
Territory-wide Rainfall-based 
Landslide Susceptibility Analysis 

GEO Report No. 364 
 
 

F.L.C. Lo, R.P.H. Law & F.W.Y. Ko 

Geotechnical Engineering Office 
Civil Engineering and Development Department 
The Government of the Hong Kong 
Special Administrative Region 



[Blank Page]



 

Territory-wide Rainfall-based 
Landslide Susceptibility Analysis 

GEO Report No. 364 
 
 

F.L.C. Lo, R.P.H. Law & F.W.Y. Ko 

This report was originally produced in May 2015 
as GEO Special Project Report No. SPR 1/2015 



2 

© The Government of the Hong Kong Special Administrative Region 
 
First published, December 2022 
 
 
Prepared by: 
 
Geotechnical Engineering Office, 
Civil Engineering and Development Department, 
Civil Engineering and Development Building, 
101 Princess Margaret Road, 
Homantin, Kowloon, 
Hong Kong. 



3 

Preface 

 

 

 In keeping with our policy of releasing information 

which may be of general interest to the geotechnical 

profession and the public, we make available selected internal 

reports in a series of publications termed the GEO Report 

series.  The GEO Reports can be downloaded from the 

website of the Civil Engineering and Development Department 

(http://www.cedd.gov.hk) on the Internet. 

 

 

 

 

 

 

 Raymond WM Cheung 

Head, Geotechnical Engineering Office 

 December 2022 



4 
 

Foreword 
 
 
 This report presents a new territory-wide rainfall-based 
landslide susceptibility analysis for natural terrain that takes 
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Abstract 
 
 

The previous landslide susceptibility map for natural 
terrain in Hong Kong has its limitations for direct application, 
such as in predicting number of natural terrain landslides in a 
rainstorm and undertaking global analysis, for example, global 
quantitative risk assessment and priority ranking.  To 
overcome the limitations, a new territory-wide rainfall-based 
landslide susceptibility analysis was developed that correlates 
rainfall and landslide density with slope angle and solid geology.  
The year-based susceptibility model correlates landslide density 
with normalized maximum rolling 24-hour rainfall.  
Twenty-four terrain units, comprising eight classes of slope 
angle and three classes of solid geology were considered.  For 
each terrain unit, a year-based correlation between normalized 
maximum rolling 24-hour rainfall and landslide density was 
obtained.  Global adjustment factors were recommended to 
transform the year-based correlation to the storm-based 
correlation. Storm-based correlation based on normalized 
maximum rolling 4-hour and 24-hour rainfalls was also 
developed using the same methodology. 
 

For the time being, the new susceptibility model would 
be applied in predicting number of natural terrain landslides in a 
rainstorm and undertaking global analysis, for example, global 
quantitative risk assessment and priority ranking.  However, 
the resolution and reliability of the model are not yet sufficient 
to support direct application for site-specific hazard assessments 
and risk-based decision making at this stage. 
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1   Introduction 
 
 Hong Kong faces a unique long-term slope safety problem due to its dense urban 
development in a hilly terrain combined with high seasonal rainfall.  Its slope engineering 
practice and landslide risk management have evolved in response to experience and through 
continuous improvement initiatives and technology advances.  The application of 
state-of-the-art slope engineering practice and quantified landslide risk management has 
reduced landslide risk to an as low as reasonably practicable level that meets the needs of the 
public and facilitates safe and sustainable developments.  One of the recent initiatives 
undertaken as part of the continuous efforts to enhance landslide risk management is the 
development of a rainfall-based landslide susceptibility model for natural terrain in Hong 
Kong.  This is made possible through the long-term investment in compiling a series of 
important databases that are essential and instrumental to undertaking state-of-the-art research 
and development work related to landslides.   
  
 This report first discusses the previous landslide susceptibility map for natural terrain 
in Hong Kong and its limitations, and then presents a new territory-wide rainfall-based 
landslide susceptibility analysis for natural terrain that takes cognizance of the effects of slope 
angle and solid geology. 
 
