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Abstract

Rain-induced shallow landslide is the major type of landslide that happens on natural terrain in Hong Kong due
to its high seasonal rainfall and deep weathering soil profile. The Geotechnical Engineering Office has been in
a leading role to steer the risk management of natural terrain landslides in Hong Kong. Recently, the
territory-wide rainfall-based landslide susceptibility model (in terms of landslide density per year) has been
developed to predict the number of natural terrain landslides that may occur in an anticipated rainfall event.
Subsequently, the storm-based landslide density has been transformed to the annual landslide frequency to
compile the territory-wide landslide frequency map by incorporating the mean annual frequency of occurrence of
different probable rainfall scenarios. The annual rainfall frequency of a particular rainfall scenario is derived
from its return period, determined based on the abundant real-time rainfall data at a five-minute interval from
110 automatic raingauges across Hong Kong at an average density of 10 km?*/gauge.  The transformation is
discussed in this paper, together with the evaluation of the performance of the landslide frequency map. In
addition, the potential applications of the map in Hong Kong and the pitfalls of the common evaluation methods
are highlighted.
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1 Introduction

“Natural terrain” is commonly used in Hong Kong to denote hillsides that are not significantly modified by
human activities. On average, about 300 natural terrain landslides occur every year in Hong Kong and
rain-induced shallow landslide is the major type of landslide due to the high seasonal rainfall and deep
weathering soil profile. Heavy rainstorms in Hong Kong generally occur during the wet season from April to
September and are associated with either low pressure trough or severe tropical cyclones. As a general
reference, the mean annual rainfall at the Hong Kong Observatory (HKO)’s Principal Raingauge was 2398.5 mm
between 1981 and 2010.

Landslides from natural terrain can result in serious consequence to life and property in Hong Kong due to its
dense urban development on hillsides. The problem is chronic for the impacts of extreme weather events, slope
degradation and ever-increasing population and encroachment of new urban development on steep hillsides.
Over the past 35 years, the Geotechnical Engineering Office (GEO) has been in a leading role to steer the risk
management of natural terrain landslides in Hong Kong to reduce and contain landslide risk within an as low as
reasonably practicable level that meets the needs of the public and facilitates safe and sustainable developments.
The slope engineering practice and landslide risk management have evolved in response to experience and
through continuous improvement initiatives and technology advances (Wong & Ko 2006).

Landslide hazard assessments aims to estimate the spatial and temporal probabililty of occurrence of landslides
in a study area, together with their mode of propagation, size and intensity (Corominas et al, 2014). Frequency
assessment (including the spatial and temporal probability) forms a crucial element in landslide hazard
assessment. Landslide susceptibility assessment, which subdivides the terrain into zones with different
likelihood that landslide may occur, considers the spatial distribution of landslide. However, as noted by Dai
and Lee (2001), the landslide susceptibility obtained is not a probability if the dynamic variables, such as rainfall
and ground motions, are not taken into account. The temporal probability is thus left unanswered. The
frequency of occurrence of landslides can be evaluated using different approaches, such as formal probability
and reliability analysis, logic tree methods, frequency analysis based on past landslide events, or correlation with
landslide triggers (or the indirect approaches). Some recent work quantifies landslide hazards in
magnitude-frequency relationships considering the frequency of occurrence of each corresponding intensity (e.g.
Hungr et al, 1999; Lari et al, 2014), largely based on the approach for probabilistic seismic hazard analysis
proposed by Cornell (1968). These tools are fairly well developed, and more discussions are given in IUGS
Working Group on Landslide (1997) and Corominas et al (2014).

Recently, Ko & Lo (2016) developed a territory-wide rainfall-based landslide susceptibility model by correlating
a comprehensive landslide inventory and selected attributes, including slope angle, lithology, and rainfall. It is
capable of predicting the natural terrain landslide density (in the unit of number of landslides/km?/year) with the
rainfall explicitly considered as a dynamic variable. The rainfall scenarios are classified into 6 classes based on
the maximum rolling 24-hour rainfall. The normalisation is based on the mean annual rainfall at the particular
location over a period of 30 years (1977-2006). This gives an opportunity for estimating quantitatively the
expected annual initiation frequency of landslides on natural hillsides in Hong Kong given that the frequency of
occurrence of each rainfall scenario is known. This paper presents the development and validation of a
high-resolution territory-wide natural terrain landslide frequency map covering all natural hillsides throughout
Hong Kong (with an area of about 660 km?) based on the above model. The map considers both the spatial and
temporal probabilities of landslide occurrence on natural hillsides in Hong Kong. The mode of propagation,
size and intensity of landslides can be assessed separately and mathematically combined with the frequency of
occurrence later to assess the landslide hazard (Roberds, 2005).

