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Relationships between natural terrain landslide
magnitudes and triggering rainfall based on a large

landslide inventory in Hong Kong

Abstract Rain-induced landslides are recognized as one of the
most catastrophic hazards on hilly terrains. To develop strategies
for landslide risk assessment and management, it is necessary to
estimate not only the rainfall threshold for the initiation of land-
slides, but also the likely magnitudes of landslides triggered by a
storm of a given intensity. In this study, the frequency distribu-
tions of both open hillside landslides and channelized debris flows
in Hong Kong are established on the basis of the Enhanced Natural
Terrain Landslide Inventory (ENTLI) with 19,763 records in Hong
Kong up to 2013. The landslide magnitudes are measured in terms
of the number, scar area, volume, or density of landslides. The
mean values of the scar areas and volumes are 55.2 m* and
102.0 m?, respectively, for the open hillside landslides and 91.3 m*
and 166.5 m’, respectively, for the channelized debris flows. Em-
pirical correlations between the numbers, scar areas, and volumes
of hillside landslides or channelized debris flows and the maxi-
mum rolling rainfall intensities of different periods have been
derived. The maximum rolling 4- to 24-h rainfall amounts provide
better predictions compared with those with the maximum rolling
1-h rainfall. Maximum rolling rainfall intensity-duration thresh-
olds identifying the likely rainfall conditions that yield natural
terrain landslides or debris flows of different magnitudes are also
proposed. The initiation rainfall thresholds are identified as 75, 90,
100, 120, 150, 180, and 200 mm for the maximum rolling 1-, 2-, 4-,
6-, 8-, 12-, and 24-h rainfall, respectively.

Keywords Landslide - Debris flow - Rainfall
threshold - Hazard - Magnitude-frequency

Introduction

A natural terrain slope refers to a slope which has not been
modified by human activities substantially. A natural slope often
erodes to a level which is relatively stable under normal circum-
stances. However, if the conditions of the natural slope are
changed due to deforestation or heavy rainfall, the slope condition
may deteriorate due to further erosion, loss of soil suction or
buildup of positive pore-water pressure due to deeper infiltration,
washout, or other disturbances, and the slope may fail. Compared
with manmade slopes such as cut slopes and fill slopes, natural
terrain is relatively more vulnerable to the impact of rainstorms,
leading to rainfall-induced landslides (Au 1998; Gao et al. 2015;
Tang et al. 2017).

Rain-induced natural terrain landslides have caused a large
number of casualties and severe damages in mountainous areas.
It is therefore important to forecast the potential of landslides and
propose mitigation measures. Assessing the landslide magnitudes
and quantifying the triggering rainfall thresholds are essential in
developing landslide risk mitigation strategies (Keefer et al. 1987;
Guzzetti et al. 2008). When historical landslide records and their
corresponding rainfall conditions are available, one can establish

relationships between them and apply the relationships for
predicting the future landslide hazards.

Many rainfall thresholds to trigger landslides, such as the
intensity-duration threshold and the daily/hourly rainfall thresh-
old, have been established for forecasting rainfall-induced land-
slides in different regions (e.g., Keefer et al. 1987; Chan et al. 2003;
Glade et al. 2000; Crosta and Frattini 2001; Guzzetti et al. 2008;
Baum and Godt 2010; Huggel et al. 2010; Martelloni et al. 2012; Rosi
et al. 2016; Chen et al. 2017). A number of studies on relationships
between rainfall and landslides based on historical landslides and
rainfall data in Hong Kong have also been conducted (e.g., Lumb
1975; Brand et al. 1984; Premchitt 1991; Kay and Chen 1995; Finlay
et al. 1997; Au 1998; Evans et al. 1999; Franks 1999; Pun et al. 1999;
Dai and Lee 2001; Ko 2003; Yu 2002; Chau et al. 2004; Wong et al.
2006; Ho 2013; Ko and Lo 2016). Lumb (1975) developed correla-
tions between rainfall and occurrence of landslides, and found that
the landslides in Hong Kong heavily depended on the short-period
rainfall intensity, with a threshold of 7o mm/h. Finlay et al. (1997)
investigated the relationship between the probability of landslide
occurrence and rainfall, and determined the rainfall thresholds
that cause isolated landslides using the data from 1984 to 1993.
The number of landslides was best predicted using 3-h rainfall. Dai
and Lee (2001) investigated magnitude-cumulative frequency re-
lationships for landslides and relationships between rainfall and
occurrence of landslides. The 12-h rolling rainfall was found to be
the best in predicting the number of landslides. The 12-h maxi-
mum rolling rainfall value is calculated as the maximum value of
rainfall in 12 consecutive hours on a hyetograph. Ko (2003) ana-
lyzed natural-terrain landslide data and established an empirical
relationship between the landslide density (i.e., cumulative per-
centage of natural terrain landslides) and the normalized maxi-
mum rolling 24-h rainfall (i.e., the ratio of the maximum rolling
24-h rainfall and the location-specific mean annual rainfall). Re-
cently, Ko and Lo (2016) presented a territory-wide rainfall-based
landslide susceptibility analysis that took cognizance of the effects
of slope angle and bedrock geology.

The previous studies on relationships between landslides and
rainfall had targeted to derive the minimum rainfall thresholds that
are likely to trigger landslides. Little attention has been paid to the
magnitude of landslides under storms of different intensities (Wong
et al. 2013). Although these minimum thresholds answer the question
whether landslides will occur or not, rainfall thresholds for triggering
prescribed magnitudes of landslides are of greater value in assessing
landslide risks and developing landslide warning criteria.

