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Abstract. As over seventy percent of the land of Hong Kong because the rapid development of rural areas next to steep
is mountainous, rainfall-induced debris flows are not uncom-terrain. For example, a series of debris flows occurred on 14
mon in Hong Kong. The objective of this study is to incorpo- April 2000 in the mountain range west of Leung King Es-
rate numerical simulations of debris flows with GIS to iden- tate. Debris materials of two of these events reached Leung
tify potential debris flow hazard areas. To illustrate this ap-King Estate which was completed only in 1991 and blocked
proach, the proposed methodology is applied to Leung Kingthe access road to the Estate. An aerial photograph showing
Estate in Tuen Mun. A Digital Elevation Model (DEM) of these two debris flows is given in Fig. 1 (Halcrow, 2002).

the terrain and the potential debris-flow sources were gener- Recent field trip work in this area, in conjunction with in-
ated by using GIS to provide the required terrain and flowformation extracted from aerial photographs, revealed land-
source data for the numerical simulations. A theoreticalslides and debris flows have occurred in the past in the
model by Takahashi et al. (1992) improved by incorporat-mountain range next to Leung King Estate. There is also
ing a new erosion initiation criterion was used for simulating strong field evidence that this area contains various fault sys-
the runout distances of debris flows. The well-documentedtems. These faults have not been mapped previously by the
1990 Tsing Shan debris flow, which occurred not too far fromHong Kong Geological Survey. More specifically, highly
Leung King Estate, was used to calibrate most of the flowsheared quartz boulders, outcropping mylonite (a foliated
parameters needed for computer simulations. Based on thgne grained metamorphic rock which shows evidence for
simulation results, a potential hazard zone was identified andtrong ductile deformation) and fault breccias (a medium to
presented by using GIS. Our proposed hazard map was thusoarse-grained cataclasite containing more than 30% visible
determined by flow dynamics and a deposition mechanisnfragments) are found on the 250 m high mountain ridge next
through computer simulations without using any so- calledto Leung King Estate. Pores in the fault breccias indicate
expert opinions, which are bounded to be subjective and bithe tensile nature of the fault zone, and crystallized quartz
ased. deposits are found within these pores. These fault systems
typically appear as vertical cliffs in the area, as the weather-
ing process appears to strongly correlate to the existing fault
zones. These faults coincide with some of the source areas
of the previously reported debris flows (shown in Fig. 1). As
rit is inferred that future debris flow in this area is likely to

1 Introduction

Over seventy percent of the 1098 square kilometers of land i . .
Hong Kong is hilly, and usable flat land is very scarce. Con-"ecur, there is an urgent need to assess the debris flow hazard
tinuous reclamation within Victoria Harbor and elsewhere in of this are_a. ) )

Hong Kong cannot completely ease the land shortage prob- Reégarding landslide hazard assessment mapping, many re-
lem because of the rapid growth of the population of HongVieW amcles exist, such as Hansen (1984), Varnes (1984),
Kong; the population of Hong Kong increased from 2.2 mil- Einstein (1988, 1997), Fell and Hartford (1997), Hungr
lion in 1953 to 6.8 million in 2003. Inevitably, natural hill- (1997), and Leroi (1997). Landslide hazard mapping is very
sides have been transformed into residential and commerciaiSeful in estimating, managing and mitigating landslide haz-
areas and used for infrastructural development. The risk oft'd for a region. Ideally, a reliable debris flow hazard map

debris flow in Hong Kong has been increasing tremendouslyshould carry appropriate weights from historical landslide
events, from geomorphological analysis, and from mechan-

Correspondence tK. T. Chau ical or dynamical analysis of slides, falls, and flows of the
(cektchau@polyu.edu.hk) earth mass. Since all three aspects of hazard analysis involve
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Fig. 1. Debris flows that occurred on 14 April 2000 near Leung King Estate, which is in the foreground.