2 History of Hong Kong’s Landscape Evolution

Wong (2009) gave a summary account of the history of Hong Kong’s landscape evolution, which sets the
background scene for the on-going mass wasting process and its serious consequence to life and property in the
area. In a gist, Hong Kong has a population of over 7 million and a land area of about 1,100 km®. The terrain
is hilly, with some 75% of the land steeper than 15° and over 30% steeper than 30°.  Intense urban development
has taken place on flat ground and in foothill areas, and is progressively encroaching on steep hillsides where
landslides from man-made slopes and natural terrain may pose a significant hazard (Fig. 1). With the highly
populated developments along the foothill areas, even a small failure on natural terrain can cause devastating life
and economic consequences.
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According to Wong (2009), natural terrain occupies about 60% of the land and much of it is steeply sloping and
mantled by weak saprolitic or residual soils, or colluvial deposits derived from past landslide and erosion
processes. While Hong Kong’s natural hillsides have experienced a long history of landscape evolution, they
remain highly susceptible to rainfall-induced landslides as they are subject to continual degradation. Field
investigations have revealed that failures typically occur within one to two meters of the surface mantle, where
erosion pipe holes, dilation and partial infilling of relict discontinuities, and localised tension cracks are often
observed. Under this on-going geological and geomorphological processes, much of the natural terrain is only
marginally stable over large areas and a large number of shallow landslides can be triggered by heavy rain.

Natural terrain landslides in Hong Kong arise typically from rain-induced shallow failures of the surface mantle
of the hillside (Wong et al, 2006). The materials that fail at the source areas of the landslides may include
top-soil, colluvium and weathered rock. Most of the landslides are of several hundred cubic meters in volume,
but some have developed into massive, mobile debris flows with devastating destructive power. Despite that
deep-seated failures rarely occur on the natural terrain of Hong Kong, there are some isolated cases involving a
massive volume of debris. Some notable cases include the Shum Wan Road landslide in 1995 (GEO, 1996) and
Tsing Shan debris lobe movement (Parry & Campbell, 2003), Shek Pik landslide in 2008 (McMackin et al, 2009)
and Sai Wan Road landslide in 2016 (GEO, 2017). Their mass wasting process are mostly controlled by
geological structures, such as faults and sheeting joints. Falls of individual boulders from natural terrain into
developed areas are also reported from time to time.

On top of the above, Au (1998) provided thorough discussions on rain-induced slope instability in Hong Kong
and Hencher & Lee (2010) on landslide mechanisms in weathered terrain in Hong Kong. They gave more
information on the characteristics of Hong Kong’s natural terrain.

3 Methodology
3.1 Rainfall-based Landslide Susceptibility Model

A territory-wide rainfall-based landslide susceptibility model was developed to predict the number of natural
terrain landslides that may occur in an anticipated rainfall event (Ko & Lo 2016). It adopted rainfall, slope
angle and simplified lithology as causal factors. Rainfall and landslide data throughout a period of 23 years
(years 1985 to 2006, and 2008) were adopted to develop the correlations. The landslide data was based on the
Enhanced Natural Terrain Inventory (ENTLI) of Hong Kong compiled by interpretation of aerial photographs.
The inventory contains about 100,000 natural terrain landslides. The slope angle map was derived from a 5
m-grid digital elevation model based on the results of multi-return airborne Light Detection and Ranging
(LIDAR) survey. The model is one of the few substantial attempts to introduce rainfall intensity as a predictor
in a statistical model. With a few exceptions (e.g. Lee et al, 2016), rainfall is rarely considered in landslide
susceptibility analyses carried out elsewhere, as usually adequate rainfall data is neither available nor reliable,
which renders relating rainfall to landslide occurrence difficult, if not impossible. It is usually considered in the
following ways::

(a) Effect of transient groundwater response as a result of rainfall is simulated by transient



hydrogeological models (e.g. dynamic infinite slope modelling with rainfall trigger (Baum et al, 2002;
Casadei et al, 2003; Simoni, et al 2008; Iverson, 2000). Their use in regional susceptibility analyses are
often constrained by the impracticality in obtaining necessary data (e.g. soil layers, shear strength
parameters of soils, hydrogeological responses) over an extensive area with sufficient reliability and spatial
resolution (Godt et al, 2008).

(b) For heuristics and data-driven approaches, while much of the focus of the previous work was on
correlating past landslides activity with relevant terrain attributes (e.g. Guzzetti et al, 1999; Evans & King,
1998; Dai & Lee, 2002), the attention given to rainfall as the main causal factor is relatively limited.
Arguably the main reason behind is that the practicality of establishing the correlation between rainfall and
landslides is often limited by the spatial and temporal resolution of rainfall data.

(¢) Some practitioners have attempted to consider rainfall effect by lumping it with other terrain attributes
in the landslide susceptibility analyses (e.g. Bui et al, 2016). To this extent, unless rainfall is largely
uniform across the area and across time, it is deceptive to claim predictive capability of any landslide
susceptibility map thus developed.