In this study, both the natural terrain landslide records and the
rainfall records from 1984 to 2013 in Hong Kong are organized. The
frequency distributions of the magnitudes of hillside landslides
and channelized debris flows, in terms of the number, scar area,
volume, or density of the hazards, are established. Year-based
correlations between the magnitudes of open hillslope landslides

Landslides 15 + (2018) | 727



Original Paper

22°30'0"N 1
22°20'0"N 1
— Contour line
Elevation (m)
por Max : 957.3
22°10'0"N 1 “Min: 0
113°50'0"E 114°0'0"E 114°10'0"E 114°20'0"E

Fig. 1 Topography of Hong Kong

22°30'0"N

22°20'0"N -

22°10'0"N

K

Slope (Degree)
[10-14.9
W 15.0-29.9
I 30.0 - 44.9
I 45.0-59.9
I 60.0-75.0

113°50'0"E

Fig. 2 Sloping angles of Hong Kong

728 | Landslides 15 « (2018)

114°0'0"E

114°10'0"E

114°20'0"E




Table 1 Maximum rolling 1-, 4-, 12-, and 24-h rainfall during 1984-2013
Maximum rolling 1-h rainfall

Maximum rolling 4-h rainfall

Maximum rolling 12-h Maximum rolling 24-h

(mm) (mm) rainfall (mm) rainfall (mm)
1984 112.0 227.0 244.0 251.5
1985 132.5 227.0 231.0 305.5
1986 101.5 197.0 248.5 3145
1987 96.0 165.5 251.0 320.0
1988 79.0 157.5 182.5 282.0
1989 105.0 194.5 408.5 566.0
1990 91.0 161.0 193.5 276.0
1991 77.5 112.5 190.0 197.5
1992 144.5 243.0 385.0 386.5
1993 117.0 285.0 575.5 742.0
1994 211.5 365.0 793.5 956.0
1995 112.0 2235 353.0 468.0
1996 95.0 173.5 210.0 353.0
1997 128.5 262.5 435.0 800.0
1998 98.0 218.5 374.5 562.0
1999 120.5 230.5 366.0 565.0
2000 126.5 348.5 484.0 5255
2001 132.0 230.5 312.0 323.0
2002 139.0 225.5 302.0 438.0
2003 135.0 290.5 428.5 505.0
2004 95.5 177.5 225.0 246.5
2005 117.0 196.5 337.5 570.0
2006 166.5 236.0 322.5 391.0
2007 89.5 130.0 189.5 229.0
2008 153.5 384.0 485.5 622.5
2009 97.5 169.5 207.0 250.5
2010 139.5 261.0 267.0 286.5
2011 116.5 183.0 2355 236.5
2012 98.5 173.5 273.5 428.0
2013 153.5 207.5 262.5 323.0
Average 119.4 2219 3258 424.0

and channelized debris flows and the maximum rolling rainfall
intensity are derived, and rainfall thresholds for triggering land-
slides and debris flows of different magnitudes are developed.

Study area

Hong Kong has a subtropical climate characterized by distinguished
dry and wet seasons. About 85% of the annual rainfall is recorded
during the wet season from April to October (AECOM and Lin 2015).
Rainfall intensities of 50-100 mm/h or 250-350 mm/day are common
(Ko and Lo 2016). Severe storms with hourly rainfall exceeding
200 mm/h and daily rainfall exceeding goo mm have also been
recorded. Storms with high intensity and short duration in Hong

Kong are typically associated with southwest monsoons or tropical
cyclones. Indeed, a rainstorm with a rolling 24-h rainfall of over
300 mm anywhere in Hong Kong, or if it has resulted in fatal
landslides, is recognized as a significant rainstorm (Ko and Lo 2016).
Hong Kong has a total land area of about 1100 km® The topog-
raphy of Hong Kong comprises steep mountainous areas and dis-
sected valleys. The highest point is Tai Mo Shan (957 m) in New
Territories. Other prominent topographic features include Victoria
Peak (552 m) on Hong Kong Island and Lantau Peak (934 m) on
Lantau Island. Natural terrain occupies about 60% of the land, a
large proportion of which is steeply sloping. Intense urban develop-
ments have taken place in the foothill areas that are relatively flat.
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Fig. 3 Enhanced natural terrain landslide inventory during 1984-2013 (extracted from ENTLI)

LiDAR data covering the entire Hong Kong was acquired in
January 2011. The vertical accuracy of this data set is + 0.1 m,
and the horizontal accuracy is = 0.5 m. The ground surface
elevation on the GIS platform is shown in Fig. 1. The slope
angles can be obtained from a digital elevation model (DEM)
and are shown in Fig. 2. The slopes are rather steep, ranging
from o to 75° Seventy-five percent of the natural terrain is
steeper than 15°, and over 30% is steeper than 30°. The low-
elevation areas are densely populated, especially the northern
Hong Kong Island and Kowloon. Even relatively small slope
failures may cause severe consequences.

Governed by the subtropical rainfall conditions and the hilly
terrains, large areas of the natural terrain in Hong Kong may be
susceptible to open hillslope landslides, resulting in serious con-
sequences. For example, on 8 June 1972, the Po Shan Road land-
slide and the Sau Mau Ping landslide killed 138 people in a single
day. In Hong Kong, The materials from slope failures mainly
include saprolite, colluvium, and weathered rock. Some of these
detached materials may develop into channelized debris flows
with great destructive power (Zhang et al. 2014; Gao et al. 2016;
Chen et al. 2016).

Available data

Automatic raingauge network

The Hong Kong Observatory (HKO) and the Geotechnical En-
gineering Office (GEO) have installed 110 automatic raingauges
in Hong Kong since the early 1980s. The raingauge network
provides real-time rainfall data at a 5-min interval. Based on
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readings from these raingauges, the maximum rolling 1-, 2-, 4-,
5-, 6-, 8-, 12-, and 24-h rainfall in each year from 1984 to 2013
has been obtained. The maximum rolling 1-, 4-, 12-, and 24-h
rainfall from 1984 to 2013 is listed in Table 1. Among a majority
of years from 1984 to 2013, there was at least one significant
rainstorm in a year. Probable maximum precipitation (PMP) is
frequently used to quantify the magnitudes of storms, especially
for extreme storm events (AECOM and Lin 2015). In 2008, the
maximum rolling 4-h rainfall reached 384 mm, which has a
return period of 1100 years, corresponding to 60-67% of the
4-h PMP; the maximum rolling 24-h rainfall was 622.5 mm, with
a return period of 200 years, corresponding to 33-41% of the 24-
h PMP. The spatial variations and correlations of three large
storms in Hong Kong are described by Gao et al. (2017).

