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ABSTRACT: Old agricultural terraces and associated features are common on steep hillsides throughout the Hong
Kong Special Administrative Region (HKSAR) and, since the late 1960s, most have been obscured by dense
vegetation. Some of these terraces may date from a thousand or more years ago and some are still actively
cultivated today. Based on aerial photograph interpretation (API) of older aerial photographs, particularly from
1963, and more recent field observations, generally these features can be classified as earthen step-form terraces,
rubble wall terraces, and other forms of anthropogenic activity (e.g., military, prospecting/mining, quarrying, and
ad hoc cuts/spoil). Their influence on slope stability is not yet well understood, however they need to be identified
so that any relationship with landslide susceptibility can be better understood. Currently, these unknowns remain a
potential source of residual risk for landslide hazards.

With the aim of continuous improvement of natural terrain hazard assessments, suitable detection and mapping of
the terraces and other features should first be systematically undertaken. A dense tropical vegetative canopy
presents an obstacle to terrace detection. Much of the HKSAR has undergone revegetation due to changing land
uses, government regulations, reforestation, and rapid natural growth over the last 30 — 40 years. Many terraces and
other features are visible in 1963 aerial photographs, when hillsides were relatively bare of vegetation.
Additionally, many of the oldest features are degraded and, when combined with the modern, dense vegetation,
may be confused with natural landscape-forming processes when observed in the field.

To assist in identification, a topographic position index (TPI) was applied to digital elevation models (DEM)
derived from airborne LiDAR for three case studies. The result is an emerging, indirect mapping approach
complemented by integrated API and field work to detect and map old terraces.

INTRODUCTION

Old agricultural terraces and associated features have been known to exist throughout Hong Kong for some time
and were documented by early observers during the colonial past (Heanley, 1935). Ng et al. (2003), a key
government document for studying landslide susceptibility in Hong Kong, describe a range of common
anthropogenic disturbance including “overgrown, abandoned agricultural terraces with small masonry walls at the
front.” However, most documentation only mentions old terraces and description of the widespread extent and
range of the implications on slope stability of such landscape features are quite a recent occurrence (Styles & Law,
2012). The Hong Kong Government has made great efforts to reduce risk and stabilise adverse slopes using the
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Landslip Prevention and Mitigation Programme (LPMitP). The slope registration programme began to document
man-made slopes in the late 1970s (cut slopes, fill slopes, and retaining walls), and some more-recent old terraces
have been included as registered “Disturbed Terrain,” arising from work by the Geotechnical Engineering Office
(GEO) in the mid-1990s. “Disturbed Terrain” is a slope classification that essentially is used to record hillsides
steeper than 15° containing a “series of composite cut and/or fill slopes” (GEO, 2004). Most of the Disturbed
Terrain features are marginal to areas of existing development, having been identified in areas of old hillside
squatter villages which were mostly cleared in the mid-late 1980’s, such as those in Shau Kei Wan, northeast Hong
Kong Island.

Recent observations indicate that some old agricultural terraces are associated with landslides (Figure 1a). These
landslides are triggered by rainfall and occur as shallow translational failures, rotational slumps, debris avalanches,
debris slides, and may subsequently channelise as debris flows. The relationship between landslides, slope stability,
and such anthropogenic features is not yet clear. Recent observations of some landslide features indicate that old
terraces can aid in debris retention, tend to flatten slope profiles, and reduce the run-out velocity during debris flow.
Numerous examples exist of terrace features across drainage lines that have not been entrained when subjected to
debris flow, and therefore, are either benign or possibly beneficial to slope stability (Figure 1b). Landslides can
occur where head scarps are aligned along contour with terraces or aligned with lateral margins along slope
associated with man-made drainage features. “Tension crack-like” features have been observed in areas of
pervasive old terraces and may be either indicative of shallow local failure of the terrace, soil creep, incipient
regolith failure associated with the step-like form of displacement associated with a “tension crack”, or more simply
a case of morphological features associated with the antecedent land use. However, interpretations of these
observations are difficult due to dense vegetation and the occurrence of relict geological structures in the shallow
subsurface of deeply-weathered rock and weathered colluvium.