 
2   Data 

2.1   Rainfall 
 
 The Geotechnical Engineering Office (GEO), together with the Hong Kong 
Observatory (HKO), has installed 124 automatic raingauges across Hong Kong since the 
early 1980s.  The existing network comprises 88 GEO and 36 HKO automatic raingauges 
with an average density of 10 km2/gauge (Figure 2.1).  Each GEO raingauge station 
consists of a tipping bucket rainfall measuring unit and a data logger (with an internal 
modem) powered by solar energy.  The raingauges are monitored automatically.  Prior to 
2015, real-time rainfall data of the GEO raingauges were transmitted to the receiving 
servers at 5-minute intervals via a General Packet Radio Service network and Metro Ethernet 
network services.  Now, real-time rainfall data of the GEO raingauges are transmitted to 
the receiving servers at 1-minute intervals via mobile phone network.  The raingauges 
provide a reasonably good spatial and temporal coverage of rainfall records across the 
territory.  For past rainstorms, the five-minute rainfall data was used to quantify year-based 
normalized maximum rolling 24-hour rainfall and combined 4-hour and 24-hour rainfalls 
across Hong Kong, which were then related to landslide occurrence [Note: Year-based 
normalized maximum rolling 24-hour rainfall (or combined 4-hour and 24-hour rainfalls) at 
a location is equal to the maximum rolling 24-hour rainfall (or combined 4-hour and 
24-hour rainfalls) in a year divided by the mean annual rainfall (1977 to 2006) at the same 
location (Chan et al, 2012)].  Figure 2.2 shows the contours of the year-based normalized 
maximum rolling 24-hour rainfall over the natural terrain area in 2008 as an example. 
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Figure 2.1   Locations of GEO and HKO Automatic Raingauges 
 
 
 

 
Figure 2.2   Contours of the Year-based Normalized Maximum Rolling 24-hour Rainfall 

over the Natural Terrain Area in 2008 
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2.2   Slope Angle 
  
 Lately in the early 2010s, the GEO completed a multi-return airborne Light Detection 
and Ranging (LIDAR) survey for the whole territory of Hong Kong.  Wong (2007) 
summarized the capability of using multi-return airborne LIDAR for high-precision and 
virtual-deforestation over-ground survey.  In essence, the technique allows landslide 
geomorphology to be interpreted and landslide maps to be produced to a resolution that 
cannot otherwise be achieved by using conventional aerial photographs. 
 
 The technical requirements of the airborne LIDAR survey in Hong Kong were 
sampling interval at 1.3 m, and horizontal and vertical data accuracies at 0.3 m and 0.13 m 
respectively.  The survey results were used to develop a 0.5 m-grid DEM for the whole 
territory of Hong Kong.  For global assessments, a 5 m-grid DEM has been prepared by 
resampling from the 0.5 m-grid DEM.  The 5 m-grid DEM were also converted into a      
5 m-grid slope angle model.  An example of the 5 m-grid slope angle map is shown in 
Figure 2.3.  The distribution of natural terrain area according to slope angle classes is 
shown in Figure 2.4. 
 
 

 
Figure 2.3   An Example of the 5 m-grid Slope Angle Map 
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Figure 2.4   Distribution of Natural Terrain Area according to Slope Angle Classes 
 
 
2.3   Solid Geology 
 
 Sewell et al (2000) summarized the history and development of the set of fifteen 
1:20,000-scale geological maps and six accompanying memoirs in Hong Kong.  For the 
purpose of global assessments, the complex solid geology of Hong Kong as shown in the 
1:20,000 geological maps was simplified to three main groups: intrusive, volcanic and 
sedimentary (Figure 2.5). 
 