The rainfall-based landslide susceptibility model correlates landslide density with normalised maximum rolling
24-hour rainfall.  Sixteen attribute groups, comprising eight classes of slope angle (i.e. <15°, >15°-20°, >20°-
25°, >25°-30°, >30°-35°, >35°-40°, >40°-45° and >45°) and two classes of simplified bedrock geology (i.e.
intrusive and volcanic-cum-sedimentary) were considered. For each attribute group, the year-based and
storm-based correlations between normalised maximum rolling 24-hour rainfall and landslide density (in the unit
of number of landslides/km®/ year) were obtained. Fig. 2 and 3 show the storm-based correlations for intrusive
area and that for volcanic-cum-sedimentary areas respectively.

The following sections presents how the storm-based landslide density has been transformed to the annual
landslide frequency to compile the territory-wide landslide frequency map by incorporating the mean annual
frequency of occurrence of different probable rainfall scenarios. The annual rainfall frequency of a particular
rainfall scenario is derived from its return period, determined based on the abundant real-time rainfall data at a
five-minute interval from 110 automatic raingauges across Hong Kong at an average density of 10 km?*/gauge.
In addition, the performance of the landslide frequency map has been evaluated and the pitfalls of the common
evaluation methods are highlighted.
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3.2  Transformation of Landslide Susceptibility to Landslide Frequency

An annual theoretical landslide frequency (in the unit of number of landslides/year/grid) is the expected
number of landslides that would likely occur in a year given the mean annual frequency of occurrence of
rainfall, which was calculated as the reciprocal of its return period.

The GEO, together with the Hong Kong Observatory (HKO), has installed 110 automatic raingauges across
Hong Kong since the early 1980s. Wong et al (2013) gave a detailed account of the GEO raingauge system.
The existing network comprises 88 GEO and 22 HKO automatic raingauges with an average density of
10 km*/gauge (Fig. 4). The raingauges are monitored automatically and real-time rainfall data from the GEO
raingauges are transmitted to the GEO Control Centre at a five-minute interval via a mobile data network and
Metro Ethernet network services. Data transmission and data sharing between HKO and GEO are carried out
by means of dedicated telephone lines. The raingauges provide a reasonably good spatial and temporal
coverage of rainfall records across the territory.



T T T T T T T
N & 2 2 2 £ & ]
o [=3 8 (=3 =3 8 g
A g g g g g -8 g ¢
® <3
° e A
A e v
- . . = ‘ 840000-}
A L] )
A A h A
A L4 [ ]
® A A :
A
i a ® A a °
o A A A 830000+
A A
® 1 4 ¥ N A
& A, 7Y A A
A A A a L
., A o 805
A A 3 1
A g = A A
- < " A A y 820000
s N\ A K
o e &
. X °. . A
L N s A AA * &
£y A 2 A A A
A L & 4 )
A A A T
L » = 810000
A "
A 7 &
/ Legend
4 4 GEO raingauge
L ® HKO raingauge
: . . . . .

Fig. 4. Locations of GEO and HKO automatic raingauges.

The more significant rainstorm events (rainstorms with a rolling 24-hour rainfall of over 300 mm anywhere in
Hong Kong or those which has resulted in fatal landslides) in the period from 1984 to 2008 are listed in Table 1.

Table 1. Significant rainstorm events in the period 1984 to 2008.

Rainstorm g ipum Rainstorm Maximum
Event No. Period Rolling Rainfall Event No. Period Rolling Rainfall
24-hr (mm) 24-hr (mm)
1 29/7/1987 - 30/7/1987 314 15 24/8/2000 - 27/8/2000 364
2% 20/5/1989 - 21/5/1989 552 16 5/6/2001 - 13/6/2001 323
3% 8/5/1992 385 17 6/7/2001 - 7/7/2001 301
4%* 16/6/1993 285 18 14/9/2002 - 18/9/2002 438
5 26/9/1993 374 19 5/5/2003 - 6/5/2003 505
4/11/1993 - 5/11/1993 742 20 7/6/2003 - 12/6/2003 361.5
7* 21/7/1994 - 24/7/1994 954 21%* 16/8/2005 - 21/8/2005 570
8* 5/8/1994 - 6/8/1994 380 22 9/6/2006 - 10/6/2006 329.5
9* 12/8/1995 - 13/8/1995 468 23 13/9/2006 - 14/9/2006 391
10* 2/7/1997 - 3/7/1997 799 24 19/4/2008 - 20/4/2008 303
11 8/6/1998 - 9/6/1998 562 25% 6/6/2008 -  9/6/2008 622.5
12* 22/8/1999 - 26/8/1999 565 26 11/6/2008 - 19/6/2008 316.5
13 16/9/1999 - 17/9/1999 384 27 25/6/2008 - 1/7/2008 378.5
14 14/4/2000 - 15/4/2000 526

Note: This Table includes events with a rolling 24-hour rainfall of over 300mm anywhere in Hong Kong or that
which resulted in fatal landslides (annotated with an asterisk after the rainstorm event number).

