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The assessment of multi-hazard risks in urban areas poses particular difficulties due to the different
temporal and spatial scales of hazardous events, and the potential interactions between hazards and
socio-economic fragilities. Yet this exercise is important, as identifying the spatial distribution and
concentration of risks in urban areas helps determine where and how preventive and corrective actions
can reduce levels of vulnerability and exposure of urban populations. This article presents the results of a
GIS-based assessment of present day risk to socio-natural hazards in two socio-economically distinct
districts of Hong Kong (PRC) by utilizing indicators to describe the hazards and vulnerabilities. Hong
Kong is a densely populated coastal metropolis exposed to multiple intense and potentially overlapping
hydro-meteorological hazards, including heat waves, typhoons, and landslides. Mapping hazards and
vulnerabilities in this urban area helps to visualize the spatial distribution and concentrations of risk
located throughout the city, and thereby facilitate the tailoring of measures that can reduce risk at the
very local scale. This approach has the potential of providing city planners and policy makers with visual
guidance in prioritizing risk management and adaptation actions with respect to current and future risks
existing in specific parts of the city, taking into account more than one hazard at the time. We found that
the two districts considered have comparable and distributed levels of risk being both exposed to
multiple hazards and notwithstanding the socio-economic groups. However, elements of criticality are

potentially more widespread in the less wealthy parts of the city.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Natural hazards in the Asia-Pacific region affected 6 billion
people and caused over 2 million casualties between 1970 and
2014 [1]. These fatalities and the number of persons affected re-
present a significant portion of the worldwide totals: according to
the Economic and Social Commission for Asia and the Pacific,
56.6% of the deaths and 87.6% of people affected due to hazards,
especially hydro-meteorological ones, are located in this region.
While the total number of fatalities per disaster has actually de-
creased over the past several decades, economic damages have
increased [1]. Disaster risk reduction (DRR) activities have helped
to lower the number of deaths, yet factors including population
growth, development of cities in coastal areas, and climate change
contribute to increased exposure and damages. Since 1980 the
number of people exposed to hydro-meteorological hazards, like
floods and storms (cyclones), has increased by 70% [2], and this
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number is likely to rise with population growth and climate
change. Indeed, Asia's urban population is projected to increase
from 2.06 billion in 2014 to 3.31 billion in 2050 [3] further in-
creasing the number of people exposed to natural hazards. Urban
centres in the Asia-Pacific region are often located in geo-
graphically vulnerable areas, and development, especially of land
occupied by the urban poor, is increasingly occurring in hazard-
prone areas [1]. A large portion of Asia's urban population (238
million in 2000) lives less than 10 m above sea level [4], highly
exposed to storm surges and sea level rise.

The concentration of people, infrastructures, and assets leave
urban areas at a greater risk to suffering fatalities and economic
losses from natural hazards compared to rural areas [5]. Heat
waves are compounded by the Urban Heat Island (UHI) effect and
air pollution [see for instance, [6]], and impacts of coastal, river
and flash flooding are enhanced by the high presence of sealed
surfaces [see for instance, [7]]. DRR is rarely included in plans for
rapid urban expansion worldwide [2] as the two communities
often consider their tasks as separate. Spatial and institutional
competences do not coincide in most cases, and space constric-
tions and socio-economic conditions frequently drive urban ex-
pansion into hazard prone areas [8].
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This paper develops an indicator based approach for the spatial
assessment of the risk to multiple hazards (i.e. heat waves, land-
slides, and storm surges) in two socio-economically diverse dis-
tricts of Hong Kong Special Administrative Region of the People’s
Republic of China (herein referred to as Hong Kong). It applies
strategies that can improve the knowledge needed for managing
and reducing disaster risks in urban areas, with some considera-
tion in the case of future climates. Section 2 provides the state of
the art concepts, methods and background information on multi-
hazard risk assessment. Section 3 presents the case study areas
and the features of several hazards for Hong Kong; Section 4, the
methodology used; Section 5, the results; Section 6, the final
discussion; and Section 7, the conclusions.

2. Hazard, risk, and vulnerability: concepts and methods
The terms “hazard,” “risk,” and “vulnerability” are often defined
in a slightly different manner from one scientific community to
another. Whereas the climate change community focusses on
impacts potentially causing hazards, knowing that impacts can be
addressed by climate change mitigation and certain measures can
reduce vulnerability, the contribution of the socio-economic sys-
tem to the conformation of hazards has more gradually entered in
the focus of the hazard risk community.

One current characterization of risk is based on the combina-
tion of the probability or likelihood of a natural hazard occurring
and the vulnerability of the system potentially affected [9]. This
definition, utilized by The United Nations Office for Disaster Risk
Reduction (UNISDR), is the result of an increasing convergence
between the risk and the climate change communities. It explicitly
includes the vulnerability of the interested parts of the socio-
economic system, and implicitly refers to the potential direction
for climate change adaptation action.