 
 

 
Figure 2.5   The Simplified Solid Geology of Hong Kong 
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2.4   Landslides 
 
 In the mid 1990s, the GEO began compilation of an inventory of historical natural 
terrain landslides (known as Natural Terrain Landslide Inventory (NTLI)) (King, 1999).  
Natural terrain landslides were identified based on aerial photograph interpretation (API) 
using high-flight aerial photographs (taken at 8,000 feet or above).  There were about 
30,000 landslides in the NTLI.  In 2005, the GEO commenced a two-year project on 
enhancement of the NTLI (known as Enhanced Natural Terrain Landslide Inventory 
(ENTLI)).  Natural terrain landslides in the ENTLI were identified from API using the 
available low-flight (taken at less than 8,000 feet) aerial photographs, which provided great 
improvement in both resolution and temporal coverage.  The high-flight aerial photographs 
are only taken once a year while the low-flight aerial photographs are taken more frequently 
for different parts of Hong Kong.  The high-resolution ENTLI contains about 100,000 
natural terrain landslides, which are over three times of those in the NTLI.  The natural 
terrain landslides in the ENTLI are categorized into recent and relict landslides.  Recent and 
relict landslides are different types of landslide features.  While recent landslides are visible 
landslide incidents identified from aerial photographs since 1924, relict landslides are only 
morphological features that give an indication of past landslide activities.  Recent landslides 
in the ENTLI are further classified into three types, namely, channelized debris flow, open 
hillslope landslide and coastal landslide.  Recognition factors of the relict landslides are 
recorded in the ENTLI as 80%, 50% and 10%.  Other key landslide features, such as length 
and width, elevation of landslide crown and trail and runout distance are also recorded in the 
inventory.  Figure 2.6 illustrates the recent and relict landslides on a particular natural 
hillside in Hong Kong. 
 
 
 

 
Figure 2.6   Recent and Relict Landslides on a Particular Natural Hillside in Hong 

Kong 
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3   Previous Landslide Susceptibility Map 
 
 The first territory-wide landslide susceptibility map in Hong Kong (Figure 3.1) was 
prepared in 1998, based on correlation of landslide density (landslides/km2) and landslide 
frequency (landslides/km2/year) with slope angle and geology (Evans & King, 1998).  Five 
susceptibility classes were defined: very low, low, moderate, high and very high with 
landslide densities varying from < 10 to > 100 landslides per km2 corresponding to 
frequencies varying from 0.1 to > 1 landslide/km2/year.  Insights from the landslide  
susceptibility analysis, which highlight the limited resolution of the susceptibility analysis for 
direct application, have been summarized by Wong (2003). 
 
 
 

 
Figure 3.1   An Extract of the First Territory-wide Landslide Susceptibility Map in 

Hong Kong 
 
 
 The landslide susceptibility map was updated in 2014 using the latest 5 m-grid slope 
angle model and ENTLI.  The methodology to prepare the map is the same as the one 
previously adopted.  Slope angles derived from the 5 m-grid slope angle map greatly 
improved the reliability of the terrain data.  Natural terrain landslides were obtained from the 
ENTLI up to the year 2009.  The higher resolution of the inventory provided larger number 
of natural terrain landslides, even after taking into consideration the recognition factors of the 
relict landslides.  The range of landslide frequencies that corresponds to the five 
susceptibility classes increases by an order of magnitude (i.e. previously from 0.1 to > 1 
landslide/km2/year and now from < 1 to > 10 landslide/km2/year). 
 
 Both susceptibility maps have the following limitations: 
 

(a) The resolution achieved in terms of landslide frequency, 
which spans about one order of magnitude between the least 
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and most susceptible zones, is very limited for practical use.  
As a comparison, it is not difficult to achieve resolution 
better than three to four orders of magnitude in consequence 
assessment with the use of a generic consequence model. 

 
(b) Natural terrain landslides are far sensitive to short-duration, 

intense rainfall than terrain characteristics, such as slope 
angle.  If rainfall is not considered, the outcome would not 
be very accurate.  For example, in year 2000, many 
landslides were found on hillsides of “medium” and “low” 
susceptibility classes but few landslides occurred on 
hillsides of “very high” and “high” susceptibility classes, 
when the heavy rainstorm mainly hit natural terrain areas of 
“medium” and “low” susceptibility classes. 

 
(c) The susceptibility analysis considers both recent and relict 

landslides at equal weight.  However, recent and relict 
landslides are different types of landslide features as 
discussed in Section 2.4.  The number of relict landslides 
observed does not give a full picture of the number of past 
landslides.  Combining them together for quantitative 
analysis may be misleading. 