Since the late 1970s, the GEO has examined the effect of different durations of rainfall on the extent of
landslides occurred (Brand et al 1984; Chan et al 2003). Rolling 24-hour rainfall is found to be the most
appropriate and convenient parameter for predicting the number of both man-made and natural terrain landslides
occurred in Hong Kong (Chan et al 2003; Ko 2005). The combined 4-hour and 24-hour rainfalls may also be



an improved parameter for predicting the number of natural terrain landslides occurred (Wong et al 2004).

By adding up the five-minute rainfall data, year-based (i.e. for a year) normalised maximum rolling 24-hour
rainfall across Hong Kong were quantified and related to landslide occurrence, to give a better representation of
the severity of the rainfall conditions at any specific location, since the overall rainfall intensity in Hong Kong is
unevenly distributed. Year-based normalised maximum rolling 24-hour rainfall at a location is equal to the
maximum rolling 24-hour rainfall in a year (in the unit of mm) at the location divided by the mean annual
rainfall (1977 to 2006) (in the unit of mm) at the same location (Chan et al 2012).  Geostatistical analyses were
carried out with the method of Kriging using the available GEO automatic raingauge data to construct rainfall
isohyets and derive maximum rolling 24-hour rainfall data. The distribution of mean annual rainfalls across
Hong Kong is shown in Fig. 5. Fig. 6 shows the contours of the year-based normalised maximum rolling
24-hour rainfall over the natural terrain area in 2008 as an example.

The sets of curve on return period against normalised maximum rolling 24-hour rainfall, calculated for different
raingauge locations using rainfall data between year 1985 and 2000 are shown in Fig. 7. A representative curve
for natural terrain was chosen. From this curve, the return periods of the normalised maximum rolling 24-hour
rainfall at the boundaries of rainfall scenarios A, B, C and D, i.e. 0.10, 0.20, 0.30 and 0.35 respectively, were
identified. By the application of the Poisson statistical model, the annual probability of occurrence and the
corresponding return period were calculated for each rainfall scenario (Fig. 8 and Table 2). The mean annual
frequency of occurrence of each rainfall scenario is the reciprocal of its return period (Table 2). The
values of the mean annual frequency of occurrence of the four rainfall scenarios were first adopted in Wong et
al (2006) as one of the components considered in calculating the hazard frequency in the global landslide risk
assessment for natural terrain in Hong Kong.

Fig. 5. Mean annual rainfall isohyets (1970-2006).
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Table 2. Assessment of the mean annual frequency of occurrence of rainfall classes.

R T, P Assessment of Probability of Occurrence for Rainfall Scenario
n-24 (year) ¢ Rainfall Scenario P T, F.

A

0.10 1.7 0.4447 (R, 2, <=0.10) 0.5553 1.23 0.8130 (F,)
B

0.20 15 0.0645 (R, 2, >0.10 and <=0.20) 0.3802 2.09 0.4785 (Fy)
C

0.30 180 0.0055 (R, 24>0.20 and <=0.30) 0.0590 16.46 0.0608 (F)
D

0.35 500 0.0020 (R, 24>0.30 and <=0.35) 0.0035 281.81 0.0035 (Fy)

Note:

R,.»4 denotes the normalised maximum rolling 24-hour rainfall in a year.
T, denotes the return period of the corresponding R, »4.
P, denotes the probability of exceedance for the corresponding R4,

P, denotes the annual probability of occurring once or more for the corresponding Rainfall Scenario.

T,s denotes the equivalent return period of the corresponding Rainfall Scenario.

F, denotes the mean annual frequency of occurrence of the corresponding Rainfall Scenario (i.e. 1/T ).

The annual theoretical landslide frequency was then calculated by coupling the mean annual frequency of
occurrence of rainfall with the storm-based rainfall-landslide susceptibility (Figs. 2 and 3 above) for the four
rainfall scenarios to compile the territory-wide terrain-based landslide frequency map.

the derivation of the annual theoretical landslide frequency, for the four storm-based rainfall scenarios.

Table 3 summarises
The

annual theoretical landslide frequency for each 5 m x 5 m grid of slope angle class i and solid geology class j in

the landslide frequency map is F;;, which is calculated as:

Frj=F.DgA + FyDy A + F.D,yA + FaDg ;A
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There are altogether 16 attribute groups in the landslide susceptibility model, arising from the eight slope angle
classes (i.e. <15° >15°-20°, >20°- 25°, >25°-30°, >30°-35°, >35°-40°, >40°-45° and >45°) and two solid geology
classes (i.e. intrusive and volcanic-cum-sedimentary). The annual theoretical landslide frequency for each grid
of each attribute group ranges from the highest value of 2.3 x 10™ no./year to the lowest value of 2.8 x 10~
no./year. The annual theoretical landslide frequency according to their corresponding attribute groups is shown
in Fig. 9. The grid-based average value of the annual theoretical landslide frequency for all the natural terrain
in Hong Kong is 3.3 x 10” no./year.