In the past several decades, the common approach to disaster
risk management has shifted from characterizing the hazard and
hazard frequencies, necessary for the design of relief action, to-
wards a more vulnerability or prevention-oriented approach [see
for instance, [10]]. The concept that the fragilities of the exposed
and eventually impacted social-ecological system also contribute
to risk is made evident, for instance, in the case where one hazard
unevenly impacts distinct parts of the same city due to the socio-
economic disparities [11]. This perspective extensively frames the
concept and analysis of vulnerability in the climate change com-
munity [12], which has defined vulnerability as the “propensity or
predisposition to be adversely affected,” [13] encompassing char-
acteristics of the system's exposure (character, magnitude, and rate
of climate change and variation to which a system is exposed), sen-
sitivity, and capacity to cope. Further to the capacity to cope, the
capacity of the system to preventively reduce risk to hazards is
called adaptive capacity, which governs “the ability of systems,
institutions, humans, and other organisms to adjust to potential
damage, to take advantage of opportunities, or to respond to
consequences,” [13]. In this sense, adaptive capacity is an element
modifying vulnerability by enhancing the capacity to cope or by
reducing exposure to climate change impacts in the long term.

The vulnerability perspective presents hazards not as inevitable
events “naturally” affecting socio-ecologic systems, but as the re-
sult of the interaction between the features of the affected system
and the event. The interaction that takes place between the nat-
ural and the social systems, determining a particular configuration
of risk, develops not only on the characteristics of the hazard itself,
but also on the conditions of the social-ecological system im-
pacted. This perspective on the role of conditions of socio-eco-
nomic systems opens a perspective on strategies for DRR that fo-
cus on the reduction of socio-economic causes of vulnerabilities.

UNISDR, similar to the IPCC [14], defines socio-natural hazards as
those where “the causes are a combination of natural and an-
thropogenic factors, including environmental degradation, climate
change and others” [9]. This perspective further helps in identi-
fying the multiple causes of risk, moving away from the inevit-
ability of the damages occurring to the impacted system. For ex-
ample, this is the case with the concentration of air pollution or
the UHI effect, both increasing the impacts of heat waves in cities
[15], or of the poor living in areas that are more exposed to dis-
aster risks, like river and coastal floodplains or steep slopes and
areas at risk of landslides, which is true for cities in the developing
world as well as for those in developed countries [16,17].

2.1. Multi-hazard risk in urban areas

Hazards can affect differently people and infrastructures of a
single urban system. The impacts can concentrate spatially, af-
fecting some parts of the city more than others. Furthermore,
socio-economic elements of vulnerability are normally distributed
in an uneven manner across urban areas, generating, from a spatial
point of view, a concentration of or overlap of different risks. Al-
ready in the early nineties, the consideration of multiple risks was
proposed as part of the requirements for the definition of strate-
gies for sustainable urban development, for instance as part of
Agenda 21 for sustainable development [18], and was reconfirmed
in the Johannesburg Declaration of Sustainable Development in
2002, which required “[a]n integrated, multi-hazard, inclusive
approach to address vulnerability, risk assessment and disaster
management, including prevention, mitigation, preparedness, re-
sponse and recovery,” [19]. In a similar manner, the Hyogo Fra-
mework of Action pledged for the mainstreaming of “integrated,
multi-hazard approach[es] for disaster risk reduction [...] into
policies, planning and programming” [20], and the Sendai frame-
work reiterated the same message explicitly calling for “compre-
hensive surveys on multi-hazard disaster risks” [21].

The concentration of risks in urban areas derives from a set of
different and often overlapping sources of vulnerabilities and ha-
zards. This variety of hazards concentrated in a relatively small
space makes multi-hazard assessment an increasingly important
yet challenging task for DRR in cities for several reasons. First,
various hazards have different characteristics, their impacts on
structures and buildings are diverse, however they can potentially
act at coinciding scales in space and time (e.g. frequencies, times of
onset, as well as durations) [22-24]. Second, the socio-economic
conditions determining vulnerabilities are not distributed evenly
in urban areas. The dense and interconnected structures of cities
create strong spatial differentiations. These factors represent a
challenge for the analysis and assessment of urban disaster risks as
they impose the use of diversified approaches [25-28]. In parti-
cular, the methods available for the description and quantification
of single risks needs to be adapted carefully to the contemporary
or comparative assessment of multiple risks [23,29].

A basic approach to multi-hazard mapping consists in the
mapping of “the totality of relevant hazards in a defined area” [30].
This implies defining the urban areas potentially exposed to ha-
zards. Such an approach allows for the identification of potential
hotspots of vulnerability, where more than one potential hazard
can have impacts, providing specific indications for disaster pre-
paredness [see for instance,31]. Under this perspective, the effects
of hazards are considered simply additive, with overlapping im-
pacts. A more sophisticated approach would consist in relating the
spatial or causal interactions between different hazards and ana-
lysing the relative importance of single impacts [27]. Another issue
worth considering is that of interrelated hazards, as hazards fre-
quently occur as consequences of other types of hazards (e.g.
landslides provoked by seismic events or chemical incidents by
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flooding), or alongside them (e.g. cloud burst events causing both
flooding and landslides in the same or contiguous urban areas)
[32].