 
(d) But if only recent landslides are taken into consideration, 

the observation period of recent landslide activities would 
be too short as compared with the long-term landslide 
triggering period.  As natural terrain landslides are very 
sensitive to short-duration intense rainfall, the short 
observation period of recent landslide activities would not 
be adequate to average out rainfall effect. 

 
 To overcome the limitations, a new territory-wide rainfall-based landslide 
susceptibility analysis was developed that correlates rainfall and landslide density with slope 
angle and solid geology. 
 
 
4   New Rainfall-based Landslide Susceptibility Analysis 

4.1   Year-based Analysis 
  
 The analysis considers landslide densities on natural hillsides for the years between 
1985 and 2006, plus 2008 (i.e. a total of 23 years) within which year-based contours of 
normalized maximum rolling 24-hour rainfall were available.  In the analysis, landslide 
density is correlated with the normalized maximum rolling 24-hour rainfall, with effects of 
slope angle and solid geology taken into account.  The following are the main steps of work 
of the susceptibility analysis undertaken on a GIS platform:  
 

(a) Extract from the ENTLI natural terrain landslides between 
1985 and 2006, plus 2008. 
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(b) Group the normalized maximum rolling 24-hour rainfall 
into six classes of rainfall intensity: I: 0.025 - 0.10, II: 0.10 
-0.15, III: 0.15 - 0.20, IV: 0.20 - 0.25, V: 0.25 - 0.30, and VI: 
0.30 - 0.35.

(c) Group the slope angles of natural terrain in the slope angle 
map (5 m-grid) into eight slope angle classes: < 15°, 15° - 20°, 
20° - 25°, 25° - 30°, 30° - 35°, 35° - 40°, 40° - 45° and
> 45°.

(d) Group the solid geology of natural terrain in the 1 : 20,000 
geological map into three classes: intrusive, volcanic and 
sedimentary.

(e) Identify the corresponding rainfall class, slope angle class 
and solid geology class for each natural terrain landslide 
based on its year of occurrence and location.

(f) Count for each combined class of rainfall intensity, slope 
angle and solid geology the total number of natural terrain 
landslides and the corresponding total hit area of natural 
terrain (km2) between 1985 and 2006, plus 2008 (see 
Tables 4.1 and 4.2 respectively) (Note: There are 6 × 8 × 3 = 
144 combined classes of rainfall intensity, slope angle and 
solid geology).

(g) Calculate for each combined class of rainfall intensity, slope 
angle and solid geology the year-based natural terrain 
landslide density (no./km2) (see Table 4.3).

Figure 4.1 shows the year-based rainfall-landslide correlation for combined intrusive 
and volcanic areas.  Sedimentary-origin landslides are not considered in deriving the 
correlation given the minor proportion and localized nature of sedimentary area, and the 
limited amount of data under high rainfall classes.  Only 10% of the natural terrain area 
(which is about 0.1 × 660 = 66 km2) is of sedimentary origin.  Others belong to the 
intrusive (30%) and volcanic (60%) groups.  The majority of sedimentary area clusters at 
north-eastern Hong Kong.  Nevertheless, the limited data indicates that, under the same 
rainfall and slope angle classes, sedimentary area is in general as active as the volcanic area 
but is more susceptible to landslides than the intrusive area.  In this study, the year-based 
rainfall-landslide correlation for sedimentary area is assumed to be the same as the one for 
volcanic area.  