Table 3. Derivation of annual theoretical landslide frequency.

Rainfall Scenario Normalised 24-hour Rainfall Theoretical Landslide Frequency (no./year)
A <=0.10 FuDyiA
B >().10 and <=0.20 FyDy A
C >().20 and <=0.30 F.D.;A
D >(.30 and <=0.35 FyDgiA
Notes: (1) F, Fp, F.and F, are mean annual frequency of occurrence of rainfall for storm-based

rainfall scenarios A, B, C and D respectively (see Table 4).

(2) Dgjj Dy jj, Dy and D, ; are storm-based landslide density for rainfall scenarios A, B, C
and D respectively, and for a grid of 5 m x 5 m of slope angle class i and solid geology
class j, based on the rainfall-based landslide susceptibility model (see Fig. 3 and 4).

(3) Aisthe plan area ofa 5 m x 5 m grid (in km?).
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Fig.9. Annual theoretical landslide frequency according to attribute groups.

3.3  Validation

The performance of the landslide frequency map was evaluated using accuracy statistics and receiver operating
characteristic (ROC) curve. Frattini et al. (2010) provided a detailed review on the use of these techniques.
Success-rate curve was not applied in evaluating the map performance for the reasons given in Section 6.3.
Recent landslides occurred before 1985 were used to evaluate the performance of the landslide frequency map.
They were not included in developing the rainfall-based landslide susceptibility model and hence, are
statistically independent of the landslide frequency map.
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Accuracy Statistics

In this technique, accuracy is assessed by comparing the presence and absence of landslides (observed data)
within attribute groups that are predicted as relatively stable (predicted positive) and unstable (predicted negative)
based on a binary classification of susceptibility (model results). This classification requires a cutoff value of
susceptibility that divides the predicted negative terrains (susceptibility less than the cutoff) and predicted
positive terrains (susceptibility greater than the cutoff). The comparison of observed data and model results
reclassified into two classes is represented through contingency tables. An example of a generic contingency
table is shown in Table 4. Accuracy statistics assess the model performance by combining correctly and
incorrectly classified positives and negatives.

Susceptibility classes I and II in the landslide frequency map (corresponding to areas with an above-average
theoretical landslide frequencies) were classified as predicted positive and classes III, IV and V as predicted

negative (corresponding to areas with an average theoretical landslide frequencies or below).

Table 4. Contingency table used for landslide model evaluation.

Observed
Positive Negative

Positive True Positive False Positive

(TP) (FP)

Predicted

. ) True Negative

Negative False Negative (FN) (TN)

Sensitivity Specificity
=TP/ (TP + FN) =TN/(FP +TN)

Receiver Operating Characteristic Curve

In this technique, the susceptibility classes are arranged from the highest to the lowest. By considering a range
of possible cutoff values, pairs of sensitivity and (1-specificity) are derived and plotted with the former on the
y-axis and latter on the x-axis. The area under curve (AUC) can be used as a metric to assess the overall quality
of a model: the larger the area, the best the performance of the model over the whole range of possible cutoffs.
A value of 0.5 indicates a random result, a value approaching 1.0 indicates good prediction. As compared to
the contingency table, the application of ROC curve do not require a priori cutoff value and the performance of a
landslide susceptibility map is assessed throughout the entire range of cutoff values.

Success-rate Curve

A success-rate curve represents the percentage of correctly classified objects (i.e. terrain units) on the y-axis, and
the percentage of area classified as positive terrains on the x-axis. In the grid-cell units where landslides
correspond to single grid cells and all the terrain units have the same area, the y-axis corresponds to the value of
sensitivity, analogous with the ROC space, and the x-axis corresponds to the percentage of units classified as
positive (i.e. (TP + FP) / (TP + FP + TN + FN) in Table 4). When FP and TN are significantly larger than TP
and FN (i.e. the observed failure rate is low), the x-axis corresponds to the value of 1-specificity, analogous with
the ROC space, as in the present study. Therefore, for this study, the success-rate curve thus coincides with the
ROC curve. It should also be noted that the high FP to TP ratio of the present study does not necessarily
constitute an adverse condition for landslide susceptibility assessment (Carrara et al 2008). Instead, the ratio
reflects a low number of failures in the predicted positive terrains throughout the observation period and in fact
represents a low actual failure probability. This ratio should not be used to indicate how good a landslide
susceptibility model performs.

4 Terrain-based Landslide Frequency Map
A terrain-based landslide frequency map was compiled based on the annual theoretical landslide frequency.
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The map is a digital map on a GIS platform showing the annual theoretical landslide frequency for every grid of

5 m x 5 m on the natural terrain.
present analysis.
areas.

relative levels of terrain susceptibility to landslide, each shown in a different colour (Table 5).
The area distribution of the five susceptibility classes is summarised in Table 6.

typical map layout.