Interacting hazards can be compound hazards: under a spatial
approach, the simple fact that two different hazards impact the
same people or the same elements of the urban system can cause
effects that go beyond the sum of single independent impacts [27].
Impacts acting on the same parts of the territory, without inter-
acting causally or coinciding contemporaneously, may need to be
considered jointly as measures for reducing risks to one impact
might enhance vulnerabilities towards other hazards, thereby ac-
centuating hotspots of vulnerability.

The different options for spatial and temporal interactions, as
presented by Kappes et al. [30], have diverse implications in terms
of potential forms of action in the urban domain. In the case of
spatial but not temporal coincidence of impacts, measures for risk
reduction should aim to reduce risks from the single hazards,
taking into account the co-presence of them all (e.g. measures
taken to lessen the impact of heat need not compromise safety in
cases of floods or landslides). In the case of spatially and tempo-
rally coinciding hazards, further to impacts from single hazards,
results from interaction and cascading effects need to be taken
into account. Finally, the case of simultaneous but not spatially
coinciding hazards represents a challenge in terms of risk and
emergency management, as in different parts of the city, different
types of emergency situations will require different types of
management intervention at the same time [following [30]].

From an assessment point of view, the consideration of multi-
ple hazards requires the creation of complex spatial indices, which
provide aggregated information about risks from different hazards
alongside with exposure and aspects of sensitivity and coping
capacity for single parts of the urban area. In this sense, single
indicators and aggregated indices represent a synthetisation of a
complex reality and represent phenomena that, as for instance
with vulnerability, are difficult or impossible to measure. Spatial
interactions can be captured, inter alia, by simply summing up
single hazard indices to create an overall urban multiple hazards
map. Using an additive approach for the aggregation of spatial
indices for hazards has the disadvantage of hiding potential
compensative effects between high and low risk levels across
different hazards. Furthermore, additive approaches do not detect
(eventual non-linear) interaction between the hazards and the
system, which can cause changes in the characterization of the
hazards themselves (e.g. cloud bursts or inundation can combine
in unforeseen way with coastal flooding and slope instability) and
in changes in the state of the urban system. The changes can cause
new and different types or forms of risk which are different from
the sum of single hazards, leading to important underestimations
of risk [29], although interactions between more than one hazard
are still not well understood [30,32]. Despite the limitations, the
approach still retains the potential to allow for the identification of
hotspots of hazard exposure. Further to the consideration of in-
teractions, a multi-hazard approach needs to establish metrics
which make risks comparable. Classification offers a simple ap-
proach to compare risk [27] and semi-quantitative index based
approaches have been developed by Dilley et al. [33], Greiving [34]
and Greiving et al. [32]. These compute hazard and vulnerability
separately and weight the hazard with the vulnerability index to
calculate risk.

A further issue for comprehensive treatment of the hazards is
connected to the aggregation of single indices. Several approaches
for the aggregation of single indices are proposed in literature. For
example, Greiving [34| proposes an integrated risk matrix with 10
degrees of risk obtained by summing vulnerability and hazards
classes. The Global risk index is also calculated as the product of
exposure (the hazard sphere) per susceptibility, coping capacity,

and adaptive capacity [35]. Others have defined vulnerability
spatially as the product of hazards features, sensitivity, and
adaptive capacity [36] — what is referred to as risk herein. Carrefio
et al. [37] also assessed the risk to multiple hazards spatially in an
urban context as a product of the potential physical damage (D),
based on the exposure and an impact factor (I), aggregating sus-
ceptibility and lack of resilience of the exposed population. By
multiplying D and I Carrefio et al. [37] obtain a spatially explicit
map of different risk at the district level.

Qualitative approaches have been applied by Granger et al. [38]
and Middelmann and Granger [39], and a spatial multi-hazard
assessment with qualitative weightings is also presented in El
Morjani et. al. [40]. In this last health risk oriented study, different
hazards are weighted according to the damages caused in past
events. The regional averages of damages (persons killed or af-
fected and economic damages) are expressed in monetary terms
[40].

For a more in-depth review of multi-hazard assessment
methods refer to Kappes et al. [27].

3. Hong Kong

Hong Kong is situated on the southern coast of China, close to
the Pearl River Estuary and shares its northern border with
Guangdong Province of Mainland China. Due to the particular
socio-political position held by the city throughout the second half
of the 20th century, Hong Kong has become one of the most
densely populated areas of the world with around 6300 people per
square kilometre. In 1841 the area only had about 7450 inhabitants
[41], whereas in 1941 population was 1.64 million, dropping to
600,000 after World War II, growing to 3 million in 1960 [41], and
finally reaching approximately 7.3 million inhabitants in 2015,
according to the government census. The population is projected
to increase at a rate of 0.6% to reach 8.47 million in 2041, and to
continue ageing [42]. The population aged 65 and over is projected
to grow from 13% in 2011 to 30% in 2030 [42].