Figure 4.2 gives the breakdown of calculated landslide densities for intrusive and 
volcanic areas according to their rainfall and slope angle classes, together with their mean 
values.  In general, landslide densities of volcanic area are higher than those of intrusive 
area, except for rainfall class I.  By analyzing the landslide data for rainfall classes II, III 
and IV, and for slope angles between 30° and 45°, the landslide density of volcanic area is 
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Table 4.1   Breakdown of Total Number of Natural Terrain Landslides between 1985 and 
 2006, plus 2008 according to Rainfall, Slope Angle and Solid Geology Classes 
 

Intrusive 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 3 3 4 1 4 0 

15 ~ 20 11 5 5 4 8 0 

20 ~ 25 18 17 26 7 12 0 

25 ~ 30 55 51 60 33 43 0 

30 ~ 35 152 86 185 86 159 2 

35 ~ 40 180 133 319 172 212 0 

40 ~ 45 86 74 187 109 134 0 

45 ~ 90 25 21 51 48 19 0 

Volcanic 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 4 4 3 3 1 0 

15 ~ 20 5 7 7 7 5 1 

20 ~ 25 12 30 32 20 15 4 

25 ~ 30 51 147 151 86 107 9 

30 ~ 35 162 505 397 292 405 39 

35 ~ 40 181 615 477 450 585 90 

40 ~ 45 84 296 215 273 400 61 

45 ~ 90 32 106 79 95 96 13 

Sedimentary 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 0 1 0 1 0 0 

15 ~ 20 0 2 1 0 0 1 

20 ~ 25 4 5 6 3 3 3 

25 ~ 30 12 44 7 2 9 3 

30 ~ 35 63 124 52 15 44 9 

35 ~ 40 83 191 50 32 75 14 

40 ~ 45 37 107 35 22 40 9 

45 ~ 90 21 53 6 18 8 5 
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Table 4.2   Breakdown of Total Hit Area (km2) between 1985 and 2006, plus 2008 
according to Rainfall, Slope Angle and Solid Geology Classes 

 

Intrusive 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 272.56 184.81 73.48 23.88 5.15 0.74 

15 ~ 20 267.54 180.40 71.59 23.61 4.73 0.64 

20 ~ 25 411.56 276.73 110.39 36.27 6.77 0.85 

25 ~ 30 566.75 379.98 152.95 48.86 8.64 0.96 

30 ~ 35 518.82 345.54 139.55 41.17 7.02 0.69 

35 ~ 40 263.49 171.96 68.50 18.19 2.78 0.27 

40 ~ 45 93.63 60.10 23.15 5.95 0.78 0.10 

45 ~ 90 40.11 26.51 9.70 2.71 0.30 0.04 

Volcanic 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 600.85 348.96 88.49 15.80 8.21 0.85 

15 ~ 20 605.75 350.93 90.82 15.43 7.79 0.82 

20 ~ 25 879.16 529.91 135.72 22.76 11.98 1.27 

25 ~ 30 1101.49 697.02 175.99 29.88 16.86 1.94 

30 ~ 35 899.06 584.46 145.48 25.30 14.91 1.66 

35 ~ 40 493.36 318.29 79.56 15.15 9.61 0.86 

40 ~ 45 210.12 133.38 33.98 7.07 4.88 0.32 

45 ~ 90 108.40 69.90 17.22 3.66 2.77 0.17 

Sedimentary 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 89.10 54.07 12.10 2.13 1.45 0.06 

15 ~ 20 84.42 50.27 10.31 1.73 1.12 0.06 

20 ~ 25 122.22 73.35 13.98 2.38 1.36 0.09 

25 ~ 30 155.32 93.30 16.99 3.09 1.62 0.11 

30 ~ 35 137.19 81.57 13.94 2.89 1.46 0.08 

35 ~ 40 80.65 45.28 7.78 2.04 0.99 0.07 

40 ~ 45 32.95 17.21 3.46 1.04 0.57 0.04 

45 ~ 90 16.58 8.28 1.89 0.60 0.44 0.03 
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Table 4.3   Breakdown of Year-based Landslide Density (no./km2) according to Rainfall, 
Slope Angle and Solid Geology Classes 

 

Intrusive 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 0.01 0.02 0.05 0.04 0.78 0.00 