a large amount of factual, geological and simulated data, the The main objective of this study is to propose a method-
use of computer or information technology is crucial to the ology for GIS-based hazard mapping that explicitly incor-
success of such analysis. Since the mid 1980s, geographicpbrates the dynamics of debris flow. Leung King Estate is
information systems (GIS) have become a very popular techselected for the present study as an example. A terrain model
nology for analyzing natural hazards, including landslidesof the Leung King area is first generated by using the Digi-
(Coppock, 1995). Some of these GIS-based hazard analytal Elevation Model (DEM) of the GIS-based digital contour
ses focus on earthquake-induced landslides (e.g. Luzi et almap. Then, the topographical data from the terrain model is
2000), and some on rainfall-induced landslides (e.g. Millerused in numerical simulations. The simulations use a flow
and Sias, 1998). GIS analysis has also been proposed to prdynamics model modified from Takahashi et al. (1992). In
duce rockfall hazard maps (e.g. Cancelli and Crosta, 1994)addition, a new erosion initiation criterion, which depends
However, the reliability of the hazard analysis does not de-on the solid concentration in the flow, the percentage of fine
pend on which GIS software or platform is used but on whatsolids, and the terminal settling velocity of particles in the
analysis method is employed (Carrara et al., 1999; Guzzettflow, proposed by Lo and Chau (2003) is also used. Poten-
et al., 2000). Therefore, various methods of analysis haveial debris sources in Leung King area are identified, within
been proposed by many different authors (e.g. Carrara et alwhich the potential volume of the largest debris flows along
1991; Dikau et al., 1996; Leroi, 1997; Guzzetti et al., 1999; various gullies is estimated. The discharge histogram of the
Carrara et al., 1999; Guzetti et al., 2000; Dai and Lee, 2002asource based upon the flow rate measured by Pierson (1995)
b; Chau et al., 2003). One main limitation for all these anal-for the debris flow induced by the 18 May 1980 eruption of
yses is that dynamics of debris flows or landslides has noMountain St. Helens is also assumed. The corresponding
been included in the hazard mapping. solid concentrations in the histogram follow the data adopted
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in the simulation for the Horadani debris flow in Japan (pri- 2.1 The governing equations

vate communication, Takahashi and Nakagawa). Other de-

bris flow parameters are selected based on either suggestioidie flows of the fine and coarse particles through a small
by Takahashi et al. (1992) or interpreted data from the 199@ontrol volume satisfy the following continuity equations
Tsing Shan event, which occurred not too far from Leung(Takahashi et al., 1992)

King Estate, as discussed by Lo and Chau (2003) and Lo

(2003). The results of the simulations predict the runout of 2¢cp/! + decpM + deepN

future potential debris flows. A hazard map for Leung King ~ 9¢ dx dy Heer
Estate is generated using GIS based upon the results of the
numerical simulations. Finally, we also illustrate the genera-  (for coarse solid particlgs @
tion of another hazard map of Leung King Estate by incorpo-
rating the results of numerical simulations and the statistical?/p”" + derpM + derpN —iCea
approach based on past landslide records. ot dx dy I
(forfine solid particles 3)

2 Debris flow model
where M and N are the average fluxes over flow depth

In the literature, there is no theoretical flow model that can&0ng thex- and y-directions respectively. The velocity of
simulate debris flow over a three- dimensional terrain, that a€ither gain or loss of the solid particles is denoted lahich
the same time takes into consideration changing of the bed bif /€SS than zero for deposition, and greater than zero for ero-
erosion and deposition. The only available models that car$ion- The subscript™ indicates either the solid concentra-
simulate three-dimensional debris flow approximately are thion of the eroded or the deposited debris mixtures at the
two-dimensional depth average models (e.g. Savage and Hugfatic bed. In this model, discharge histograms of hofh
ter, 1991; Takahashi et al., 1992; O'Brien et al., 1993; Den-andc, must be input at an upstream boundary.
linger and Iverson, 2001; Ghilardi et al., 2001). Most of these The momentum equations of the debris mixtures flowing
models did not incorporate erosion and deposition mechaglong thex- and y-directions are respectively (Takahashi et
nism; only the models by Takahashi et al. (1992) and Ghi-al-, 1992):
lardi et al. (2001) incorporated the possibility of erosion and
deposition. In this study, we have adopted the model pro—% + ﬂaqu + ,BBUOM =
posed by Takahashi et al. because it has been available for ud! dx dy
to use (private communication, Takahashi and Nakagawa).
Without going into the details, we should emphasize a major ¢, sing,, — gh costy, 9@ +h) ”’_X, (4)
limitation of the model by Takahashi et al. (1992), which is dx or
referred as the T-model hereafter. That is, the critical slope
gradient for the onset of erosion is assumed constant in théd v + ﬂM + 5@ -
model. This is only an approximation since the critical gradi- 9¢ ax dy
ent would naturally depend on the streampower of the flow.
I\/_Iodificatio_n to the crit_erion for the onset of erosion will be ghsin6y, — gh COSOyy Iz + 1) _ @, (5)
discussed in later section. dy or