The chosen 5 m by 5 m resolution appears to be an appropriate scale for the
This grid size is comparable with the scale of majority of the natural terrain landslide source
In the map, the annual theoretical landslide frequencies are categorised into five classes to represent their

Fig. 10 shows a

Table 5. Susceptibility class and colour codes of grid-based annual theoretical landslide frequency.

Susceptibilit id- i i
usceptibility Colour Code Grid-based Annual Theoretical Landslide Frequency
Class (no./year)
I Yellow >1.0x 10"
11 Light Blue >50x10°-1.0x10"
11 Dark Blue >1.0x10°-5.0x 10"
v Light Green >1.0x10°-1.0x107
\Y Dark Green <1.0x10°
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Fig. 10. Typical map layout and legend.

Table 6. Area distribution of susceptibility classes.

Susceptibility Class Area (km®) Percentage Area
I 75.2 11.4%
11 113.9 17.3%
111 149.1 22.7%
v 218.2 33.2%
\Y 101.5 15.4%
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5 Map Performance

The performance of the landslide frequency map was evaluated using accuracy statistics and receiver operating
characteristic (ROC) curve. Frattini et al. (2010) provided a detailed review on the use of these techniques.
Success-rate curve was not applied in evaluating the map performance for the reasons given in Section 6.3.
Recent landslides occurred before 1985 were used to evaluate the performance of the landslide frequency map.
They were not included in developing the rainfall-based landslide susceptibility model and hence, are
statistically independent of the landslide frequency map.

Table 7 gives the contingency tables that compare the presence and absence of landslides within the predicted
positive and negative attribute groups. There are about 78% of recent landslides fall within susceptibility
classes I and II in the landslide frequency map. About 71% of pixels with no observed landslides are classified
as susceptibility classes III, IV and V have no landslides.

The ROC curve of the map is shown in Fig. 11. The value of AUC achieved is 0.80. It shows that there is a
reasonably high degree of agreement between observed data and model results. = The results indicate that the
map is consistent with the observed data to give reasonable prediction of both landslide occurrence and
non-occurrence considering the entire possible range of cutoff values.

Table 7. Validation results using accuracy statistics.

Observed
Positive Negative
Positive 5846 83139914
Predicted
Negative 1693 206235535
Sensitivity Specificity
=77.54% =71.27%
1.0 R
o | AUC=0.80 T
\ P
//
0.8
W
0.7 7/
/
5. 0.6 /
=0
ANy
£ 04 ?5
03 1
/
0.2 /l
/ -©-ROC
0.1 +¢
/ --+--Success-rate
0.0 . . .
00 01 02 03 04 05 06 07 08 09 1.0
1-Specificity or
Percentage Area Classified as Positive

Fig. 11. ROC and Success-rate curve of the landslide frequency map.
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Hungr (2016) proposed, with an example shown, a simple and direct approach to validate a landslide
susceptibility map in which errors (residuals) of density estimation (in terms of landslide area per km?) are
presented directly, for all the susceptibility class of the map. Details about how the approach works are not
repeated here. Table 8 shows the results of the proposed analysis of the landslide frequency map in this study.

The residual error represented by the difference between corrected and observed susceptibility percentages for
each class is very small for the following reasons:

(a) Natural terrain in Hong Kong has a relatively low failure frequency that ranges from 10 to 107 number
of landslides per year per 5 m grid. Any errors of density estimation are insignificant.

(b) The landslide frequency map provides classification of landslide susceptibility that is consistent with the
observed data.

(©) The predicted landslide frequency of each landslide susceptibility class is realistic with the consideration

of rainfall as the key causal factor that represents closely the controlling physical phenomenon of occurrence of
rainfall-induced shallow landslides in Hong Kong.

Table 8. Results of validation analysis proposed by Hungr (2016).

Observed Landslides Predicted Landslides Corrected Landslides® Error

Terrain Area
Class Landslide | Area®™ | Density® | Landslide | Area™ |Density®| Landslide | Area |Density|Density
(km?) | (%) (no.) (m?) (%) (no.) (m?) (%) (no.) (m*) (%) | (%)

I 97.19 | 14.02 2185 156227 0.16% 6414.4 458630 | 0.47% 2624 187584 | 0.19% | 0.03%

II 159.45| 23.00 2513 179679 0.11% 5262.0 376230 | 0.24% 2152 153882 | 0.10% [-0.01%

mr |219.58| 31.67 1163 83154 0.04% 2898.5 207242 | 0.09% 1186 84764 | 0.04% | 0.00%

IV | 185.45( 26.75 252 18018 0.01% 408.0 29171 0.02% 167 11931 |0.01% | 0.00%

A% 31.61 | 4.56 18 1287 0.00% 7.0 497 0.00% 3 203 0.00% [ 0.00%
Total |693.28|100.00 6131 438365 14990 1071771 6131 438365

Notes: (1) Landslide area is calculated based on the mean source area of the recent landslides in the Enhanced Natural

Terrain Landslide Inventory.

(2) Density is the quotient of the landslide area within a susceptibility class divided by the terrain area within the
same class.