Historical year-based landslides
Numerous natural-terrain landslides have been recorded in
Hong Kong in the past. GEO compiled an inventory of historical
landslides in Hong Kong in the mid-1990s, which was known as
Natural Terrain Landslide Inventory (NTLI) (King 1999). Since
then, GEO has enhanced NTLI based on both high- and low-
flight aerial photographs and expanded the inventory on an
annual basis (GEO 1996; Maunsell-Fugro Joint Venture 2007).
The ENTLI contains records of 19,763 recent natural terrain
landslides and debris flows that occurred in the period of
1924-2013, and 89,571 relict natural terrain landslides.

In ENTLI, recent landslides are visible landslide incidents
since 1924 that can be identified from aerial photographs with
confirmed year of occurrence. Relict landslides occurred earlier



Table 2 Summary of numbers of landslide records during 1984-2013

Year Open hillslope Channelized Total
landslides debris flows number
1984 43 6 49
1985 55 17 72
1986 95 23 118
1987 35 9 44
1988 28 21 49
1989 384 285 669
1990 43 14 57
1991 18 3 21
1992 317 180 497
1993 933 780 1713
1994 563 243 806
1995 137 20 157
1996 72 26 98
1997 257 106 363
1998 308 78 386
1999 518 421 939
2000 706 205 911
2001 205 93 298
2002 44 22 66
2003 214 93 307
2004 22 5 27
2005 136 108 244
2006 63 24 87
2007 113 23 136
2008 1629 1488 3117
2009 48 16 64
2010 85 19 104
2011 34 5 39
2012 119 4 123
2013 47 14 61
Total 7271 4351 11,622

than the time scale of aerial photos, but are identifiable in aerial
photos based on indication of morphological features. The
ENTLI has a resolution of 0.1 m, which is very accurate. The
greatest error of the inventory results from both the subjective
nature of aerial photo interpretation and the vegetation cover.
Since 1984, GEO documented major landslides in open reports,
which minimized chances of misidentification. Since data after
1984 are more reliable, only 11,622 records in the past 30 years
since 1984 are examined and the relict landslides are not con-
sidered in this study.

The inventory data of historical natural terrain landslides
were compiled into a point shapefile on the GIS platform. The
information collated and compiled into the attribute tables for
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Fig. 4 Frequency distributions of a scar area and b volume of open hillslope
landslides

each entry includes occurrence year, landslide crown location,
landslide classification, any actions taken for a particular land-
slide, average width and length of the landslide main scarp,
runout distance, and elevations of the crown and toe, vegeta-
tion cover, slope angle, etc. The inventory of natural terrain
landslides from 1984 to 2013 is shown in Fig. 3. Landslides are
densely distributed over the territory of Hong Kong. The land-
slide types are classified into open hillslope failure (O), chan-
nelized debris flow (C), or coastal slope failure (S). The open
hillslope landslides include block glides, block slumps, hillslope
debris slides, debris avalanches, and debris flows (Varnes 1978),
which are wholly on the open hillslope and are not channelized
along a stream course. Open hillslope landslides may develop
into channelized debris flows, which are characterized as a
detached mass sliding downstream along a gully.

Open hillslope landslides and channelized debris flows are the
two most common natural terrain landslide types in Hong Kong
(Ko 2003; Wong et al. 2013; Ng et al. 2002) and are studied
separately in this paper.

Frequency of landslides
The numbers of open hillslope landslides and channelized debris
flows during 1984-2013 are listed in Table 2. In total 11,622 open
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Fig. 5 Frequency distributions of a scar area and b volume of channelized debris
flows

hillslope landslides and channelized debris flows were recorded.
There were 6 years in which more than 500 landslides were
triggered annually: 3117 landslides in 2008, and more than 500
landslides in 1989, 1993, 1994, 1999, and 2000. Open hillslope
landslides took larger proportions than channelized debris flows.
The numbers of channelized debris flows in these years were
relatively large as well.

The data on landslide scar area and volume enables us to
determine the frequency distribution of the magnitudes of land-
slides. The landslide scar area is computed as the product of the
landslide scar width and length. The landslide volume is calcu-
lated as the landslide scar area multiplied by the average failure
depth. The failure depth is considered to be negatively correlat-
ed with the slope angle, and is between 1.5 and 2.0 m according
to previous field investigations (Au 1998). Those landslide cases
with no width or length records are excluded in this study.

Figures 4 and 5 show the frequency histograms of open
hillslope landslides and debris flows in terms of scar area and
volume, respectively. There are 1241 and 1142 recorded open
hillslope landslides and channelized debris flows with scar areas
of 10-20 and 20-30 m?, respectively. Approximately 10% of the
open hillslope landslides are estimated to have a source area of

732 | Landslides 15 « (2018)

100 5 g
e E':’q:b_h
o
%o
< %
S 10 o
>
e o
5 °
> [a]
Qo 1+ o O
‘0 o 0
= < Open hillslope landslides, %
% u=55.24, 0=62.39 o
E 01 I oChannelized debris flows,
o p=91.33, 0=109.06 %o
°
0.01 L L <\> J
1 10 100 1000 10000
(b) Scar area (m?)
100 & 8 By
9995%
o
X o O
< 10
3 %o
C
g 1 F OOOE%
2 © Open hillslope landslides, A
B p=102.03, 0=133.58 o
> o
g 0.1  oChannelized debris flows,
o u=166.54, 0=206.69 o
0-01 L L L o J
1 10 100 1000 10000
Volume (m?3)

Fig. 6 Cumulative frequency: a scar area and b volume relationship of landslides.
M = mean value, 0 = standard deviation

100-200 m®, and 22% of the open hillslope landslides have a
volume in the range of 100-200 m’. There are approximately
20% of the debris flows with source areas ranging from 100 to
200 m? and 29% of the debris flows with volumes of 100-
200 m?. The mean values of the scar areas are 55.24 and
91.33 m> and the mean values of the volumes are 102.03 and
166.54 m® for the open hillslope landslides and channelized
debris flows, respectively. The corresponding standard devia-
tions are 62.39 and 109.06 m® for scar area, and 133.58 and
206.69 m® for volume, respectively.