Figure 1: a) Shallow landslide associated with old terraces on northern slopes of Tai Mo Shan; b) Debris flow
impacted channel with evidence of old terraces that retained debris and may have reduced run-out velocity

No published estimates of the land area covered by old terraces and associated features are available, however, with
the authors’ extensive mapping experience in this landscape it is considered that evidence of old terraces are
widespread across the green, undeveloped terrain in Hong Kong. Areas where terraces are rarely observed include
rock cliff, other areas of exposed bedrock (unweathered to slightly weathered), boulders, exhumed corestones,
and/or ground slopes greater than 60°. Since the late 1960s, much of the undeveloped terrain containing terraced
hillsides have revegetated following major land use changes, government regulations, and rapid natural growth in a
tropical climate (Figure 2).

Dense vegetation is common in mountainous, sub-tropical environments such as Hong Kong and presents a

considerable obstacle to API and field observations of landscape features, especially micro-topographic landforms.
However, the Hong Kong case is unique because of the availability of historical photographs from the 1800s as
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well as the early record of aerial photographs that show the undeveloped terrain devoid of dense vegetation and
almost no forested canopy. Airborne Laser Swathe Mapping (ALSM) and generation of processed ground return
LiDAR data is an approach to overcoming the obstacle of dense vegetation on steep terrain. A territory-wide
L1DAR dataset was acqulred for Hong Kong in late 2010/early 2011 by the GEO (AAM Pty Ltd., 2012).

i < ) The combination of a high-
quality photographic record
(ground and oblique/vertical
aerial), recent LIDAR dataset,
and  numerous  existing
landslide studies make Hong
Kong a prime location to
calibrate an indirect mapping
approach to detect old
terraces and study their
implications for slope
stability.

Processed ground return
point-cloud LiDAR data were
processed into a DEM and a
derivative hillshade model
was useful for visualisation of

Figure 2: Aerial photographca. 1963 and 2010 indicating extensive revegetation
of Hong Kong hillsides as shown in the Shau Kei Wan study area

old terraces and could be used for remote, direct mapping of old terraces and some associated features. Chase et al
(2010) used such a technique on a LiDAR-derived hillshade for mapping ancient Mayan terraces in Belize.
However, an indirect mapping technique, such as that proposed, may be more efficient at mapping larger areas
(scales smaller than 1:20000). Where quantification of terrace locations is necessary, an indirect technique would
reduce precision errors although interpretative, direct mapping may provide more accurate representation of terrace
features, especially when combined with API and field work. A topographic position index (TPI) has an emerging
application towards indirect mapping of terraces.
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Figure 3: Three case study areas in Hong Kong SAR

Feasibility of the TPI mapping approach to old terraces was investigated for three case study areas with each area
having unique landforms, landscape histories, and possibly differing phases or cycles of land usage. The study areas
(Figure 3) include Shau Kei Wan (67 ha) on northeastern Hong Kong Island, Ting Kau (141 ha) west of Tsuen
Wan, and Tai Mo Shan (78 ha) in central New Territories.

METHODS & EQUATIONS

The processed ground return point cloud LiDAR data were interpolated to DEM using the inverse distance
weighted (IDW) tool available in the ArcGIS Desktop 10 environment. A variable radius, moving-window defined
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by 12 points (default value) and an output cell size of 0.5 m were used as input parameters. A 0.5 m cell size was
used because it relates to the specified 0.5 m maximum spacing of points during LiDAR data collection (AAM Pty
Ltd., 2012). IDW interpolation is better for reducing precision errors and provides the most accurate and realistic
modeling of landforms when compared to other more computationally intensive interpolation methods (Liu et al,
2009; Su & Bork, 2006). Other DEM processing methods could prove useful in the future, however, attempts to use
the TIN model for this work were unsuccessful.