15 ~ 20 0.04 0.03 0.07 0.17 1.69 0.00 

20 ~ 25 0.04 0.06 0.24 0.19 1.77 0.00 

25 ~ 30 0.10 0.13 0.39 0.68 4.98 0.00 

30 ~ 35 0.29 0.25 1.33 2.09 22.65 2.92 

35 ~ 40 0.68 0.77 4.66 9.45 76.37 0.00 

40 ~ 45 0.92 1.23 8.08 18.31 171.98 0.00 

45 ~ 90 0.62 0.79 5.26 17.72 63.92 0.00 

Volcanic 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 0.01 0.01 0.03 0.19 0.12 0.00 

15 ~ 20 0.01 0.02 0.08 0.45 0.64 1.23 

20 ~ 25 0.01 0.06 0.24 0.88 1.25 3.15 

25 ~ 30 0.05 0.21 0.86 2.88 6.35 4.64 

30 ~ 35 0.18 0.86 2.73 11.54 27.16 23.45 

35 ~ 40 0.37 1.93 6.00 29.70 60.87 105.05 

40 ~ 45 0.40 2.22 6.33 38.60 81.90 189.53 

45 ~ 90 0.30 1.52 4.59 25.94 34.61 78.62 

Sedimentary 
Normalized Maximum Rolling 24-hour Rainfall Class 

I II III IV V VI 

A
ng

le
 C

la
ss

 (
 °

 )
 

0 ~ 15 0.00 0.02 0.00 0.47 0.00 0.00 

15 ~ 20 0.00 0.04 0.10 0.00 0.00 16.25 

20 ~ 25 0.03 0.07 0.43 1.26 2.20 34.54 

25 ~ 30 0.08 0.47 0.41 0.65 5.57 28.08 

30 ~ 35 0.46 1.52 3.73 5.19 30.13 106.48 

35 ~ 40 1.03 4.22 6.42 15.72 75.73 195.12 

40 ~ 45 1.12 6.22 10.11 21.13 69.96 212.14 

45 ~ 90 1.27 6.40 3.17 29.92 18.11 162.07 



20 
 

on average about three times that of intrusive area.  An average ratio of 3 may be used to 
derive rainfall-landslide correlations for intrusive and volcanic areas respectively as explained 
later in this report.  Ratios obtained using data from other rainfall and slope angle classes 
were considered not representative and hence not used, for the following reasons.  Firstly, 
natural terrain under rainfall class I is not susceptible to landslides.  It has little contribution 
to the prediction of the landslide number.  Secondly, for rainfall classes V and VI, the 
corresponding hit areas are small (both are less than 5% of natural terrain area for both 
intrusive and volcanic areas).  The amount of data is too little for a meaningful analysis.  
Furthermore, natural terrain with a slope angle less than 30 when hit by rainfall between 
rainfall classes II and IV is also not prone to landslides, and only 2% of the natural terrain 
area is steeper than 45. 
 
 
 
 

 
Figure 4.1   Year-based Rainfall-landslide Correlation for Combined Intrusive and 

Volcanic Areas 
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Figure 4.2   Breakdown of Calculated Landslide Densities for Intrusive and Volcanic Areas 

according to their Rainfall and Slope Angle Classes 
 
 
4.2   Storm-based Analysis 
 
 The year-based rainfall-landslide correlation considers rolling maximum 24-hour 
rainfall and the total number of natural terrain landslides observed in a year.  There are many 
rainstorms in a year and each rainstorm would result in some landslides.  For direct 
application in predicting number of natural terrain landslides that would occur in a rainstorm, 
the year-based rainfall-landslide correlation needs to be transformed into a storm-based 
correlation.  This was done by applying an adjustment factor to the year-based landslide 
densities under each rainfall class.  Based on past rainfall records, rainfall in rainfall class IV 
or above occurs normally once a year.  Its year-based and storm-based correlations are 
therefore equal and the adjustment factor is taken as unity.  On the other hand, rainfall class I 
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hits both the intrusive and volcanic areas, on average, eight times a year (i.e. natural terrain 
area hit by rainfall class I (a total of 111,736 km2 for 23 years) divided by overall natural 
terrain area (a total of 657.48  23 = 15,122 km2 for 23 years) is equal to 8).  Rainfall class I 
hits natural terrain within each slope angle class eight times a year too, as the distribution of 
natural terrain area hit by rainfall class I in a storm according to slope angle and that of the 
overall natural terrain are similar (Figure 4.3).  An adjustment factor of 8 was therefore 
applied across the eight slope angle classes to convert the year-based correlation under rainfall 
class I to its storm-based correlation.  For rainfall classes II and III, adjustment factors of 
four and two were proportionally assigned respectively.  Figure 4.4 presents the storm-based 
rainfall-landslide correlation as derived in this manner.  To account for effect of solid 
geology, landslide susceptibility of volcanic area is taken as three times that of intrusive area, 
which was derived from the year-based data.  With this assumption and together with the 
year-based hit area ratio between intrusive and volcanic areas (see Equations 4.1 to 4.4), the 
correlation for intrusive and volcanic areas can be obtained by applying an adjustment factor 
of 0.5 and 1.5 respectively to the storm-based rainfall-landslide correlation (for combined 
intrusive and volcanic areas) for each of the eight slope angle classes in Figure 4.4. 
 