The frequency-magnitude distribution is detected to be a
power-law type according to previous studies (e.g., Hungr et al.
1999; Dai and Lee 2001). The distribution is analogous to the
Gutenberg-Richter law, being a straight line in a log-log space:

LogN = A+ BM (1)

where N is the number of landslides; M is the magnitude measured
on a logarithmic scale; and A and B are coefficients. It states that
the logarithm of the number of landslides N exceeding a given
magnitude M is linearly related to the logarithmical magnitude.
With reference to the Gutenberg-Richter law, the cumulative
frequency-volume distributions for both the open hillslope
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landslides and the channelized debris flows are plotted in Fig. 6.
Approximately 87% of the open hillslope landslides have scar
areas less than 100 m?, and 67% of the open hillslope landslides
have volumes less than 100 m?® Approximately 71% of the
channelized debris flows have scar areas less than 100 m”, and
45% of the channelized debris flows have volumes less than
100 m® The relationships for both scar areas and volumes in
Fig. 6a, b appear to be linear on a logarithmic scale when the
scar areas and volumes are larger than 200 m* or 200 m’>.

Since the overwhelming majority of the historical natural ter-
rain landslides are small ones, the cumulative density functions of
the scar areas and volumes of both open hillslope landslides and
channelized debris flows are fitted using a regularized gamma
function (Malamud et al. 2004):

ﬁ

F(x;a, ) = (o) (2)

where o and (3 are parameters and obtained using least-squares
fitting, and x is a variable describing the landslide scar area or

volume in this study. Its corresponding probability density func-
tion is an inverse gamma distribution:

flosen ) = s texp -2 o)

Figure 7 shows the cumulative density functions and fitting
curves for the scar areas and volumes of both open hillslope
landslides and channelized debris flows. The estimated « and
values for the scar areas and volumes of the open hillslope land-
slides are 0.86, 20.48, and 2.00, 100.02, respectively. The corre-
sponding values for the channelized debris flows are 2.01, 119.35,
and 2.01, 189.07, respectively.

Landslide magnitude-based triggering rainfall thresholds

Relationship between landslide magnitudes and rainfall intensity

The relationships between the occurrence of landslides and max-
imum rolling rainfall intensity in different durations are evaluated
using linear regression analysis. The threshold of maximum
rolling rainfall for the initiation of natural terrain landslides is
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Table 3 Summary of mean maximum rolling rainfall thresholds

Minimum threshold (mm)

Mean maximum rolling rainfall threshold (mm)
Number of open hillslope landslides

Number of channelized debris flows

> 500 100-500 < 100 > 500 100-500 < 100
Max. rolling 1-h rainfall 75 146 117 112 135 132 113
Max. rolling 2-h rainfall 90 215 162 154 217 178 157
Max. rolling 4-h rainfall 100 323 218 189 335 252 199
Max. rolling 5-h rainfall 110 355 234 199 377 275 210
Max. rolling 6-h rainfall 120 400 246 213 425 300 222
Max. rolling 8-h rainfall 150 451 281 226 462 349 240
Max. rolling 12-h rainfall 180 541 333 244 531 435 261
Max. rolling 24-h rainfall 200 682 452 310 682 600 328

identified as the minimum values of the rainfall listed in Table 1. In
this study, the lower bounds of the maximum rolling 1-, 2-, 4-, 6-,
12-, and 24-h rainfall amounts are 75, 90, 100, 120, 180, and
200 mm, respectively.

Figure 8 shows the correlations between the numbers, areas,
and volumes of open hillslope landslides and the maximum rolling
1-, 4-, 8-, and 24-h rainfall amounts from 1984 to 2013, and Fig. 9
shows the corresponding correlations for channelized debris flows.
In these two figures, each of the linear correlations is fitted with a
fixed intercept, defined as the minimum threshold in Table 3. The
R? of the fitted regression lines is listed in Table 4. The occurrence
of landslides is in general positively correlated to the rainfall
intensity. The heavier the rainfall is, the more landslides are likely
to occur. However, large differences in the number of landslides
are observed for storms of similar intensities, especially for heavy
rainfall events. The heavy rainfall events should be discriminated
from the minor ones.

The empirical correlations in Figs. 8 and 9 may be subjected to
large uncertainties when used to predict the occurrence of land-
slides under intense rainfall events. One uncertainty is the rainfall
pattern. The recorded number of landslides in 2008 was 3117.
Using the relationships with the maximum rolling 4- and 24-h
rainfall in this study, however, the estimated landslide numbers

are only 131 and 773, respectively. Hence, it is important to con-
sider the temporal rainfall profile in terms of intensity and dura-
tion to make the correlations more reliable.

With reference to Table 4, the coefficients of determination
associated with the maximum rolling 1-h rainfall are the
smallest. Extreme landslide numbers were recorded in 1993
and 2008, but the rolling hourly rainfall values in these 2 years
were not distinct. On the contrary, the largest hourly rainfall
intensity occurred in 1994, with which the deviation between the
prediction and the recorded number is not large. The relation-
ship between the maximum rolling 1-h rainfall and landslide
occurrence appears to be rather complex as 1-h rainfall misses
some important information such as antecedent rainfall.