In the T-model, the mixture is assumed to consist of three
components, water, fine solid particles, and coarse solid pawhereg is the gravitational constant (9.81 sz, is the
ticles. The content of solids is represented by volumet-deposit thicknessio anduvg are the velocities along- andy-
ric concentrations of solid particles in the mixturg,, of  directions respectively$ is a momentum correction factor;
coarse solid particles in the mixture.4), of fine solid parti-  or is the equivalent density of the debris mixtutg; and
cles in mixture ¢ s,,), and of fine solid particles in interstitial 05y are the tangents at the bed along thend y-directions

fluid (c;r). They are defined as: respectively; and;, andz,, are the base shear resistances
' along thex- andy-directions respectively. Full details of the
Vs Ve Vi Vy T-model are referred to Takahashi et al. (1992) and Takahashi
Cp=y Cp=yo Chp=yo GrET @) (2981, 1991).

whereVy, V., V;, andV; are the volumes of fine solid par- 2.2 Modifications made to Takahashi’s model

ticles, coarse solid particles, interstitial fluid, and of total

solid particles respectively. Summing all;, V., and V; A new erosion initiation criterion has been proposed by Lo
equals the total volume of mixturér; and summingV, and Chau (2003). The full details of this modification are
and V. equalsV,. Clearly, ¢;r andcy, are not indepen- beyond the scope of the present study. Only the main results
dent, and it is straightforward to show that they are relatedwill be summarized here. In particular, the minimum energy
by crp=(1 — cep)cif- gradient, tha®mi, (i.e. a natural slope with energy gradiént
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Fig. 2. (a) A photograph of the 1990 Tsing Shan debris fl¢l); Numerical simulation and field record. The shaded area labeled as “field”
in (b) is the field observation of the deposit area, whereas the open circles “0” denote the boundary of the deposit predicted in the numerical
simulation.

less thardnmin will suffer no erosion) is derived as (Lo, 2003; certain particle sizel, average flow velocity along the-
Lo and Chau , 2003): direction, average flow velocity alongdirection, density of
the muddy water (i.e. the interstitial fluid), and relative set-

tantmin = tling velocity of particle of sizel respectively. The main con-
- spGspu (f,}f a),dP) / (1 - Pf) o — 20m tribution fr(_)r_’n (6) is that the start of grosion is no longer s_et
tany sin o —p 6) as an empirical constant, but a function of the fluid properties
— Fm

Fpm,/ug + v% and flow energy. Thus, in general,, becomes a function

h d of the flow and thus changes with the position of the slope
w Igrecsp, F, Gy 0, pu, Py, P, uo, vo, pn @NAw, A€ o o parameters change along the slope profile). As
solid concgntratlon in th_e flow, excess fraction of thg_stream-ShOWn by Lo (2003) and Lo and Chau (2003), after incorpo-
power available for erosion (typically 0.1-0.2), specific grav- rating this erosion criterion, the simulations of the T-model

ity of the solid particles, density of the solid particles, den- fit better with the field record of the 1990 Tsing Shan debris
sity of water, percentage of fine solid (i.e. particle size less

X . Lo flow. The results are reported in the nex ion.
than 63um), percentage of solid mass in the fluid with a © e results are reported in the next sectio
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Study Area

Fig. 3. The study area for debris flow hazard assessment of Leung King Estate.