Exploration of the TPI technique began with generating a series of TPI surfaces for each case study area. The TPI
surfaces were generated using the Land Facet Corridor Designer extension (Jenness et al., 2011) for ArcMap. TPI
surfaces were generated

o N 1 =il [ .
E o -|.| et 3 from the processed LIDAR

.';. = LB .-__.I,..' " ="y

x DEM wusing a circular
AR o - ! moving-window with the
. neighbourhood value from
I m to 5 m at increments
of 1 m, and up to 40 m at
increments of 5 m (Figure
4). Visual comparison of
the TPI surfaces and the
hillshade model (in which
terracing is  obvious)
indicated that TPI
neighbourhood values
greater than about 10 m
would not detect hillside
i terraces, and especially not
Figure 4: Comparison of TPI neighbourhood size in shrub-grassland vegetated  terracettes, so the focus was
area on Tai Mo Shan turned towards the smaller

._.- -

sized neighbourhoods. This
is probably due to the fact that the old terraces are usually smaller than about 3 m in rise and run so neighbourhoods
that are much larger will be unlikely to detect these relatively small features.

A basic quantitative analysis was performed in order to elucidate the statistical patterns in the distributions of TPI
values extracted from each TPI surface. Two to six typical terrace features per study area were identified (total no.
of 12 selected terraces) and delineated with a polygon to capture the rise and run of the step-form terrace. Visual
identification and delineation of terraces from the TPI surface was aided by the use of orthorectified mosaics of ca.
1963 aerial photographs and the hillshade model. The selected terraces were digitized on-screen, by hand using
ArcMap through careful referencing of the various GIS layers (i.e., TPI surface, hillshade model, orthophotos). The
TPI values from the selected areas were then extracted from the TPI surface (Tai Mo Shan neighbourhood = 1 m;
Ting Kau and Shau Kei Wan neighbourhood = 2 m) and the values were then plotted as frequency distributions in
Microsoft Excel (Figure 5 and Table 1).

TPI distributions were generated from 20 bin values determined by the mean and standard deviation of each
sample. The number of observations in each sample ranges from 43 to 340 with TPI value ranges from -1.33 to
1.28. The sample size varied according to the size of the selected terrace and TPI values varied depending on the
mean and standard deviation of the overall DEM. Direct comparison of TPI values between study areas is
problematic since there is a wide range in the topographic relief and plan area amongst the three study areas and
“topographic position is an inherently scale-dependent phenomenon” (Weiss, 2001).

Initially, it was hypothesized that the sample distributions would be bimodal (two different modes), since the
selected area should correspond to the rise and run of the terrace, which are theoretically orthogonal (i.e., the rise is
perpendicular to the run, which is assumed to be horizontal).
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In order to test for bimodality in each distribution a bimodality coefficient () was calculated from skewness (g;)
and kurtosis (g,), where

g+l
3(m—1)°

M o

The maximum value of b is 1.0 and values of b greater than 0.555 (the value for a uniform population) can indicate
bimodality (or multimodality).
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Figure 5: Frequency distributions of TPI values for 12 selected terraces (labels “A” to “L” refer to Table 1)
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Table 1: Summary statistics for frequency distributions of TPI values for
12 selected terraces (labels “A” to “L” refer to Figure 5)

FIELD INVESTIGATION

Mapping was undertaken by an experienced geomorphologist and engineering geologist for the Ting Kau area in
the early stages of this work to determine whether or not the TPI surface reliably produces actual ground
conditions. A handheld GPS unit was used in the field to ensure positional accuracy. Two versions of TPI maps
were taken into the field, one was a 2D plan and the other was a 2D print of a 3D simulation created in ArcScene.
The 2D plan proved difficult for mapping, however the 3D simulation was significantly more useful. Terraces and
terracettes that could be mapped with “high confidence” were delineated (Figure 6). Most of the field-mapped
terraces were rubble-wall type terraces, which are more common in areas of weathered volcanics and bouldery
colluvium. Styles & Law (2012) documented evidence of “old stone terrace walls” near a colluvial boulder field in
Shau Kei Wan. Where boulders are fewer and rock type more deeply weathered, earthen-step form terraces seem to
be more common. However, the type of features is also dependent on the land use practices, types of crop, and the
range of ethnicity and heritage of the peoples who constructed them at various times in history. Styles & Law
(2012) indicate that Yao hill tribes were likely to have occupied much of the steeper terrain with more recent
interaction with the Han from about 900AD and the Hakka from the 1500s. They also state that “well-defined stone
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wall oblique-herringbone terraces” nearby and intermixed with “earthen step-form terraces” on Tai Mo Shan
(Figure 7¢) provides evidence of cycles of “different types and/or phases of land usage.” In Hong Kong, there is
vast opportunity for archaeological and anthropological field and laboratory research along these lines.