The occurrence of landslides is more related with the maxi-
mum rolling 4- to 24-h rainfall indicated by larger R* values in
Table 4. Both the occurrence, the scar areas, and the volumes of
landslides can be better represented using a proper temporal
rainfall profile with durations from 4 to 24 h. Intense rainfall
lasting for a relatively prolonged period, 4 to 24 h, is the most
dominant factor for triggering a large number of open hillslope
landslides or channelized debris flows. According to previous
studies (Lumb 1975; Brand et al. 1984; Dai and Lee 2001), ante-
cedent rainfall is not a major factor as the vast majority of

Table 4 Summary of coefficients of determination R” of the regression between rainfall and landslides

Open hillslope landslides

Channelized debris flows

Number Area Volume Number Area Volume
Max. rolling 1-h rainfall 0.13 0.07 0.07 0.08 0.06 0.06
Max. rolling 2-h rainfall 0.27 0.18 0.18 0.18 0.16 0.16
Max. rolling 4-h rainfall 0.45 0.34 0.33 0.28 0.27 0.27
Max. rolling 5-h rainfall 0.49 0.38 0.38 031 0.31 031
Max. rolling 6-h rainfall 0.51 0.42 0.41 033 0.33 033
Max. rolling 8-h rainfall 0.52 0.42 0.42 031 033 0.33
Max. rolling 12-h rainfall 0.47 0.39 0.38 0.28 0.30 0.29
Max. rolling 24-h rainfall 0.39 0.35 0.34 0.25 0.28 0.27

Note: The values indicate the R? of the linear regression lines in Figs. 8 and 9. For example, the R of the regression line for number of open hillslope landslides versus maximum

rolling 1-h rainfall is 0.13
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Fig. 10 Maximum rolling rainfall thresholds for triggering a open hillslope landslides and b channelized debris flows

landslides in Hong Kong were induced by localized short-
duration storms of high intensity. The antecedent rainfall effect
might have been eliminated after a few hours of intense rainfall.

Maximum rolling rainfall thresholds for triggering different
magnitudes of landslides

The quantification of landslide magnitude is essential for land-
slide risk assessment and management. The numbers of both
open hillslope landslides and channelized debris flows from
1984 to 2013 are divided into three categories, namely, more
than 500, between 500 and 100, and less than 100. The maxi-
mum rolling rainfall thresholds for triggering natural terrain
landslides of different numbers are established using the mean
values of the triggering rainfall and plotted in Fig. 10. These
maximum rolling rainfall thresholds for a certain range of
landslide volumes do not represent the minimum values of
rainfall that may possibly trigger the landslides of specified scar
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areas or volumes, but are the mean maximum rolling rainfall
values corresponding to the specified numbers of landslides.
The mean maximum rolling rainfall values are also listed in
Table 3. If the maximum rolling 4-h rainfall reaches 330 mm, the
numbers of open hillslope landslides and channelized debris
flows may both exceed 500. The minimum thresholds are iden-
tified as 75, 90, 100, 110, 120, 150, 180, and 200 mm for the
maximum rolling 1-, 2-, 4-, 5-, 6-, 8-, 12-, and 24-h rainfall
amounts, respectively. The minimum 1- and 24-h thresholds
are consistent with those reported by Brand et al. (1984) and
Premchitt (1991). Brand et al. (1984) reported that an hourly
intensity of about 70 mm/h appears to be the threshold above
which landslides will occur. Premchitt (1991) indicated that
landslides are almost certain to occur when the 24-h rainfall
exceeds 200 mm.

The rainfall thresholds for the occurrence of channelized
debris flows are generally larger than those for the occurrence
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of open hillslope landslides. The threshold for triggering more
than 100 channelized debris flows is quite close to that for
triggering more than 500 landslides. Their mechanisms account
for this difference: the occurrence of open hillslope landslides is
one condition for the development of channelized debris flows.
Open hillslope landslides in Hong Kong initiate typically from
shallow slope failures, which are often caused by changes in
pore-water pressure by rainwater infiltration (Au 1998; Gao
et al. 2015). Some of the shallow slope failures develop into
mobile debris flows, which march down the hill and enter a
gully, entraining pre-existing materials there. Given high-
intensity rainfall over a long period, large flash floods may also
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Fig. 12 Maximum rolling rainfall-channelized debris flow magnitude relationships.
a Number. b Density of occurrence. ¢ Scar area ratio

develop on mid mountains, entraining the loose materials newly
or previously accumulated along the overland flow paths. Under
such large rainstorm events, the number of channelized debris
flows with much enlarged destructive power could increase with
rainfall intensity nonlinearly. More attention should be paid to
channelized debris flows under such circumstances.

Intensity-duration thresholds for triggering different magnitudes of
landslides

The rainfall intensity-duration records for the numbers of open
hillslope landslides and channelized debris flows are presented in
Figs. 11a and 12a, respectively. The natural terrain area in Hong

Landslides 15 * (2018) | 737



| Original Paper

Landslide density (Nos./km?)
>1.0,Y = 152.9x 0502 Rz = 0.90

- - -0.1-1.0,y = 120.57x0-%82, R2 = 0.79
- .= <0.1,y=118.23x0713, R2 = 0.91

Intensity of rainfall (mm/hr)

0 4 8 12 16 20 24
Duration of rainfall (hr)

—_—
(=2
~—

Scar area ratio (%)
>0.01, ¥ = 152.49x°0505 R2 = (0.83

- = =0.001-0.01, y = 116.37x0%%, R* = 0.84
- = <0.001,y=118.23x0713, R = 0.91

N

o

o
1

150

100

a
o

Intensity of rainfall (mm/hr)

0 4 8 12 16 20 24
Duration of rainfall (hr)

Fig. 13 Maximum rolling rainfall thresholds for triggering open hillslope
landslides of a density of occurrence and b scar area ratio

Kong is about 660 km®. The landslide density in number of
landslides per square kilometer can be calculated accordingly.
Figures 11b and 12b depict the rainfall intensity-duration relation-
ships for three levels of landslide densities. Since the scar areas of
historical landslides in each year have been obtained, the scar area
ratio per year can also be computed as the total scarp area divided
by the total natural terrain area. Figures 11c and 12¢ present the
intensity-duration relationships associated with three scar area
ratios for open hillslope landslides and channelized debris flows,
respectively. The rainfall intensity-duration relationships for land-
slide density and scar area ratio are similar.

