangle is enlarged in the inset (lower right). The inset shows also the preliminary contour of the peneplain (green line) according
to our field observations and the evaluation of the available topographic information. This figure is available in colour online at

wileyonlinelibrary.com/journal/espl
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Peneplains and their membership degree identified by the PAT method in the Andes (A) and in the Appalachian Mountains (B). Rect-

angles with dotted lines allocate the formerly studied peneplain-bearing areas by different authors. Andes: @ (Lamb et al., 1996; Kennan et al.,
1997; Mufoz et al., 2008; Allmendinger and Gonzélez, 2010), @, ®, and @. Appalachian Mountains: @ (Davis, 1899; Stose, 1940; Bethune,
1948; White, 2009), ® and ®. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Appalachian Mountains

William Davis (1899, 1902) intensely studied the morphology
of Appalachian Mountains before introducing the term pene-
plain for the first time. He investigated his Geographical Cycle
peneplains in the whole Appalachian Mountains but focused
mainly on the northern part. Therefore, this area was selected
to test our new model (Figure 11B). The Appalachian
Mountains cross the eastern part of the United States from
north-northeast (NNE) to south-southwest (SSW). Allegheny
Mountain forms the north-western part of the Appalachian
Mountains bordering to the Appalachian Basin Province and
the Allegheny Plateau. In this area many studies were

Copyright © 2015 John Wiley & Sons, Ltd.

performed about peneplains in the first half of the twentieth
century (e.g. Fridley and Nolting, 1931; Cole, 1934; Smith,
1935). The Schooley Mountains are found in the north-eastern
part of the Appalachian Mountains. Peneplains from this area
were described by many studies (Stose, 1940, and references
cited therein; Bethune, 1948; Hack, 1975; Sevon et al., 1983;
White, 2009). Bethune (1948) did not study peneplains actively
but accepted the peneplains as part of the Schooley Mountains
and part of the Davisian Cycle. He proposed the hypothesis
that the Appalachian drainage was substantially reorganized
at the time of uplift of the ‘Schooley peneplain’. Hack (1975)
evaluated the theory of Davis (1899) in the Appalachian
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Figure 12.

Peneplains and their membership degree identified by the PAT method in north-eastern Iberia and in the Massif Central (A), and in the

southern part of New Zealand (B). White lines highlight the peneplains mapped by Jackson et al. (1996). Rectangles with dotted lines show the pe-
neplains discussed by other authors. North-eastern Iberia and Massif Central in France: @ (Simon-Coincon et al., 1997; Babault et al., 2005; Gunnell
et al., 2009), ® and ®. New Zealand: @ (Adams, 1980; Stirling, 1991; Jackson et al., 1996), ® and ®. This figure is available in colour online at

wileyonlinelibrary.com/journal/espl

Mountains around Harrburg and studied the principle of dy-
namic equilibrium in multiple erosion cycles forming land-
scape features. Hack (1975) challenges the peneplain concept
as genetic expression and accepts it as definition of true erosion
in a broader understanding of Earth surface processes.

PAT was used to identify the peneplains in this well studied
part of the Appalachian Mountains. Several peneplains espe-
cially on the north-western rim of the Appalachian Mountains
and some near the border to the Blue Ridge Thrust Belt
Province in the east were detected. PAT spots the highest den-
sity of peneplains in the northern part of Allegheny Mountain.
PAT recognizes the peneplains that are outlined in the works
of Stose (1940), Hack (1975) and White (2009) with a mini-
mum relative elevation of 80 m in this area (see Figure 118,
rectangle number 3). Nearly leveled peneplains with an eleva-
tion lower than 80 m are not considered by PAT in first instance
using the default setting.

Northeast Iberia and the Massif Central
For identification of peneplains an area in western Europe
(Figure 12A) was selected because of (i) the controversy discus-
sions on the development of the peneplains in the Pyrenees
(Babault et al., 2005, 2007; Gunnell et al. 2009; Sinclair et al.
2009), and (ii) the presence of well developed peneplains in
the Massif Central, France (e.g. Simon-Coingon et al. 1997).

The Massif Central forms an exhumed part of the European
Variscan basement. After erosion to a peneplain and a marine
transgression the area was reactivated during Alpine orogeny
(Zeyen et al., 1997). Baulig (1957) and Simon-Coingon et al.
(1997) discussed the occurrence of peneplains as paleosurface
from Tertiary time. Beneath the Massif Central mantle plume
activity was detected (Granet et al. 1995), which is considered
responsible for the continuous uplift of the Massif Central. Our
PAT analysis detects several potential peneplains in the area of
the Massif Central (Figure 12A). Further potential peneplains
were detected south of the Ebro basin.