The territory of Hong Kong is subdivided in eighteen districts,
each of which consists of a variable number of constituencies.
There are pronounced differences in terms of socio-economic
conditions throughout different areas of the city in terms of in-
come and living conditions. Further to statistical income levels,
these differences are visible also with respect to the percentage of
green areas and the environmental conditions across the city.

3.1. Central and Western District and Kwun Tong District

To perform a detailed analysis of multi-hazard risk at the very
local level of the constituency, two of Hong Kong's eighteen districts
are considered: Central and Western District and Kwun Tong Dis-
trict (see Fig. 1). They were chosen to capture a range of distinct
socio-economic and environmental characteristics in coastal areas
that are currently experiencing multiple hazards, such as storm
surges, heat waves, and landslides. Specifically, the Central and
Western District features as a high income level and low densities
of residential population, and the Kwun Tong District shows a lower
income level and a high number of inhabitants and population
density. According to the 2011 Hong Kong Population Census, Kwun
Tong District has the second largest population and the highest
population density of all Hong Kong districts. Central and Western
District is the third least populated and the eight densest district.
Kwun Tong has the sixth highest median age, and Central and
Western the twelfth highest. Extensive waterfronts characterize
both districts. Central and Western District, which has a dense
central business district situated along the coast, covers an area of
about 1255 ha and is broken down into 15 constituencies in the
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Fig. 1. Map of Hong Kong highlighting Central and Western District and Kwun Tong District.

Table 1
Socio economic indices of the study areas.

Hong Kong Central and Kwun Tong
Western
Surface (km?) 1104 12.52 11.05
Population 7,071,576 251,519 622,152
Population density (people/ 6405 20,089 56,303
km?)
Median age 41.7 413 42.8
Median monthly income 11,000 15,000 10,000
(HKD)
Population change 2001- 54 -4 10.6
2011 (%)

Data source: Hong Kong Population Census 2011 [87].

2011 census. Kwun Tong District is slightly smaller at around 1130
ha, and is divided into 35 constituencies according to the 2011
census. See Table 1 for socio-economic indices of the study area.

Figs. 2 and 3 serve as a reference for the names associated with
each constituency area in Central and Western District and Kwun
Tong District.

3.2. Natural hazards

Hong Kong is situated along the southeast rim of the Asian
Pacific region, in an area that is especially exposed to strong ty-
phoons (high wind and heavy precipitation) causing storms and
floods.Tsunamis triggered by earthquakes are a second potential
source of coastal flooding. Landslides often occur due to the steep
slopes in mountainous parts of the city, triggered by heavy pre-
cipitation, especially during cyclones. As a densely urbanized area
situated in a humid subtropical climate, Hong Kong is also affected
by heat stress [43]. Although overall hazard preparedness has
improved in Hong Kong in the last decades [44], there are sub-
stantial differences among age groups: a 2012 study revealed, for
instance, that only 22.4% of the elderly were prepared for disasters
[45].

3.2.1. Heat waves

The Hong Kong Observatory (HKO) has been recording the
occurrence of very hot days and hot nights since 1884 (excluding
the period of 1940-1946). Over this period, a total of 1031 days
with a maximum temperature greater than or equal to 33 °C and

Central & Western District

constituency area codes and names
[ cwi Chung Wan

3 cw2 Mid Levels East

3 cw3 Castle Road

[ cw4 peak

3 cws university

3 cwé Kennedy Town & Mount Davis
3 cw7 Kwun Lung

3 cws sai Wan

3 cwo Belcher

3 cw10 Shek Tong Tsui

3 cwi1 Sai Ying Pun

3 cw12 Sheung Wan

[ cw13 Tung Wah

[ cw14 Centre Street

3 cwis water Street

=

e
=

Fig. 2. Central and Western District's constituencies’ areas.
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Kwun Tong District

constituency area codes and names
3 KT1 Kwun Tong Central
3 12 Kowloon Bay
I K13 Kai Yip

3 «T4 Lai Ching

[ KT5 Ping Shek

3 «T6 Sheung Choi
[ K17 Jordan Valley
[ k18 Shun Tin

[ k19 Sheung Shun
3 KT10 On Lee

3 «T11 Po Tat

[ K712 Sau Mau Ping
3 K713 Hiu Lai

3 KT14 Hing Tin

3 K715 Lam Tin

[ K716 Kwong Tak
3 K717 Ping Tin

[ KT18 Pak Nga

[ K719 Yau Tong East
3 720 Yau Lai

[ KT21 Chui Cheung
3 K722 Yau Tong West
[ 723 Laguna City
3 k124 King Tin

[ K725 Tsui Ping

3 k126 Po Lok

[ KT27 Yuet Wah

3 K128 Hip Hong

3 K129 Hong Lok

[ kT30 Ting On

[ K131 Upper Ngau Tau Kok Estate
I KT32 To Tai

[ K133 Lok Wah North
[ kT34 Lok Wah South

Fig. 3. Kwun Tong District's constituencies’ areas.

894 nights with a minimum temperature greater than or equal to
28 °C have been recorded.