N

Elevation (m)

Fig. 4. (a) A contour map for generating the DEM of Leung King Estgtg;the Digital Elevation Model (DEM) of Leung King Estate.
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If the channel slopé along a gully is larger than the min- Figure 2b shows the results of a particular simulation of
imun energy gradiemmin given by Eq. (6), the velocity of the 1990 Tsing Shan debris flow by using the MT-model
erosioni defined in Eq. (2) can be determined from the fol- summarized in the previous section. For the purpose of com-

lowing empirical formula (Takahashi et al., 1992): parison, the actual field observation is also reported Fig. 2a.
. Figure 2 shows that the simulation result is comparable to
i =K\/ghsin"/?9 that of the field observation, both in terms of the total deposit

o — p; tana 2 rtana h area as well as the runout displacement. The shaded area

[1— —C¢p (tane - )} (tane - ) (Cca Ccp) - (7) labeled as “field” in Fig. 2b is the field observation of the
deposit area, whereas the open circles denote the boundary

wherek, g, o, pi, h, d, o andc., are a numerical constant of the deposit predicted in the numerical simulation. Based

(typically 0.06), the gravitational constant, the density of the upon this comparison, the model parameters are calibrated

interstitial fluid, the density of the debris material, the flow and are adopted for the simulations for Leung King Estate

depth, the mean diameter of solid particles, the dynamic fric-area. In addition, we have also conducted a very comprehen-

tional angle, and the equilibrium solid concentration. Equa-Sive parametric study of the choice of various input parame-

tion (7) is obtained by assuming that erosion is caused by théers (Lo, 2003), but the details will not be given here.

dynamic action of the shear stress on the bed by the intersti- We should emphasize here that the main objective of the

tial fluid of the overlying sediment-laden flow. This erosion present study is not on the discussion of a particular debris

process is assumed to continue as long as the entrained-soliflsw simulation model (such as the MT-model), but instead

is less than the equilibrium valug,. As shown in Eqg. (7) on the introduction of a methodology that incorporates nu-

that whenc,, increases te.., the erosion velocity dimin- merical simulation for hazard mapping. Therefore, the de-

ishes to zero. tails of the numerical simulation are not crucial here. The full
details are referred to Lo (2003). Indeed, the same methodol-

2.3 Parameter calibration using the 1990 Tsing Shan debrisgy can also be applied for hazard mapping with other suit-

flow able numerical simulation models, if it is deemed appropri-

ate.

To illustrate the applicability of the present numerical model

(the modified Takahashi model or the MT model), the 1990

Tsing Shan debris flow occurred on the eastern flank of Ts3 Incorporation of numerical simulations with GIS

ing Shan is selected for parameter calibration. This event Mapping

occurred on 11 September 1990 and is the largest debris flow . ) .

in the recorded history of Hong Kong (see Fig. 2a). It was [N this _sectlon, W:e will demonstrate how to produce a 1_‘IOW-

estimated that a total of 19 00Grof debris were deposited dynamics-based” hazard map for Leung King Estate incor-

down slope. The total travel distance is about 1km (King, porating GIS technology. The selected area for our hazard

1996). Although this event is relatively well-documented, StUdy is shown in Fig. 3, and Leung King Estate is also indi-
similar to most other debris flows reported elsewhere no dis2t€d in the figure. The boundary of the study area coincides
charge histrograph was measured. Approximation become¥ith the catchment area for Leung King Estate.

inevitable in generating the histrographs for numerical S|m-3.1 Generation of DEM for simulation

ulations. One simple way to establish the discharge histro-

graph is to assume that the general characteristics of diﬁ'n order to generate the topographical data required for the

ch;alrgellare similar for d|ffherent ivents. Indpar::cular, h"’,l de'simulation using MT-model, a GIS-based digital map given
tailed literature review shows that most discharge histro-, Fig. 4a is first converted to a Digital Elevation Model

graphs measured in field have an initial sharp increase in diS(DEM) (shown in Fig. 4b). The resolution of the DEM is
charge, followed by an exponential decay of the flow rate.14 1, 10 m and is saved as raster in ArcGIS. This pixel or

One $UCh example is the debris ﬂO.W measured after the 198{) o hased DEM for Leung King Estate is then converted
gruE_tlon O(fj Mo#nt(.j.Sth Heleﬂs (Plersorr]], 199%)' dTherefore,to a data file format readable by the MT-model for the com-
In this study, the discharge histrograph recorded at Mountputer simulation. Each data point contains elevation and co-

St. Helens .Wi" be scaled down to m"’?‘Ch o the tOt?I vol- ordinates, and this data set forms our topographical model.
ume of debris reported for the 1990 Tsing Shan debris flow.