The curves defining the rainfall intensity-duration thresh-
olds can be fitted using a power law (e.g., Caine 1980;
Guzzetti et al. 2008):

I=aD? (4)

where a and b are the scale and shape of the power law curve; I is
the rainfall intensity in millimeters per hour; and D is the duration
in hours, ranging from 1 to 24 h. Note that the rainfall intensity
here is calculated by the maximum rolling rainfall divided by its
corresponding duration, which denotes the highest rainfall inten-
sity across the entire territory of Hong Kong. Estimated a and b
values are obtained using least squares fitting.

The proposed rainfall threshold curves for three different cat-
egories of density and scar area ratio for open hillslope landslides
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and channelized debris flows are shown in Figs. 13 and 14, respec-
tively. These thresholds in the figures do not represent the mini-
mum values of rainfall that may possibly trigger the landslides of
the specified scar areas or volumes, but are the mean rainfall
values corresponding to the specified scar areas or volumes. The
R? for each intensity-duration threshold is quite large, ranging
from 0.79 to 0.91; hence, these estimated rainfall threshold curves
are associated with a high degree of confidence. These empirical
thresholds can be viewed as a family of composite thresholds that
are of significance to landslide risk management. When compared
with the threshold curve for open and channelized debris flows
derived by Jibson (1989), for which coefficients a and b are 41.83
and o.58, respectively, the composite rainfall thresholds for Hong
Kong in this study are significantly higher.

Limitations
The rainfall-landslide correlation studies in this paper are subject
to several limitations:

1. The rainfall-landslide magnitude correlations and rainfall
thresholds in this paper are developed only for natural terrain
landslides. In the future, similar relationships for manmade
slope failures should be developed.

2. The correlations and thresholds are considered in regional
scale in a statistical sense. The raw temporal information
stored in the landslide inventory does not allow a precise link



between rainfall and landslide occurrence. Spatial variations at
local scale, particularly information on site-specific rainfall,
lithology, topography, and geology, should be considered in
the future (e.g., Gao et al. 2017; Xiao et al. 2017).

3. The correlations and thresholds are based on 30 years of
records, and should be updated when more data is available.
More precise validation work should be conducted in the
future (Giannecchini et al. 2012; Martelloni et al. 2012; Segoni
et al. 2014; Gariano et al. 2015; Piciullo et al. 2017) based on
future rain-induced landslide events.

4. One should be cautious when extending these empirical rela-
tionships to future extreme storms not covered by the historic
data during the period of 1984-2013. Hazard interactions may
develop in a large storm, and cascading hazards of greater
destruction power may be generated from such interactions
(Zhang et al. 2014; Zhang et al. 2016).

5. Rainfall-landslide correlations based on long-term landslide
records may not be applicable to regions recently stricken by
strong earthquakes. In such regions, the rainfall thresholds
may change rapidly due to changing material supply and
topography, restoration of vegetation, and other factors
(Chen et al. 2014; Zhang et al. 2013, 2016; Shen et al. 2017;
Zhang and Zhang 2017).

Conclusions

In this study, the magnitudes and triggering rainfall thresholds of
the open hillslope landslides and channelized debris flows in Hong
Kong during the period of 1984-2013 are assessed based on the
Enhanced Natural Terrain Landslide Inventory (ENTLI) with
19,763 records. These empirical correlations and triggering rainfall
thresholds are essential to landslide risk management. Based on
the study, the following conclusions can be drawn:

1. The frequency distributions of both the open hillslope land-
slides and the channelized debris flows in Hong Kong are
established. Approximately 87% of the open hillslope land-
slides have scar areas less than 100 m® and 67% of the open
hillslope landslides have volumes less than 100 m®. Approxi-
mately 71% of the channelized debris flows have scar areas less
than 100 m? and 45% of the channelized debris flows have
volumes less than 100 m?® The mean values of the scar areas
and volumes of the open hillslope landslides are 55.2 m* and
102.0 m?, respectively, and those for the channelized debris
flows are 91.3 m” and 166.5 m>, respectively.

2. Linear correlations combining landslide occurrences, scar
areas, volumes, and maximum rolling rainfall in different
periods have been derived. The rainfall intensity-duration
thresholds for identifying the likely rainfall conditions that
yield natural terrain landslides of certain magnitudes have
also been proposed. The rainfall thresholds are quantified for
three levels of landslide magnitudes for both open hillslope
landslides and channelized debris flows.

3. To improve the accuracy of the rainfall-landslide magnitude
correlations, maximum rolling rainfall with relatively
prolonged profiles need to be included. The maximum rolling
4- to 24-h rainfall amounts are found to provide better predic-
tions for the numbers, scar areas, and volumes of landslides
compared with those with the maximum rolling 1-h rainfall.

4. The minimum rainfall thresholds for initializing landslides are
identified as 75, 90, 100, 110, 120, 150, 180, and 200 mm for the
maximum rolling 1-, 2-, 4-, 5-, 6-, 8-, 12-, and 24-h rainfall,
respectively. If the maximum rolling 4-h rainfall reaches
330 mm, statistically more than 500 open hillslope landslides
and 500 channelized debris flows can occur in Hong Kong.