Figure 6: Ground-truth field map of old terraces in Ting Kau
using a 3D simulation of TPI and associated rubble-wall
supported terraces (breaks-in-slope of terracettes indicated by
red lines on photograph and blue lines on 3D simulation; green [§
box shows location of photograph of terraces)

RESULTS

The bimodality coefficients ranged from 0.334 to 0.612 (Table 1), with only one terrace sample fulfilling the
bimodality criterion with » = 0.612 > 0.555, indicating possible bimodality or multimodality. The remaining 11
samples may belong to a unimodal distribution, although 6 of them have values rather close to 0.555, with values
above 0.500 (Figure 5 and Table 1). Although only 12 terraces were selected, the results indicate that the
distributions tend towards bimodal (b > 0.500) for 58% of the tested samples.

Interpretation of terrace extents, hand digitizing, and IDW interpolation are sources of potential error that have yet
to be quantified. These potential errors could affect the outcome of the test for bimodality. Additionally, no effort
has yet been made to test the randomness of the sample distributions compared to non-terraced areas or the whole
TPI surface (which cover about 70 ha to 140 ha of LiDAR data).

The field validation exercise in Ting Kau was able to document only a few of the terrace features observed from
aerial photographs, however far more terraces could be detected when field mapping was aided by use of a TPI
surface (Figure 6). Dense vegetation is not only a hindrance to API, but also to field mapping. The use of a
LiDAR-derived TPI surface in the field enhanced the observers’ ability to detect terraces, such that terraces that
were normally very difficult to recognize through dense vegetation could be more readily identified and mapped.

DISCUSSION

API of old aerial photographs, performed by skilled specialists, can provide much useful information related to the
type, condition, and geometry of the terraces and associated features (Figure 7a-d), and in many cases they are
clearly evident on the images (Figure 7a, ¢). However, specialist API has limitations related to the quality of the
aerial photographs and vegetation coverage. Some of these limitations are overcome with LiDAR, even when
vegetation is dense. API is time-consuming, however, with further research and development the TPI could rapidly
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map many, or most, of the terraces, and

with sufficient computing power, could
map the entire territory quickly and
efficiently. In Hong Kong, old aerial
photographs, especially those acquired in

the early 1960s, provide a unique
opportunity  to  benchmark  LiDAR
Recent earthen | Interpretation  since  these  photographs

= step-form reveal the terrain relatively devoid of

vegetation (Figures 2 and 7a-d).

Figure 7a: Recent earthen step-form terraces and squatter
platforms in Shau Kei Wan in 1963

The hillshade model and API of old aerial

photographs have both proved useful,

however neither provides a complete, self-contained source of information for mapping terraces. The key
limitations from API
mapping from old aerial | Eyidencs of Power poles
h numarous rock
p. otograph.s are .angle .of S #
view (terrain masking), flying | pauldars
height, forward overlap, P
radial distortion, fortuitous I¥ ’
lighting and shadowing. In e 8 Dograded evidence
relation to GIS and indirect b 2 3 * of remnants of old
mapping, the hillshade model % gk earthen step-form

o s oy terraces generally
has similar limitations as the L across the terrain
TPI; however, since the o
hillshade provides a “shadow el T
model” of the landscape, the PR Y o+

apparent geometry of the
terraces can change

Figure 7b: Less obious, degraed, carthen step-frm ferraces in Ting Kau (1963)

dramatically depending on the input parameters for Sun angle and direction. This sensitivity to the input parameters
means that the interpreted map extents of terraces will not correspond with the actual ground location of the
terraces. Essentially, the modeling of shadows in the hillshade will “displace” the actual terrace location (which
could be on the order of about 1 m to 10 m). This “apparent displacement” does not occur with the TPI technique
because the TPI value is calculated in the same ground location corresponding to the LiDAR-derived DEM
(although this location may not correspond to an actual LiDAR ground point since the DEM is interpolated). This is

one of the main advantages of the TPI approach compared to other approaches, especially over larger areas.