Regarding the solid (both fine and coarse) concentrations i3 2 source identification and flow quantification

the discharge, we use the solid concentrations adopted for

the Horadani debris flow simulation (private communication,3.2.1 Source zones

Takahashi and Nakagawa). Most of the other model parame-

ters can be estimated from the report of King (1996); if not, Next step is to identify the potential source zones. After
they have been adopted from the data set for the Horadani ddield trip work in the area and after studying the available
bris flow simulation. For example, the coarse and fine solidaerial photographs, eight potential source zones were iden-
concentrations were obtained from the laboratory results retified. They are labeled as (a) to (h) in Fig. 5. From field
ported by King (1996). observation, the average thickness of colluvium in the source

Pi
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Fig. 5. Eight potential debris source zones, denotingdjto (h).

areas is estimated from 1.3m to 1.7m. The total volume3.2.3 Solid concentration histrograph

of soil and boulders that may be mobilized from each zone

can then be estimated from using a standard functions availfhe ratio of coarse to fine solid concentrations are deter-
able in ArcGIS. The accuracy of these estimated volumesnined from laboratory data of soil sample from Tsing Shan,
can always be improved if more thorough site investigationswhereas the histrographs of solid concentrations are adopted
are conducted. These volumes form the basis for constructtrom those used for the Horadani debris flow simulation. The
ing our inflow histrographs at the upstream boundary of eactsolid concentration histrographs are given in Fig. 7 for all
simulation. source areas (a) to (h). Again all plots are given in the same
scale for easy comparisons. The amount of solid involved in
each of these numerical simulations can be integrated from
the discharge histrographs given in Fig. 6 in connection with
the solid concentrations given in Fig. 7.

In particular, after scaling the discharge histrograph of the

debris flow of Mount. St. Helens, the histrograph for each3.3 Results of numerical simulations

source zone can be generated. They are given in Fig. 6 for all

source zones (a) to (h). In order to put the magnitude of theThe results of the numerical simulations are given in Fig. 8
discharge in the right perspective, all histrographs shown irusing ArcGIS. The deposition fan is marked by the dotted
Fig. 6 are given on the same scale. As expected from Fig. 5lines, and the thickness of the deposition is indicated by
the largest potential debris flow is likely to be from source the darkness of the shaded areas within the marked areas
area (h) followed by source area (f). The smallest dischargef deposition. At some locations, the spatially distributed
is from source area (e). debris deposition can be up to 6 m thick (approximately

3.2.2 Discharge histrograph
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Fig. 6. Discharge histrographs for the source zo(@go (h) shown in Fig. 5. The shapes of these histrographs are similar to that of the
debris flow occurred after the 1980 eruption of Mount St. Helens.

corresponding to the height of 2 storeys). Except for simula-3.4 Debris flow hazard map

tion from source area (e), all simulated debris flows reach the

buildings located inside Leung King Estate. The “Y”-shaped 3.4.1 Hazard map based solely on numerical simulation
and “+"-shaped buildings are residential blocks within the

Estate while other facilities (like the shopping mall, primary BY assuming the worst-case scenario that all debris flows oc-
and secondary schools) are denoted by polygons of differengur at the same time, we extract the maximum depth at each
shapes. Although the largest volume of debris is likely to belocation from aI_I eight ngmerical simulations shown_ inFig. 8
from source zone (h), the most dangerous debris flow is thénd the result is given in Fig. 9. The flow-dynamics-based
one from source zone (b) due to the proximity of the sourcePlot provides a hazard map to identify the most dangerous
zone to downslope buildings and due to the steepness of thareas within the Estate. Based upon this map, remedial and
gully in which this debris flow would travel. The results of Mitigation measures can be planned. The advantage of this
these simulations should, however, be interpreted with caukind of hazard map is that it is based purely on dynamics, in-
tion since they probably represent the worst scenarios relategit€ad of on expert opinions or on past debris flow records.
to these source zones. In the case of heavy rain, one or mofé is believed that it provides an improvement on the tra-
of these source zones may become fluidized and debris floWitional way of generating GIS-based hazard maps, which
initiation may happen. However, it is very unlikely that all @ré based purely on statistical approach. It is because debris
potential debris flows will be mobilized at the same time, andflow hazard level at a particular location should depend on