Since 2000, the HKO has been issuing Very Hot Weather
Warnings (VHWW) to alert the population in the event of a
heatwave. Warnings are generally issued when temperature
reaches 34 °C, or exceeds 30 °C together with a certain humidity
level, wind speed and direction. Between January 2000 and Oc-
tober 2015, the VHWW was issued 203 times; the average dura-
tion of each very hot weather event was about 1.5 days.

These hot conditions represent a particular risk, especially for
elderly people living alone, and in the case of long spells [44]
(more than 3 consecutive days). Currently there are 14 heat shel-
ters in Hong Kong managed by the Home Affairs Department that
opened in the summer 2007 [46]. The city around the delta is also
affected by high levels of air pollution favoured by the high density
of tall buildings. However, daily mortality connected to air pollu-
tion seems to be higher in the cool season in correspondence with
northeast monsoons than in the warm one [47-49]. Episodes of
high concentration of Ozone (0O3) and Particulate Matter smaller
than 10 um (PM;o) have been recorded during the hot season,
linked to the presence of tropical cyclones and originating from
sources of pollution located at the regional level [50,51]. In com-
bination with heat waves, this might nonetheless contribute to the
number of excess deaths in extreme hot weather conditions, as
suggested by Chau et al. [46].

3.2.2. Typhoons

Hong Kong's typhoon season spans from May to November,
peaking during the summer months of June, July, and August.
These tropical cyclones often result in flooding and landslides [52].
In the past, the greatest death toll and economic losses have been
inflicted by typhoon-induced storm surges [44,53]. According to
the HKO's database on Storm Surge Records in Hong Kong during
the Passage of Tropical Cyclones from 1949 to 2015, tide gauges

nearby the case study areas have recorded water levels as high as
1.77 m above the astronomical tide.

In the city's history, typhoons are the hazards that have caused
the most casualties and damages in Hong Kong [44]. According to
the International Disaster Database (EM-DAT), in 1906 a tropical
storm hit the city causing 10,000 deaths while another typhoon
caused 11,000 deaths in 1937. In 1947, 2000 people died in a storm.
In June 1960, Typhoon Mary hit the city affecting more than
15,000 people. According to EM-DAT, floods too are at the origin of
high numbers of people affected in Hong Kong, and together with
storms cause the highest amount of economic damages. On the
other hand, typhoons and cyclones also bring benefits to Hong
Kong. Cyclones are responsible for at least 30% of annual rainfall in
the area, and are therefore important for the water balance of the
city, also by breaking drought periods and cooling the environ-
ment [54]|. The downside is that these precipitation events are
often concentrated in relatively short time periods. May, June, July,
August, and September each have monthly rainfall levels exceed-
ing 300 mm; about 80% of the yearly rainfall occurs in these
5 months. HKO monthly mean precipitation data from 1981 to
2010 indicates that June is the rainiest month in terms of both
total and duration of rainfall.

The HKO issues Tropical Cyclone Warning Signals in the event
of a typhoon. Warnings to the public are issued in case of per-
sisting strong winds, storms, and in the case of tropical cyclones
centered within 800 km of Hong Kong that may affect the city.
From January 1964 to October 2015, 1028 cyclone warnings of
signal 1 or higher were issued with an average duration of nearly
17 h.

3.2.3. Landslides

Landslides in Hong Kong have been studied in particular on the
little inhabited Lantau Island [53,55-58]. Other researchers have
looked at the New Territories district [58], and Hong Kong Island
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[59]. Research on Hong Kong Island has found elevation to be the
most dominant factor in explaining landslide occurrence in the
area, whereas other research shows that the other factors, like
slope angle, soil characteristics, and coverage might have a more
important role [60,61]. Hong Kong Island is also more affected by
landslides than the other parts of the city as it is the most popu-
lated area with high rates of soil sealing and high building den-
sities [59].

Since 1983, the HKO and Geotechnical Engineering Office has
been issuing landslip warnings when there is a high risk of land-
slips as a result of persistent heavy rainfall. Relevant government
departments and organisations are prompted by warnings to take
appropriate actions, including opening temporary shelters,
standing by for search and rescue operations, and closing in-
dividual schools and relief work projects. From January 1983 to
October 2015, a total of 103 landslip warnings was issued in Hong
Kong.

4. Risk assessment methodology

Risk is defined by the likelihood of the system to be affected
and is generally obtained by multiplying vulnerability indices with
those describing the features of the hazards. Applying a compre-
hensive approach to the consideration of urban risks is functional
to integrated urban policies that are able to address the spatial
concentration of risks acting on morphological, socio-economic,
and environmental roots of sensitivity, susceptibility, and lack of
coping capacity.

The methodology applied in this spatially explicit multi-hazard
risk assessment has been informed by the multi-risk assessment of
Europe's regions described in Greiving [34], opting for a linear
aggregation rather than a multiplicative approach of final in-
dicators for each of the hazard specific risks. The methodology
consists of four steps: (1) developing intensity maps for each so-
cio-natural hazard based on a set of clearly identified indicators
using normalized indices in order to keep values based on differ-
ent dimensions and metrics comparable (see Table 2); (2) deriving
an integrated hazard map encompassing and overlaying all the
hazards considered; (3) developing a vulnerability map based on
the indicators of exposure, sensitivity, and adaptive capacity (see
Table 3) relevant for the hazards considered; and (4) obtaining an
integrated risk map as a product of the values of the multi-hazards
map and of the vulnerability map.