Relict shallow
slope failure

Remnants af -
numearous ald
lemraces

Hermringbone
rubble wall
terraces

Boulders!
corestonas

Harringbone
rubible wall
tarraces

Figure 7c: Specialist API noted hundreds of individual, old terraces of various types across Tai Mo Shan (1963)
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Figure 7d: Remnants of old rubble-wall terraces and a large landslide in Shau Kei Wan (1963)

The high positional accuracy of mapping from LiDAR-derived DEMs is due to high-precision GPS and LiDAR
technology. Although modern aerial photography uses similar high-precision GPS technology, radial distortion
remains a challenge to API mapping with high positional accuracy. Orthorectification of aerial photographs in a
GIS environment may reduce radial distortion, but cannot rectify the images with the same precision as GPS-
referencing in the data collection process. Hillshade models generated from LiDAR-derived DEMs are not
associated with radial distortion; however there is apparent displacement that varies depending on the modelled
orientation of the Sun. These factors indicate that a TPI surface generated from a LiDAR-derived DEM will have
the greatest positional accuracy between these three techniques.

The limitations of the TPI approach to mapping terraces is mainly due to the quality and resolution of the LiDAR
dataset and the effects of the interpolation technique used to generate a DEM. ALSM from (near) vertically oriented
optical sensors is limited in its ability to receive returns from ground surfaces oriented near-vertical. This means
that the rise of terrace features is often not returned by vertical ALSM, and therefore these features will mostly be
delineated during the DEM interpolation process. This is essentially a lack of data (Figure 8), and this can result in
over- or under-estimates of terrace extents, especially when combined with the limitations imposed by dense
vegetation. And, although the TPI is true to the ground positioning imbued by a LiDAR-derived DEM, the absolute
ground extents of terraces will vary when compared to the interpolated DEM. This uncertainty can be reduced by
supplementing vertical ALSM with LiDAR collected from oblique, helicopter-borne ALSM, especially when point
spacing is very dense.

CONCLUSIONS & FUTURE WORK

An automated approach to detect and map terraces is still in the early phases of research, but the results of the
statistical analysis are promising. The hypothesis that the TPI distributions of selected terraces are bimodal has not
yet been proven or nullified, nor has an alternate hypothesis been proposed. The initial results indicate that with
more careful selection and delineation of terraces and with a more robust analysis of a statistically significant
number of samples the quantitative signature of old terraces could be known. Once the TPI values related to
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terraces is statistically known, then an algorithm could be developed that relates the statistics to the contiguous
linear geometry of TPI values that signify an individual terrace. The vision is that such an algorithm could detect
and automatically, indirectly map terraces as polylines or polygons. Such an algorithm would need to be developed
in a framework that accounts for the probability of detection and reduces the occurrence of false-positives.

The initial field mapping undertaken in Ting Kau demonstrated the feasibility and reliability of the TPI technique to
simulate actual ground conditions. With the use of already available dlgltal field mappmg tablets it is anticipated
that field validation exercises would be more precise and ; T T
more efficient.

Once a range of terrace-types can be mapped reliably over
large areas then these features can be compared to
landslide inventories and detailed morphological maps to
develop an understanding of the relationships to landslide
susceptibility and slope stability. Landslides that occur
recently in the aerial photograph-record are readily
mapped since they normally appear as high-reflectance
features in otherwise steep, vegetated terrain, and
techniques for mapping their geometries are well
established. Of course, an automated terrace detection
technique would not be able to determine causal
relationships. Some important relationships to consider
are:

(a) whether or not some landslide geometries are
controlled by terraces and associated features,

(b) if the ground disturbance or drainage associated
with terraces is a contributing factor to failure,
and

(c) if terraces only passively respond to underlying
instability that would occur without the terrace-
related ground disturbance.

Figure 8: LiDAR ground-return points (yellow)
shown to-scale at 20 cm spot-size overlain on TPI
surface (selected terraces in red)

A combination of indirect mapping using TPI, specialist vertical and oblique API, and detailed field mapping would
improve understanding these important relationships.
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