the actual involved volume may also vary depending on theVhether there is a chance of being affected by nearby po-
intensity of rain. tential sources instead of based purely on past records and

statistics.
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Fig. 7. Solid concentration histrographs for coarsg,, and finec s, particles for the source zonés) to (h) shown in Fig. 5. The ratio
of the fine to coarse solid concentration is set according to field measurements for Tsing Shan, whereas the shapes of histrographs are s
according to the Horadani debris flow of Japan.

Of course, one can always argue that the estimation of th¢his figure, we also have labeled the most affected locations;
total volume of mobilizable colluvium may not be accurate, they are a primary school (as P), a secondary school (as S),
and that the flow model itself (MT-model in this case) may and two building blocks (as B1 and B2). It seems that debris
involve unwanted simplifications and assumptions. How-flow barriers should be installed in the future in protecting
ever, we can always conduct a more detailed site investigabuilding blocks, S, B1, B2 and P. Although this plot is essen-
tion such that the extent and thickness of colluvium can betially the same as Fig. 9, it provides a normalized basis for
estimated with higher certainty (if time and budget allow). combining the results of nhumerical simulations with other
Once a better or an improved theoretical model is availablefactors affecting the hazard estimation.
the simulation can be conducted with higher accuracy. The
main focus here is not on the absolutely accuracy of the haz3.4.2 Hazard map combining numerical simulations with

ard estimation, but on the idea of combining the sound the- other factors
oretical approach in GIS-base hazard mapping, such that ex-
pert opinion can be reduced to a minimum. If numerical simulations presented in the paper are not avail-

In addition, the results of our numerical simulations can able, the traditional way of assessing landslide hazard is to
also be normalized to give a hazard index map. For exameorrelate statistically the local geological features, including
ple, Fig. 10 gives a plot of the hazard index defined as theelevation, slope angle, and geology and environmental ef-
normalized thickness of the deposition (with respect to thefects to the actual landslide data. For example, in Fig. 11 the
maximum predicted thickness of the deposit in the area). Irtop four hazard index maps are given to indicate the effects
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Fig. 8. Results of the debris flow simulations for the source zdaggo (h) shown in Fig. 5. Building footprints are given as unfilled
polygons. The legends in (h) for deposition thickness in metres.

of other factors, such as elevation, slope angle, geology and For these four hazard index maps, we refer to the analy-
rainfall. All these maps have been normalized with respectsis by Evans et al. (1999), who have examined the correla-
to the maximum value of the probability of debris flow oc- tions between natural terrain landslide (or debris flow) oc-

currence within any class of each factor.

currence and degree of erosion, terrain landform, lithology,
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Fig. 9. Combined result of the debris flow simulations of the source zajes (h) shown in Fig. 8. Building footprints are given as unfilled
polygons. The legends in (h) for deposition thickness are in meters.

slope angle, slope aspect, elevation and vegetation for Hongainfall maps published by the Hong Kong Observatory from
Kong using aerial photographs and GIS. For example, the ge1990 to 2000. In particular, the monthly rainfall maps with
ological factor “elevation” can be divided into 4 classes as:the maximum values within the 11 year period from 1990 to
0-200 m, 200-400 m, 400-600 m andb00 m (Evans et al.,, 2000 are extracted and averaged using raster calculator avail-
1999). Table 12 of Evans et al. (1999) shows that the densiable in ArcGIS to yield the rainfall hazard raster map. Then,
ties of debris flow events per survey area (event/km) for thesehe map is normalized with respect to the maximum average
4 classes are 39.41, 40.06, 36.51, and 19.32 respectivelyainfall value to yield the hazard index map shown in Fig. 11.
Note that Evans et al. (1999) termed debris flow as naturallhe full details of the establishment of these hazard maps can
terrain landslides in their report. Consequently, normaliza-be referred to Chau et al. (2003).