Thus we begin here with an analysis of all single hazards and
their impacts, with special attention given to potential interactions
with contemporaneous or sequential hazards: those in which one
process triggers the next or those in which the disposition of one
hazard is altered by another (e.g. earthquake induced landslides,
or floods and landslides triggered by extreme rainfall or coinciding
with river or coastal flooding) [62,63]. For each of the single ha-
zards considered, indicators that could be mapped using the
available information have been chosen. With regard to interac-
tions, the spatial overlay of these single indicators in multiple
hazard maps provides a first idea on the existence of eventual

Table 2
List of descriptors of spatial intensity of the socio-natural hazards considered.

Hazard (H) Indicator/parameter References

Heat waves (HW) UHI: sealed surface area (excluding buildings, [65-68]
SSA) plus building volume (BV)

Landslides (L) Slope area: percent of land area with steep [60,61]
slope (higher than 45 degrees) (SA)
Storm surges (SS) Floodable area: percent of land area below [68,69]

highest observed storm surge water level

interactions.

Next, the sensitivities of the single elements exposed to the
multiple hazards and determine degrees of risk are examined one
by one. These are comparable across different hazards that are not
expressed by a common metric system, provided that hazards are
analyzed on the same spatio-temporal scale and on the same risk
metric (economic, ecological or social, etc.) [29], using a classifi-
cation approach based on a semi-quantitative index following
Dilley et al. [33], Greiving [34] and Greiving et al. [32].

Finally, results are aggregated. Greiving et al. [32] presents a
qualitative Integrated Risk Index (IRI) as basis for spatial planning
decisions, which is based on the aggregation of single components
of risk. The intensity of single hazards (or hazard impacts) relevant
for spatial planning are classified into five intensity classes and
aggregated into an integrated hazard risk component. In the pre-
sent study, the two composite indicators for multi-hazard and
vulnerability are equally weighted for the creation of the in-
tegrated risk maps [32]. An in-depth consideration of the results
for urban planning in the city context would however require the
application of specific weights based on local expert judgements.

All mapping was done using QGIS software [64].

4.1. Socio-natural hazard assessment

The heatwave hazard is estimated using the indicator for the
UHI effect. As a hazard determined by socio-economic factors like
urban density that exacerbate the impacts of natural hazards like
heat waves, a combined index based on the percentage of sealed
surface area and building volume is used. As mentioned, it is as-
sumed that heatwaves impact the entire city, and the intensity of
the hazard is a function of the UHI phenomena.

The landslide hazard is estimated using the percentage of the
constituency with a slope greater than 45 degrees. This threshold
is chosen as landslides generally occur on steeply sloped lands.
Due to lack of data on soil characteristics and soil coverage, only
the slope inclination could be used for this assessment. Landslide
distribution data for 428 cut-slope failures on Hong Kong Island
shows that most landslides occurred in areas with an inclination
from 55° to 60°; other landslide data are distributed around this
value in a form of normal distribution [61].

Floodable area is the most relevant factor composing the storm
surge hazard, so the percentage of the constituency area between
sea level and the highest observed storm surge water level from
1949 to 2015 is used to estimate the storm surge hazard.

For both districts, the intensities of impacts from hazards are
assessed spatially, while the time dimension is excluded due to
lack of available information.

H = (1/3HW) + (1/3L) + (1/355) )

where H is integrated hazard, HW is heat wave, L is landslide, and
SS is storm surge.

The individual hazards have been calculated taking into ac-
count single features of the urban system contributing to the
specific risk:

HW = UHI = (1/25SA) + (1/2BV) 2)
where SSA is the sealed surface area and BV is the building volume.
L =(1/25A) 3)

where SA is the percent of land area with a slope greater than or
equal to 45 degrees.

SS = percent of land area below the highest observed
storm surge water level 4
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Table 3
List of indicators describing the multi-hazard vulnerability of Hong Kong.

Vulnerability component Indicator References
Exposure (E) Constituency population (as a percent of Hong Kong's total population) [70]
Susceptibility (S) Young people (percent population < 5) (Y) and Elderly (percent population > 65) (A) [47-49,71,72]
Unemployed (percent) (U) [73]
Income (median monthly domestic household income) (I) [74,75]
Education (percent of population over 15 with max primary level of education) (P) [76-80]
Lack of coping capacity (LCC) One person households (percent of households) [49,80-82]

Each indicator of hazard is classified into five classes applying
the equal intervals method in order to facilitate the comparison of
constituencies in the districts in terms of heat waves, landslides,
storm surges, and integrated hazard.

The primary source of land use data is the Hong Kong Survey
and Mapping Office. The iB5000 Digital Topographic Map provides
information on building footprint, land cover, and places of in-
terest. This data is supplemented with Open Street Map data on
leisure and natural areas in order to develop a more complete
view of land use, particularly green areas.