In the Pyrenees peneplains were described by DeSitter
(1952), Babault et al. (2005), Gunnell et al. (2009), and Sinclair

Copyright © 2015 John Wiley & Sons, Ltd.

et al. (2009). Babault et al. (2005) considered peneplanation in
the highly elevated areas of the Pyrenees as a result of long-
term erosion processes that smooth relief even at high eleva-
tion. Gunnell et al. (2009, p.1) related the highly elevated flat
topography in the eastern Pyrenees to ‘the resurrection of a
mountain belt which prior to the ~12 Ma was a low-relief land-
scape, or peneplain, beveling eroded stumps of the Pyrenean
compressional orogen’.

Our modeling using PAT could not detect proper developed
peneplains in the Pyrenees. It identifies only some minor areas
with a membership degree mostly less than 92%. Those geo-
morphological domains can be eventually interpreted as rem-
nants of old peneplains.

Southern New Zealand

Peneplains in the south of New Zealand belong to the most
studied peneplains worldwide. Several authors described and
investigated peneplains directly or indirectly in the southern
part of New Zealand in the region of Otago (e.g. Coombs
et al.,, 1960; Adams, 1980; Stirling, 1991; Jackson et al.,
1996; Markley and Norris, 1999; Jackson et al., 2002; Landis
et al., 2008). According to Coombs et al. (1960) and Stirling
(1991) the peneplains developed in the Late Tertiary, which
corresponds to a low-relief surface in central Otago. The au-
thors examined also the degree to which the peneplain has
been modified by non-tectonic processes. Adams (1980) iden-
tified and outlined the Otago peneplain as still a visible geo-
morphological feature. Jackson et al. (1996) mapped
peneplains in southern New Zealand.

Very distinctive areas are recognized by PAT that were already
classified as peneplains (Figure 12B). The calculated peneplains
coincide with the roughly outlined peneplains after Adams
(1980). PAT reproduces very good area-wide peneplains as
mapped by Jackson et al. (1996) (Figures 12B). Peneplains de-
scribed at Rough Ridge (Jackson et al., 2002) and Garvie Moun-
tains (Stirling, 1991) are clearly recognizable in the generated
peneplain-likelihood map.
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Figure 13. Thetwo plots show the relative change of each single criterion after applying fuzzy logic algorithm (plot A), and of the final model result (plot B)
by increasing or decreasing the 100% membership degree (MD) values for either 5 or 10%. Additionally to the resulting 100% MD, two further result ranges
(>80% and >90% MD) were extracted and analyzed (all dashed bars of the plots). See text for further details of the different results and patterns. This figure is

available in colour online at wileyonlinelibrary.com/journal/espl

Sensitivity analysis of PAT

To test the sensitivity of the model, a one-at-a-time approach
was applied on Nam Co area including 18.2 x 10° data points
(Figure 2). In each step, the “100% membership degree’ (100%
MD) range of a single criterion was modified at a time to obtain
the sensitivity of every single criterion. Two different data sets
were extracted. The first one was selected directly after apply-
ing the fuzzy logic algorithm of each criterion (illustrated in
Figure 4A as step 4) and the second one from the final model
result (Figure 4A, step 5). Four different ranges of the ‘100%
MD’ value were applied by either increasing or decreasing
the selection by 5 or 10%. The count of pixels (converted to
area) classified as peneplains with a membership degree of >
80%, >90%, and 100% were obtained from the model for each
criterion and analyzed. Additionally, the deviation of the re-
ceived counts in relation to the counts of the two different re-
sults have been calculated (see Table 1) and plotted (Figure 13).

Copyright © 2015 John Wiley & Sons, Ltd.

Figures 13A and 13B highlight that curvature is the least sen-
sitive criterion in the PAT model while slope is the most sensi-
tive criterion related to the decrease of the 100% MD value
range. Slope and TRI are especially sensitive if lower values
are set as zero in the fuzzy logic calculation (all values smaller
than 0.5° by slope, and smaller than 5 m by TRI respectively;
see Table | and Figure 13B). In case of slope, more than 30%
of the used data points hold a value between 0.25° and 0.5°
(Table I and Figure 13B). The maximum divergence of the
resulting membership degree value is less than 30% by the
range reduction of —10% (see Figure 13A). The increase of
the 100% MD value of 10% induces a divergence of less than
15%. The uneven distribution of the divergence (higher sensi-
tivity by decreasing the range) is reasonable by the previously
applied best fit of the 100% MD range.