(3) Data in columns under “corrected landslides” are obtained by multiplying the corresponding data in columns
under “predicted landslides” by a correction ratio, such that their total equal to that of the observed landslides.

6 Discussions

6.1 Key Observations for Landslide Frequency Map

The landslide frequency map was built on the findings of the rainfall-based landslide susceptibility analysis.
The analysis assessed average landslide response to rainfall for each of the 16 groups of terrain, in terms of
theoretical landslide density. In other words, landslide response is shared across the entire terrain of the same
attribute group, for a given rainfall scenario. For terrain in the same attribute group, areas with and without
past rainfall experience have the same terrain susceptibility. ~As a result, terrain susceptibility as indicated in the
landslide frequency map is independent of past rainfall experience.

As it is independent of past rainfall experience, the landslide frequency map could be used as a tool for forward
prediction on the potential of landslide occurrence for a given rainfall scenario in the future, which may be
calculated based on the theoretical landslide frequency. At a global scale, it fills the gap in the current practice
of hazard evaluation, which refers largely to record of past landslides, and opens up the source of potentially
problematic natural hillsides. The map should however not be used for terrain evaluation and assessment at
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site-specific scale because of a lack of adequate resolution to duly account for site-specific terrain conditions.
It may however be a useful supplementary reference.

One of the major assumption in the model is that the frequency of occurrence of each rainfall class is stationery.
With climate change, the frequency of extreme rainfall events extreme weather is expected to increase (Lee et al,
2011).  Sensitivity analysis can be performed by coupling the rainfall-based susceptibility model with different
sets of frequencies of rainfall classes taking into account the expected changes.

The current model is based on four rainfall classes. Should there are more abundant data in both spatial and
temporal manner, there may be a room to introduce more rainfall classes and thus enhancing the resolution of the
calculated landslide frequency with a view to further enhancing the map performance.

6.2 Comments on Receiver Operating Characteristic Curves

The application of ROC curves does not require a priori cutoff value and the performance of a landslide
susceptibility map is assessed throughout the entire range of cutoff values. Nevertheless, the study of a variety
of ROC curves of different cases revealed that the value of AUC of a ROC curve is sensitive to, for example, the
approach of calculating AUC, the percentage of pixels with and without landslides (this also depends on the
observation period) and map classification. Two illustrations, amongst many other possibilities, are shown
below to demonstrate that the value of AUC of a ROC curve is quite sensitive:

(a) Scenario 1. A slight change in the percentage of pixels with landslides for the lowest susceptibility
class from 10% to 0% and for the highest susceptibility classes from 90% to 100%, while keeping the percentage
of pixels with landslides for other susceptibility classes unchanged, improve the value of AUC from 0.76 to 0.82
(Table 9(a) & (b) respectively). In practice, both models produce equally good results.

(b) Scenario 2. Separating the pixels without landslides from the lowest susceptibility class to a further
lower class improves the value of AUC from 0.77 to 0.82.  (Table 9(c) & (b) respectively).

Table 9. Hypothetical scenarios.

(a) Scenario 1(a)

Susceptibility ¢ No. of Pixels No. of Pixels
Class No. of uxghs with Landslides without Landslides AUC
I (the highest) 767 690 77
11 3,550 2,840 710
II1 7,318 3,659 3,659 0.76
v 18,471 3,694 14,777
V (the lowest) 7,668 767 6,901
(b) Scenario 1(b)
Susceptibility . No. of Pixels No. of Pixels
Class No. of Pixels with Landslides without Landslides AUC
I (the highest) 767 767 0
11 3,550 2,840 710
II1 7,318 3,659 3,659 0.82
v 18,471 3,694 14,777
V (the lowest) 7,668 0 7,668




(c) Scenario 2

-17 -

Susceptibility . No. of Pixels No. of Pixels
Class No. of Pixels with Landslides without Landslides AUC
I (the highest) 767 767 0
II 3,550 2,840 710
0.77
111 7,318 3,659 3,659
IV (the lowest) 26,139 3,694 22,445

The above observations are less evident when the percentage of pixels without landslides is large, such as that in
the present study. It appears that the model results of the present study are not sensitive to any changes in either
the map classification or the observed data. In addition, when calculating AUC, one may choose to calculate
the AUC of a fitted curve through the discrete points of a ROC curve or simply calculate the area under the
continuous line joining the discrete points. The fewer the divisions in the map classification, the larger is the
difference between the two approaches. In most cases, this would be a concern when a landslide susceptibility
map has only three to four divisions of landslide susceptibility.

Because of the sensitivity of the AUC, the value of AUC should only be taken as a rough indication of how good
a landslide susceptibility map performs in landslide prediction. When comparing different model results using
the values of AUC of the respective ROC curves, the sensitivity of the values of AUC should be duly accounted
for and the significance of AUC in evaluating how good a landslide susceptibility map performs in landslide
prediction should not be overly emphasised. It is always important to look into the data and evaluate, for
example, the percentage of pixels with and without landslides in each susceptibility class, in order to determine
whether the landslide susceptibility maps produce logical results and whether one map is better than the others in
terms of landslide prediction.