Acknowledgements

The authors would like to thank the Geotechnical Engineering
Office (GEO) of the Civil Engineering and Development Depart-
ment for providing the DEM and historic landslide data described
in this paper. This research was supported by the Research Grants
Council of the Hong Kong SAR Government (Nos. C6012-15G and
16206217).

References

AECOM, Lin B (2015) 24-hour probable maximum precipitation updating study. GEO
Report No. 314, Geotechnical Engineering Office, Hong Kong Special Administration
Region

Au SWC (1998) Rain-induced slope instability in Hong Kong. Eng Geol 51:1-36

Baum RL, Godt JW (2010) Early warning of rainfall-induced shallow landslides and debris
flows in the USA. Landslides 7(3):259-272

Brand EW, Premchitt J, Phillipson HB (1984) Relationship between rainfall and landslides
in Hong Kong. In Proceedings of the 4th International Symposium on Landslides,
Toronto, Ont. BiTech Publishers, Vancouver, B.C.:377-384

Caine N (1980) The rainfall intensity-duration control of shallow landslides and debris
flows. Geografiska Annaler. Series A. Phys Geogr 62:23-27

Chan RKS, Pang PLR, Pun WK (2003) Recent developments in the landslip warning
system in Hong Kong. Proceedings of the Fourteenth Southeast Asian Geotechnical
Conference, Southeast Asian Geotechnical Society, Hong Kong, p 219-224

Chau KT, Sze YL, Fung MK, Wong WY, Fong EL, Chan LCP (2004) Landslide hazard
analysis for Hong Kong using landslide inventory and GIS. Comput Geosci 30(4):429—
443

Chen HX, Zhang LM, Zhang S (2014) Evolution of debris flow properties and physical
interactions in debris-flow mixtures in the Wenchuan earthquake zone. Eng Geol
182:136-147

Chen HX, Zhang LM, Gao L, Yuan Q, Lu T, Xiang B, Zhuang WL (2016) Simulation of
interactions among multiple debris flows. Landslides 14(2):595-615

Chen CW, Oguchi T, Hayakawa YS, Saito H, Chen H (2017) Relationship between landslide
size and rainfall conditions in Taiwan. Landslides 14(3):1235-1240

Crosta GB, Frattini P (2001) Rainfall thresholds for triggering soil slips and debris flow. In:
Mugnai A, Guzzetti F, Roth G (eds) Proceedings of the 2nd EGS Plinius conference on
mediterranean storms, Siena, p 463-487

Dai FC, Lee CF (2001) Frequency-volume relation and prediction of rainfall-induced
landslides. Eng Geol 59(3):253-266

Evans NC, Huang SW, King JP (1999) The natural terrain landslide study—phases | and II.
GEO Report No. 73, Geotechnical Engineering Office, Hong Kong Special Administra-
tion Region

Finlay PJ, Fell R, Maguire PK (1997) The relationship between the probability of landslide
occurrence and rainfall. Can Geotech J 34(6):811-824

Franks CAM (1999) Characteristics of some rainfall-induced landslides on natural slopes,
Lantau Island, Hong Kong. Q J Eng Geol 32:247-259

Gao L, Zhang LM, Chen HX (2015) Likely scenarios of natural terrain shallow slope
failures on Hong Kong Island under extreme storms. Natural Hazards Review,
ASCE:B4015001

Gao L, Zhang LM, Chen HX, Shen P (2016) Simulating debris flow mobility in urban
settings. Eng Geol 214:67-78

Gao L, Zhang LM, Lu M (2017) Characterizing the spatial variations and correlations of
large rainstorms for landslide study. Hydrol Earth Syst Sci 21:4573-4589

Gariano SL, Brunetti MT, lovine G, Melilloa M, Peruccacci S, Terranova O, Vennari C,

Guzzetti F (2015) Calibration and validation of rainfall thresholds for shallow landslide
forecasting in Sicily. South Italy Geomorphol 228(2015):653-665

Landslides 15 + (2018) | 739



| Original Paper

Geotechnical Engineering Office (1996) Compilation of a database on landslide conse-
quence. Submitted by Mitchell, McFarlane, Brentnall & Partners Int. Ltd., Agreement
No. GEO 8/95. Geotechnical Engineering Office, Hong Kong Special Administration
Region

Giannecchini R, Galanti Y, D'Amato Avanzi G (2012) Critical rainfall thresholds for
triggering shallow landslides in the Serchio River Valley (Tuscany, Italy). Nat Hazards
Earth Syst Sci 12:829-842

Glade T, Crozier MJ, Smith P (2000) Applying probability determination to refine
landslide-triggering rainfall thresholds using an empirical ““Antecedent Daily Rainfall
Model”. Pure Appl Geophys 157(6/8):1059-1079

Guzzetti F, Peruccacci S, Rossi M, Stark CP (2008) The rainfall intensity-duration control of
shallow landslides and debris flows: an update. Landslides 5(1):3-17

Ho KKS (2013) Managing the uncertainties of natural terrain landslides and extreme
rainfall in Hong Kong. In Landslide Science and Practice, Springer Berlin Heidelberg, p
285-302

Huggel C, Khabarov N, Obersteiner M, Ramirez JM (2010) Implementation and integrated
numerical modeling of a landslide early warning system: a pilot study in Colombia.
Nat Hazards 52(2):501-518

Hungr O, Evans SG, Hazzard J (1999) Magnitude and frequency of rock falls and rock
slides along the main transportation corridors of southwestern British Colombia. Can
Geotech J 36:224-238

Jibson RW (1989) Debris flows in southern Puerto Rico. Geol Soc Am Spec Pap 236:29-56

Kay JN, Chen T (1995) Rainfall-landslide relationship for Hong Kong. Proc Inst Civ Eng-
Geotech Eng 113(2):117-118

Keefer DK, Wilson RC, Mark RK, Brabb EE, Brown WM-III, Ellen SD, Harp EL, Wieczorek GF,
Alger CS, Zatkin RS (1987) Real-time landslide warning during heavy rainfall. Science
238:921-925