About 60% of the selected final data set plot between 3 and
5 m after the TRI modification but have no significant impact
on the higher range (>80 m; see Table I).
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Table I. Model results
Counts of the membership degree and percentage change
Range of the 100%
MD value > 80% > 90% 100%
Manipulated
criteria Minimum Maximum Counts Percent Counts Percent Counts Percent
Intermediary model result after applying fuzzy logic algorithm
Slope STD 0 10 11234169 — 10395390 — 9480056 —
—10% 0.500 9.500 8814154 —-21.5 7936830 —23.7 6980621 —26.4
—5% 0.250 9.750 9100130 -19.0 8184330 —-21.3 7452514 —21.4
5% 0.000 10.500 11234169 0.0 10395390 0.0 9622687 1.5
10% 0.000 11.000 11548226 2.8 10778047 3.7 9944334 4.9
Curvature STD —-0.14 0.14 15646915 — 14525241 — 12503465 —
—10% —-0.133 0.133 15646915 0.0 14291998 —-1.6 12118837 -3.1
—5% —0.137 0.137 15646915 0.0 14291998 —-1.6 12118837 -3.1
5% —0.144 0.144 15797095 1.0 14525241 0.0 12503465 0.0
10% —0.147 0.147 15797095 1.0 14525241 0.0 12503465 0.0
TRI STD 1 80 11500146 — 11330509 — 11160323 —
—10% 4.950 76.050 9836174 —14.5 9632816 —15.0 9427327 —15.5
—5% 2.975 78.025 10823300 —-5.9 10635948 —6.1 10449131 —6.4
5% 0.000 82.950 11696410 1.7 11552723 2.0 11408942 2.2
10% 0.000 86.900 11958124 4.0 11848837 4.6 11738408 5.2
Relative height STD 100 600 10460775 — 9292722 -18.0 7854770 —
—10% 125.000 575.000 9803773 —6.3 8528630 —8.2 6975653 —-11.2
—5% 112.500 587.500 10129616 —-3.2 8907850 —4.1 7410646 —5.7
5% 87.500 612.500 10809388 3.3 9693118 4.3 8308738 5.8
10% 75.000 625.000 11171369 6.8 10106360 8.8 8777704 11.7
Result of the final model
Original result 100% — — 2,271,529 — 1,114,005 — 75,429 —
Slope —10% 0.500 9.500 2,154,920 -5 999,167 -10 24,539 —67
—5% 0.250 9.750 2,123,697 -7 986,490 —11 50,509 —33
5% 0.000 10.500 2,274,966 0 1,117,908 0 76,304 1
10% 0.000 11.000 2,403,814 6 1,239,130 11 92,195 22
Curvature —10% —0.133 0.133 2,255,478 -1 1,099,009 —1 72,797 -3
—5% —-0.137 0.137 2,264,885 0 1,107,863 —1 74,398 -1
5% —-0.144 0.144 2,280,313 0 1,122,332 1 76,985 2
10% —-0.147 0.147 2,286,906 1 1,128,505 1 78,286 4
TRI —10% 4.950 76.050 2,086,307 -8 913,105 -18 6,549 -91
—5% 2.975 78.025 2,234,514 -2 1,082,233 -3 50,645 —33
5% 0.000 82.950 2,286,884 1 1,120,334 1 75,493 0
10% 0.000 86.900 2,303,861 1 1,126,984 1 75,557 0
Relative height —10% 125.000 575.000 1,883,483 =17 848,181 —24 43,226 —43
—5% 112.500 587.500 2,068,089 -9 974,383 -13 56,996 —24
5% 87.500 612.500 2,490,796 10 1,267,772 14 97,606 29
10% 75.000 625.000 2,726,970 20 1,443,700 30 125,552 66

Note: the applied range of the 100% membership degree (100% MD) value for fuzzy logic algorithm, the resulting counts of pixel with a membership
degree value of > 80%, > 90%, and 100%, and the relative change in percentage to the finally used values for PAT. The upper part of the table rep-
resents the intermediary result of each single criterion directly after applying the fuzzy logic algorithm in the model (Figure 4A illustrated in step 4).
The first row of each criterion shows the analysis and results of the final used PAT. The lower part of the table shows the different applied ranges due to
the 100% MD values and its finally results in the modified PAT (step 5 displayed in Figure 4A).

The criterion ‘relative height’ is more sensitive to the in-
crease of the 100% MD value range in the fuzzy logic algo-
rithm. Compared to the applied change for the final model
result, the investigated sensitivity of the criterion directly after
applying fuzzy logic is remarkably less sensitive (Figure 13B).
Relative height is very sensitive for both, decreasing or
increasing the 100% MD value range. Therefore this criterion
has a high impact on the final result of the PAT model.
Relative height can be justified if for example nearly leveled pe-
neplains or extraordinary high elevated peneplains (rh > 600
m) are desired.