 
 

 
Figure 4.3   Distribution of Natural Terrain Area Hit by Rainfall Class I according to 

Slope Angle in the 12 Heaviest Storms and that of the Overall Natural 
Terrain 
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Figure 4.4   Storm-based Rainfall-landslide Correlation (Based on Normalized 

Maximum Rolling 24-hour Rainfall) 
 
 

 
DVOL

DINT
= 3 ..........................................................  (4.1) 

 

 DMEAN=
AINTDINT + AVOLDVOL

AT
 .........................................  (4.2) 

 
Substitute Equation 4.1 into Equation 4.2, and express AINT and AVOL in terms of AT: 
 

 DMEAN=
αATDINT + βAT 3DINT

AT
  ........................................  (4.3) 

 
Rearrange Equation 4.3: 

 DINT=
DMEAN

α + 3β .......................................................  (4.4) 

 
where DVOL  =  landslide density for volcanic area under each rainfall-cum-slope 

angle class 
 DINT =  landslide density for intrusive area under each rainfall-cum-slope 

angle class 
 DMEAN =  landslide density for combined volcanic and intrusive areas under 

each rainfall-cum-slope angle class 
 AINT =  area of natural terrain with intrusive origin under each rainfall-cum- 

slope angle class 
 AVOL =  area of natural terrain with volcanic origin under each rainfall-cum-

slope angle class 
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 AT =  total area of natural terrain under each rainfall-cum-slope angle 

class 
 AT =  AINT 

 AT =  AVOL 
 1/(+3) =  0.5, based on actual hit area data. 
 
 There are uncertainties associated with the limitations of data and a number of 
assumptions have had to be made in deriving the model described above.  Further work will 
be carried out to check and verify the model and if necessary refine it, using data from past 
and future rainstorms and landslides. 
 
 According to Chan et al (2012), both correlations based on normalized maximum 
rolling 24-hour rainfall and normalized maximum rolling 4-hour and 24-hour rainfalls are 
used to predict number of natural terrain landslides in a rainstorm.  Storm-based 
rainfall-landslide correlation for combined intrusive and volcanic areas based on normalized 
maximum rolling 4-hour rainfall and 24-hour rainfalls was therefore also developed using the 
same methodology and is presented in Figure 4.5.  Similarly, the correlations for intrusive 
and volcanic areas can be obtained by applying an adjustment factor of 0.5 and 1.5 
respectively to the storm-based correlation (for combined intrusive and volcanic areas) for 
each of the eight slope angle classes in Figure 4.5. 
 
 

 

 
Figure 4.5   Storm-based Rainfall-landslide Correlation (Based on Normalized 

Maximum Rolling 4-hour and 24-hour Rainfalls) 
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4.3   Key Findings 
 
 The rainfall-based landslide susceptibility model is developed for assessing the 
susceptibility to landslides of natural terrain in Hong Kong.  The purpose of the model is to 
make approximate territory wide predictions of the scale of landslide impacts for anticipated 
precipitation events, in order to provide information necessary for emergency preparedness 
and planning purposes.  The model is one of the few substantial attempts to introduce 
rainfall intensity as a predictor in a statistical manner.  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.  However, landslides are very sensitive to rainfall and if rainfall is not 
considered in a susceptibility analysis, any direct application of the results of the 
susceptibility analysis would not be very accurate and may mislead important risk-based 
decision making. 
 