King JP (1999) Natural terrain landslide study: natural terrain landslide inventory. GEO
Report No. 74, Geotechnical Engineering Office, Hong Kong Special Administration
Region

Ko FWY (2003) Correlation between rainfall and natural terrain landslide occurrence in
Hong Kong, GEO Report No. 168, Geotechnical Engineering Office, Hong Kong Special
Administration Region

Ko FWY, Lo FLC (2016) Rainfall-based landslide susceptibility analysis for natural terrain
in Hong Kong-A direct stock-taking approach. Eng Geol 215:95-107

Lumb P (1975) Slope failures in Hong Kong. Q J Geol 8:31-65

Malamud BD, Turcotte DL, Guzzetti F, Reichenbach P (2004) Landslide inventories and
their statistical properties. Earth Surf Process Landf 29(6):687-711

Martelloni G, Segoni S, Fanti R, Catani F (2012) Rainfall thresholds for the forecasting of
landslide occurrence at regional scale. Landslides 9(4):485—495

Maunsell-Fugro Joint Venture (2007) Final report on compilation of the Enhanced
Natural Terrain Landslide Inventory (ENTLI), Maunsell-Fugro Joint Venture & Geotech-
nical Engineering Office, Hong Kong Special Administration Region

Ng KC, Parry S, King JP, Franks CAM, Shaw R (2002) Guidelines for natural terrain hazard
studies, GEO Report No. 138, Geotechnical Engineering Office, Hong Kong Special
Administration Region

Piciullo L, Gariano SL, Melillo M, Brunetti MT, Peruccacci S, Guzzetti F, Calvello M (2017)
Definition and performance of a threshold-based regional early warning model for
rainfall-induced landslides. Landslides 14:995-1008

Premchitt J (1991) Salient aspects of landslides in Hong Kong. In: Proceedings of the 9th
Asian Regional Conference on Soil Mechanics and Foundation Engineering, Bangkok,
Thailand 2:497-502

740 | Landslides 15 « (2018)

Pun WK, Wong ACW, Pang RPL (1999) Review of landslide warning criteria 1998/1999.
Report No. SPR 4/99, Geotechnical Engineering Office, Hong Kong Special Adminis-
tration Region

Rosi A, Peternel T, Jemec-Auflic M, Komac M, Segoni S, Casagli N (2016) Rainfall
thresholds for rainfall-induced landslides in Slovenia. Landslides 13(6):1571-1577

Segoni S, Rossi G, Rosi A, Catani F (2014) Landslides triggered by rainfall: a semi-
automated procedure to define consistent intensity-duration thresholds. Comput
Geosci 63(2014):123-131

Shen P, Zhang LM, Chen HX, Gao L (2017) Role of vegetation restoration in mitigating
hillslope erosion and debris flows. Eng Geol 116:122-133

Tang D, Li DQ, Cao ZJ (2017) Slope stability analysis in Three Gorges Reservoir Area
considering effect of antecedent rainfall. Georisk 11(2):161-172

Varnes DJ (1978) Slope movements, type and processes. In: Schuster RL, Krizek RJ (eds)
Landslide analysis and control. Transportation Research Board, Special Report 176.
National Academy of Sciences, Washington, p 11-33

Wong HN, Ko FWY, Hui THH (2006) Assessment of landslide risk of natural hillsides in
Hong Kong, GEO Report No. 191, Geotechnical Engineering Office, Hong Kong Special
Administration Region

Wong ACW, Ting SM, Shiu YK, Ho KKS (2013) Latest developments of Hong Kong's
Landslip Warning System. Proc World Landslide Forum 3(2):613-618

Xiao T, Li DQ, Cao ZJ, Tang XS (2017) Full probabilistic design of slopes in spatially
variable soils using simplified reliability analysis method. Georisk 11(1):146-159

Yu YF (2002) Correlations between rainfall, landslide frequency and slope information for
registered man-made slopes, GEO Technical Note No. TN 3/2002, Geotechnical
Engineering Office, Hong Kong Special Administration Region

Zhang S, Zhang LM (2017) Impact of the 2008 Wenchuan earthquake in China on
subsequent long-term debris flow activities in the epicentral area. Geomorphology
276(1):86-103

Zhang S, Zhang LM, Chen HX, Yuan Q, Pan H (2013) Changes in runout distances of
debris flows over time in the Wenchuan Earthquake zone. J Mt Sci 10(2):281-292

Zhang LM, Zhang S, Huang RQ (2014) Multi-hazard scenarios and consequences in
Beichuan, China: the first five years after the 2008 Wenchuan earthquake. Eng Geol
180:4-20

Zhang S, Zhang LM, Nadim F, Lacasse S (2016) Evolution of mass movement near
epicenter of Wenchuan earthquake, the first eight years. Sci Rep 6:36154

L. Gao ‘L. M. Zhang (=)

Department of Civil and Environmental Engineering,
The Hong Kong University of Science and Technology,
Clear Water Bay, Hong Kong

Email: cezhangl@ust.hk

L. Gao
e-mail: cegaoliang@ust.hk

R. W. M. Cheung

Development Bureau, Government of Hong Kong Special Administrative Region,
Hong Kong, People’s Republic of China

e-mail: raymondcheung@devb.gov.hk



	Relationships between natural terrain landslide magnitudes and triggering rainfall based on a large landslide inventory in Hong Kong
	Abstract
	Introduction
	Study area
	Available data
	Automatic raingauge network
	Historical year-based landslides
	Frequency of landslides

	Landslide magnitude-based triggering rainfall thresholds
	Relationship between landslide magnitudes and rainfall intensity
	Maximum rolling rainfall thresholds for triggering different magnitudes of landslides
	Intensity-duration thresholds for triggering different magnitudes of landslides
	Limitations

	Conclusions
	References