High resolution LiDAR Digital Elevation Model (DEM) and Di-
gital Surface Model (DSM) data are used in the assessment to
derive information on elevation, slope, and building height. Data
for Central and Western and Kwun Tong districts were provided by
the Civil Engineering and Development Department. DEM and
DSM data have a vertical accuracy specification of + 0.10 m stan-
dard error (95% confidence level or 2c) and a horizontal accuracy
specification of +0.30 m standard error. DEM and DSM LiDAR
data were collected from December 2010 to January 2011.

Tide gauge data is taken from the Hong Kong Observatory's
database on Storm Surge Records in Hong Kong during the passage
of tropical cyclones. Data from both Quarry Bay, collected from
1986 to 2015, and North Point, from 1949 to 1985, are considered
as they are the tide gauges located closest to Central and Western
District and Kwun Tong District.

4.2. Vulnerability assessment

Based on the literature and on data availability, a range of in-
dicators has been chosen to characterize vulnerability to the dif-
ferent hazards. All indicators describe some aspects of the social-
ecological system regarding its exposure, susceptibility, or coping
capacity with respect to the potential hazards impacts. The in-
dicators selected are presented in Table 3. While the inclusion of
additional indicators would be desirable, especially in the case of
lack of coping capacity where only one indicator is used, it is not
feasible due to data limitations at the very local level of this
assessment.

Socio-economic data used in the assessment has been obtained
from the 2011 Hong Kong population census made available by the
City Census and Statistics Department. Specifically, data on po-
pulation, age, education, employment, income, people per
household, and gender are considered for the 15 constituency
areas within the Central and Western District on Hong Kong Is-
land, and the 35 constituency areas within the Kwun Tong District
in Kowloon. This data did not provide sufficient information for
adequately assessing coping capacity, so the number of one person
households was taken as a proxy for potential problems in coping
of persons with specific needs not being sufficiently integrated in
social networks.

4.2.1. Calculating vulnerability
Based on the definition of vulnerability, which is a function of
exposure, susceptibility, and lack of coping capacity, socio-

economic data has been normalized in order to assess relative
differences in vulnerability between the districts and across con-
stituencies. For population and income, normalization is done re-
lative to all Hong Kong constituencies, whereas for the other
variables it is done across the constituencies included within the
two case study districts. Vulnerability, which exists only in areas
where the population is exposed to hazards [83], is calculated as
follows:

V = E*S + LCC) (5)

where E is exposure, S is susceptibility, and LCC is lack of coping
capacity.

E = constituency area population as percentage of Hong Kong’
s population (6)

S=(1/5Y) + (1/5A) + (1/5U) + (1/5D) + (1/5P) @)

where Y is the percentage of the population under age 5, A is the
percentage of the population over age 65, U is the percentage of
the population that is unemployed, I is income, and P is the per-
centage of the population over 15 years old with a maximum level
of primary education.

LCC = percent one person households 8

Risk (R) is calculated as the product of hazard (H) and vulner-
ability (V):

R =H*V 9

5. Results

Figs. 4-8 report the results of the procedure depicting single
hazards, integrated hazards, and the components of vulnerability,
vulnerability, and risk. For a visual representation of the indicators,
the levels of hazard, vulnerability, and risk are categorized into
5 classes based on the equal interval method of classification.

5.1. UHI, storm surge, and landslide hazards

Due to the densely populate area of Kwun Tong, the highest
UHI effect is recorded for the Centre Street constituency of this
district. Also, the heat wave impacts are aggravated in some of the
inland constituencies of Central and Western District (Fig. 4a). The
coastal constituencies of both districts present the higher level of
storm surge intensity with slightly higher levels in Kwun Tong
District (Fig. 4b). With respect to landslides, the internal con-
stituencies of Central and Western District appear to be the most
likely to be affected by the hazard (Fig. 4c). Overall the different
hazards affect the constituencies in a rather complementary
manner and with spatial overlap between the heat waves and
storm surge hazards.
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Fig. 4. (a) UHI, (b) storm surge, and (c) landslide hazards maps for Central and Western District (left) and Kwun Tong District (right).

5.1.1. Integrated hazards

The resulting multi-hazard map (Fig. 5) shows that close to
none of the constituencies of the two districts are hazard free and
that hazards are all distributed across all of the constituencies with
comparable levels between the two districts. However, most
constituencies of Central and Western District would suffer the
highest multi-hazard impacts (i.e. close to half are in class 4 or 5)
while in Kwun Tong most of the constituencies present a multi

hazard risk level of only 2.
5.2. Vulnerability

As the population is well distributed across all of the con-
stituencies, these show relatively low degrees of exposure if
compared with the constituency Sau Mau Pang in Kwun Tong,
which represents by far the highest concentration of population
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Fig. 5. Integrated hazards map for Central and Western District (left) and Kwun Tong District (right).

and represents an outlier (see Fig. 6a). As expected, Kwun Tong
shows higher degrees of susceptibility to the three hazards due to
the lower socio-economic status of its population (Fig. 6b). The
coping capacity presents high vulnerability levels in Central and
Western District due to the widespread one household arrange-
ment mainly occupied by foreign housekeepers working and living
in the wealthy district (Fig. 6¢). Overall, Kwun Tong District shows
higher vulnerability levels than Central and Western District.