tion gives the hazard index for the elevation hazard map with

index values of 0.9838, 1, 0.9114 and 0.4823 for the 4 differ- Once the hazard index maps with the maximum index
ent classses. Thus, an elevation-based hazard index map Vlue being unity are obtained for each factor (either geol-
generated with indices less than or equal to 1. Similarly, the®dy oOr environment), they can be combined to yield a fi-
data given in Tables 8 and 10 of Evans et al. (1999) can leadi@l hazard map by assigning different weighting to each
to the hazard index maps for geology and slope angle showfactor. For example, if hazard indice#/(;,i=1,2, ..., n,

in Fig. 11. The rainfall hazard index maps are obtained fromwherer is the number of classes in each facto&1, 2..., m,
where m being the number of factors) with weightings
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Fig. 10. A hazard map based solely on computer simulations. The maximum index on the map is one. Building footprints are given as
unfilled polygons.

(W;, j=1,2,...,m) are given, a hazard map can be gener-combining the top 4 hazard index maps for elevation, slope
ated. The number factors used in generating the hazard magsigle, geology and rainfall with corresponding weightings of
shown in Figs. 11a and b are=4 andm=5 respectively. 1.0, 1.0, 0.5and 1.0.

The landslide hazard at each locatiofidenoted by pixel of

10m x10m) is calculated according to: However, if one incorporates the hazard index of numer-

ical simulation given in Fig. 10 with a weighting of 1.0

n n (which is selected for illustrative purpose only and in fact
Hazardx)= Z[WJ' Hji(x)1/ Z Wij. (8) any weighting can be assigned) but assumes the total weight-

J=1 J=1 ing in the denominator of (8) constant, Fig. 11b is obtained.
Since the values on the right hand side of (8) are scaled wittfComparison of Figs. 11a and b reveals that the statistical haz-
respect to the sum of the weightings, the maximum value ofard map severely underestimates the potential debris flow
Hazardg) at any pixel must be less than or equal to 1. Thehazard at all building blocks S, P, B1 and B2 shown in
calculation of hazard map based upon Eq. (8) can be doné€&ig. 10. Thus, the traditional approach based purely on past
efficiently by using “raster calculator” available in ArcGIS. landslide record does not necessarily yield reliable results
Figure 11a shows a hazard map based purely on statisticalompared to the flow-dynamics-based estimation. There-
analysis without using simulation results given in Fig. 10, by fore, it is unsafe to estimate hazard level based simply on a
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Fig. 11. Four basic factor hazard maps for elevation, slope angle, rainfall and geology are shown in the tqp)réwhazard map
combining the top four hazard maps (but without the results of numerical simulatigm)sh hazard map incorporating the results of
numerical simulations given in Fig. 10 (the weightings for each factor are given in the text).

statistical approach, and numerical simulation results (whichand Leung King Estate is selected as an example to illustrate
estimating the travel distance of event from each potentiahow the debris flow hazard in term of deposition coverage
debris flow source zone) must be incorporated. and thickness can be generated. Itis expected that the present

methodology will be further applied to other areas in Hong

Kong and other parts of the world. It is also demonstrated
4 Conclusions that it is unsafe and not conservative to estimate hazard level

based simply on a statistical approach, and numerical simula-
We have presented an approach to estimate the potential hation results must be incorporated. This new approach opens
ard of debris flow by incorporating the results of numerical Up & new direction for future research. In the long run, flow-
theoretical simulations of debris flow and GIS technol- dynamics-based GIS hazard mapping may better be received
ogy. The flow model adopted here is that of Takahashi ey City planners because of its sound theoretical background.
al. (1992), with appropriate modifications incorporated. TheNevertheless, much work remains to be done, before a robust
Tsing Shan debris flow of 1990 is used as a bench mark tgnd efficient methodology can be applied for routine hazard
calibrate the required parameters and data for simulations2ssessment.
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