 According to the outcomes of the new territory-wide rainfall-based landslide 
susceptibility analysis, the following key observations are noted: 
 

(a) In Figure 4.1, the y-axis represents a genuine range of 
landslide density.  Year-based landslide density         
< 0.001 no./km2 is not physically possible as in any one year, 
the number of landslides would definitely be greater than 1  
(Note: Natural terrain area is about 660 km2.  For a landslide 
density of 0.001 no./km2, number of landslides is equal to 
0.66). 

 
(b) Figure 4.1 shows that natural terrain landslide density 

increases with the normalized maximum rolling 24-hour 
rainfall (up to rainfall class V for some of the slope angle 
classes) and slope angle (up to the class of 40 - 45), which 
is reasonable.  Data for rainfall class VI are derived from 
two major rainstorms that occurred in 1993 and 2008, both on 
Lantau Island.  They are not considered representative as the 
corresponding hit areas are small and localized. 

 
(c) Only 2% of the natural terrain area is greater than 45.  For 

the majority of the natural terrain area, landslides occur 
mostly on natural terrain sloping between 30 and 45, 
irrespective of rainfall and solid geology (Figure 4.6).  A 
lower landslide density is observed for natural terrain that 
slopes greater than 45 probably because it is rocky or 
composed of denser soils. 

 
(d) Different portions of natural terrain hit by the same rainfall 

intensity would have different levels of landslide density, 
subject to their slope angle and solid geology.  Similarly, 
different portions of natural terrain that belong to the same 
slope angle and solid geology classes would also have 
different levels of landslide density, depending on their 
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Figure 4.6   Distribution of Landslide Densities According to Rainfall, Slope Angle and 

Solid Geology Classes 
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 rainfall intensity.  Effects of rainfall, slope angle and solid 
geology on landslide occurrence are now inter-related. 

 
(e) The year-based rainfall-landslide correlation, taking 

cognizance of effects of slope angle and solid geology, is able 
to achieve an overall resolution of four to five orders of 
magnitude in terms of landslide density.  Landslide density is 
directly correlated with the physical basis of landslide 
occurrence, viz. rainfall, slope angle and solid geology  
(Figure 4.7).  

 
(f) Natural terrain landslides are highly sensitive to rainfall.  

The resolution achieved in terms of landslide density spans 
two to three orders of magnitude between the lowest and 
highest rainfall classes, for one slope angle class    
(Figure 4.7).  Comparatively, natural terrain landslides are 
less sensitive to slope angle as there is less than an order of 
magnitude coverage in landslide density between 30 and 
45 (i.e. the most probable range of slope angles for 
landslide occurrence) under one rainfall class (Figure 4.7). 

 
 
 

 Note: Separate sets of data for intrusive and volcanic areas are not shown for clarity. 

 
Figure 4.7   Relative Sensitivity to Rainfall, Slope Angle and Solid Geology 
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5   Conclusions 
 
 A new territory-wide rainfall-based landslide susceptibility analysis was carried out 
that correlates rainfall to landslide occurrence, together with the consideration of effects of 
slope angle and solid geology.  This is possible largely because of the availability of 
abundant high-resolution rainfall data, which is unique world-wide.  The outcomes of the 
susceptibility analysis indicate that landslide occurrence is highly sensitive to rainfall.  It is 
therefore crucial to consider rainfall in the susceptibility analysis so as to achieve meaningful 
results.  For the time being, the new susceptibility model would be applied in predicting 
number of natural terrain landslides in a rainstorm and undertaking global analysis, for 
example, global quantitative risk assessment and priority ranking.  However, the resolution 
and reliability of the model are not yet sufficient to support direct application for site-specific 
hazard assessments and risk-based decision making at this stage. 
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