The extracted pixel counts with membership degree values >
80% and >90% of the PAT have a similar sensitivity directly af-
ter applying the fuzzy logic algorithm but are less sensitive in
the final PAT model result compared to the selected 100%
MD value. Consequently, the sensitivity declines with the en-
largement of the final membership degree selection at the end
of the PAT model.

Copyright © 2015 John Wiley & Sons, Ltd.

Discussion and Conclusions

It was demonstrated that the peneplains identified by the newly
developed PAT method in the central Tibetan Plateau corre-
spond to our field observations as shown in Figure 10. The
new method confirms already described peneplains in other
areas such as the Massif Central (France), the central Andes,
the Appalachian Mountains, and in the southern part of New
Zealand. PAT was not able to identify the intensely discussed
peneplains in the Pyrenees. While PAT exclusively focuses on
the geometry of the landscape, the peneplain-like gecomorphol-
ogic domains in the Pyrenees which are controversially
discussed in the literature were described fully from a genetic
point of view (e.g. Babault et al., 2005; Gunnell et al., 2009).
The thresholds for the three criteria slope, curvature, and TRI
determined in our study are used universally for the identifica-
tion of peneplains. The ‘relative height’ is based on the calcu-
lated drainage system and it is potentially adjustable to
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calculate lower elevated peneplains or peneplains with a cer-
tain spectrum of relative elevation. Furthermore any anomalies
as for example interfering minor depressions of the topography
can be computed in DEMs (e.g. Nobre et al., 2011, and refer-
ences cited therein). Nevertheless many models were
developed to simulate hydrological processes using DEMs
(e.g. Tarboton, 1997; Curkendall et al., 2003; Nobre et al.,
2011) and these tools provide different ways to suppress
disturbing interference ( e.g. O’Callaghan and Mark, 1984;
Garbrecht and Martz, 1997; Jones, 2002; Nobre et al., 2011).

Compared to these hydrological relevant models our
model operates at a considerably larger scale with a mini-
mum area of around 2000 km?. Cell interferences at high
resolution have no significant impact on our method to cal-
culate the ‘relative height’ and to delineate the peneplains.
However, the parameter ‘relative height’ is sensitive and
can be tuned in several cases, according to the depth of
modern incision, the typical relief of the region, and of
course the definition of the minimum height of peneplains.
There are two possibilities for the proper setting of relative
height. Firstly, the drainage network can be set to be coarse
or fine which results in a smooth or undulating base level, re-
spectively. Using a fine drainage network (considering small
catchments), the calculated erosional base level ‘follows’
the topography and, thus, the relative height remains always
small. Using a coarse drainage network (only the well devel-
oped branches of the drainage system), the relative height in-
creases and the elevated surfaces become easier to identify
(see also Figure 7). The second possibility, i.e. adjusting the
‘relative height’ criteria to the typical local relief (to the alti-
tude of peneplain relatively to the regional erosion level), is
to set the 100% acceptance of the fuzzy logic. The most ro-
bust acceptance value that was determined in central Tibet is
the range of 100 to 600 m and this range works well in sev-
eral other settings worldwide. However, when the peneplain
experienced only minor uplift, the acceptance range should
be reduced. Our applications of the PAT method in different
areas worldwide show that it is possible to set the thresholds
in such a way, that the regional characteristics are accounted
for and the peneplains are successfully identified.

We conclude that it is possible to set up a representative
criteria system to identify peneplains using solely morphomet-
ric parameters derived from digital elevation data. It appears
that only a coincidence of multiple criteria can lead to a suc-
cessful delineation of geomorphological features, which can
be classified as peneplains.

The global availability of the homogeneous DEM allows
the application of this approach on the regional scale inde-
pendently of the geographical location. The peneplains iden-
tified by the fuzzy logic model in various geological settings
appear to be in a good accordance with the findings de-
scribed in the literature. This strongly corroborates our as-
sumption that peneplains can be characterized in a uniform
way regardless of their age, elevation or geographical loca-
tion. However, this approach can lead to certain misidentifi-
cation with peneplains described in the literature in cases
when purely genetic criteria were employed for their identifi-
cation. A favorable side effect of modeling with PAT is the
additional highlighting of extensive intermontane basins (see
Figure 11A). The PAT method was shown to be a robust
new approach to identify and validate peneplains. An unbi-
ased definition and delineation of peneplains is a fundamen-
tal step that allows for further systematic investigation of
peneplains with respect to their genesis, age, and geological
structure at the regional scale. The proposed method can thus
contribute to better understanding of this intensely discussed
geomorphological phenomenon.
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