6.3 Comments on Success-rate Curves

As to success-rate curves, although its application does not require a priori cutoff value and the performance of a
landslide susceptibility map is assessed throughout the entire range of cutoff values, alike ROC curves, they have
the following distinct limitations:

(a) Success-rate curves represent the percentage of correctly classified objects (i.e. terrain units) on the
y-axis, and the percentage of positive terrains on the x-axis. The capability of the map to predict absence of
landslides is not considered.

(b) Success-rate curves are sensitive to the initial proportion of positive and negative terrains (Frattini et al
2010), as they consider the percentage of positive terrains of a map on the x-axis. The application of
success-rate curve to an area with a low degree of hazard gives better result than application to an area with a
high hazard, even if the quality of the classifications are exactly the same. Fig. 12 explains this observation
with two hypothetical study areas. The ROC curves rightly indicate that the performance of the susceptibility
map have similar performance for the two study areas as the two ROC curves are in close resemblance of each
other with the area under curve (AUC) of 0.78 and 0.81 for high hazard area and low hazard area respectively.
On the other hand, the success-rate curve indicates that there is a drop in performance of the map in the high
hazard area with an AUC of 0.65, as compared to 0.77 of the low hazard area. It indicates that the application
of success-rate curve to an area with a low degree of hazard gives better result than application to an area with a
high hazard, even if the quality of the classifications are exactly the same. The percentage of positive terrains
indeed represents the predicted failure probability of the area and is irrelevant to how good a landslide
susceptibility map performs. A landslide susceptibility map should receive appropriate credibility as long as it
rightly “catches” as many as possible actual landslides. The distribution of susceptibility classes in a map
should be irrelevant.

() Confining pixels of the highest susceptibility to those areas with landslides in a landslide susceptibility
map, i.e. to reduce the percentage of positive terrains as far as possible, would greatly improve the AUC of the
success-rate curve. This is similar to what may be done to improve the AUC of a ROC curve.
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(d) Because of the above, the reliability of the AUC of a success-rate curve should be treated with caution
when it is used as a sole indicator to consider how good a landslide susceptibility map performs in landslide
prediction.

7 Conclusions

The digital landslide frequency map building on the findings of the rainfall-based landslide susceptibility
analysis has been produced using GIS technology. It is currently for internal use by the GEO to support the
review of landslide susceptibility of natural terrain in Hong Kong. A number of techniques were applied to
evaluate the landslide frequency map and the validation shows that the map is highly consistent with the
observed data for both presence and absence of landslides. Areas for improvement are constantly identified
with a view to further improving the predictability of the landslide frequency map.
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Study Area A : High Hazard Area

Susceptibility Map Number of pixels with landslide observed

300 | 300 | 300 | 300 [ 150

300 | 300 | 300 | 150 | 150

300 | 300 | 150 | 150 [ 75

300 | 150 | 150 75 30

150 | 150 | 75 30 10

Study Area B : Low Hazard Area

Susceptibility Map Number of pixels with landslide observed
. 2 | 3| 4| s 300 | 150 | 75 | 30 | 10

2 | 3| 3| 4|5 150 | 75 | 75 | 30 | 10

3| 3| 4| afs 75 | 75 | 30 | 30 | 10

4 | 4| 4| a|s 30 | 30 | 30 | 30 | 10

5 5 5 5 5 10 10 10 10 10
Notes:

1. Each cell is assumed to represent 20 pixels by 20 pixels.
2. “1” denotes susceptibility class I (the most susceptible), while “5” denotes susceptibility class V (the

least susceptible).
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Fig 12. Hypothetical study areas for comparison of ROC curves and success-rate curves.
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From landslide susceptibility to landslide frequency: a territory-wide study in Hong Kong

Highlights

A territory-wide landslide frequency map was for natural hillside in Hong Kong.

Landslide frequency established considering the probability of different rainfall scenarios.
The performance of the map has been validated against historical landslide data.

There is a reasonably high degree of agreement between observed data and the map.
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Study Area A : High Hazard Area

Susceptibility Map Number of pixels with landslide observed

300 | 300 | 300 | 300 | 150
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300 | 150 | 150 | 75 30

Study Area B : Low Hazard Area

Susceptibility Map Number of pixels with landslide observed
. z 3 4 = 300 | 150 L3 30 1

2 = a 4 s 150 75 75 30 10

S ¥ 4 4 o s 75 30 30 1m0

4 4 4 4 5 0 30 30 30 1

5 5 5 s 5 10 10 |1 10 10
Notes:

1. Each cell is assumed to represent 20 pixels by 20 pixels.
2. “1” denotes susceptibility class I (the most susceptible), while “5" denotes susceptibility class V (the
least susceptible).
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