From our calculations, all of Central and Western District's
constituencies face the lowest vulnerability level of 1. As for Kwun
Tong District's constituencies, nearly 75% have a vulnerability in-
dex of 1.

5.3. Multi-hazard risk

Relative to all other constituencies considered, the constituency
Sau Mau Ping Central in Kwun Tong District faces the greatest
multi-hazard risk; the most at risk constituency in Central and
Western is Castle Road, which has the fourth highest risk level
overall (see Fig. 8). Based on classifications using the equal interval
ranking method, none of Central and Western District's con-
stituencies face a risk level of 5 or 4. As for Kwun Tong's con-
stituencies, 2 have a risk index of 5, and 1 is at level 4, while most
are at level 1 or 2. To note is that risk levels are distributed across
both districts showing that both face potential hazards impacts.
The steps of our analysis allowed us to trace back the causes of risk
showing how in the wealthier and less densely populated Central
Western District higher hazards levels are to bale for considerable
risk levels, while in Kwun Tong District high levels of hazard but
especially susceptibility give rise to high levels of risk.

Looking at the constituencies ranking highest in terms of risk,
three with the highest risk levels are located in Kwun Tong District
while two are in Central and Western District. For hazard, two
constituencies from Central and Western District have the highest
hazard levels. The top nine most vulnerable constituencies are all
located in Kwun Tong District.

6. Discussion
By performing a multi-hazard risk assessment using indicators,

we identified particular areas within the two districts that show
higher multi-hazard and vulnerability levels than others. Referring

to the multi-hazard assessment, many of the constituencies of the
Central and Western District presented high degrees of potential
impact, being particularly exposed to the hazards considered de-
spite being less dense and wealthier. The most vulnerable areas
are characterised mainly by higher population densities and lower
socio-economic indices in Kwun Tong. Integrating the multi-ha-
zard index with the vulnerability score we find that the two dis-
tricts have more comparable and distributed levels of risk, but as
mentioned, these can be traced back to different causes — one
being physical exposure and the other being socio-economic.
Overall, the results of the multi-hazard risk assessment show that
although both study areas are significantly exposed to multiple
hazards, the most vulnerable communities are located in the less
wealthy district.

It should be noted that these results are dependent on the
weighting and aggregation techniques used. Whereas equal
weights were utilized in this assessment, a more comprehensive
weighting of hazards and aspects of vulnerability would require
collaboration with stakeholders in order to define relations be-
tween the single hazard and vulnerability levels as they relate also
to specific policy goals. An approach based on equal weighting
nevertheless provides useful information for a comparative as-
sessment of risk to multiple hazards in different areas of a city, as
it highlights local concentration of those physical and socio-eco-
nomic conditions that can determine elevated levels of risk.
Nevertheless, a first screening aiming at the identification of place
related vulnerabilities throughout the entire urban area can be
useful for identifying those areas where vulnerabilities could be
reduced using specific localized urban planning strategies. These
strategies include, for example, increase of canopy and albedo
(urban greening and accurate choice of surface materials), or in-
creasing air circulation and reducing waste heat (creation of wind
corridors, use of combined green and blue areas, and avoiding
street canons) [84,85].

6.1. Climate change and socio-economic change implications for
multi-hazard risk

Climate change scenarios for the region depict increasing im-
pacts from heatwaves, extreme rainfall events, sea level rise, and
droughts [49,86]. According to the 2015 Hong Kong Climate
Change Report, climate change will lead to more very hot days and
hot nights, fewer rainy days but increased average rainfall
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Fig. 6. (a) Exposure, (b) susceptibility, and (c) lack of coping capacity maps for Central and Western District (left) and Kwun Tong District (right).

intensity, more extreme rainfall events, more extremely wet years
with risk of extremely dry years, global sea level rise will lead to
coastal changes, and increased threat of storm surges associated
with tropical cyclones [86]. According to tide gauge data main-
tained by the HKO, mean sea level in Victoria Harbor has already
been increasing at a rate of 30 mm per decade from 1954 to 2014.
Projected changes in mean sea level in Hong Kong by 2100 de-
veloped by the city, relative to the 1986-2005 average, range from

62 to 70-73 to 91 cm depending on the climate change scenario.
Sea level rise is an important factor to be considered in asses-
sing the future development of hazard intensities. This might lead
to further increasing hazard impacts also in the wealthiest parts of
the city, which occupy low-lying areas and have already shown
high levels of potential multi-hazard impacts. As it is for other
coastal cities, such as New York, New Orleans, and London, mixed
green and grey approaches could provide the necessary protection
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Fig. 7. Vulnerability map for Central and Western District (left) and Kwun Tong District (right).

to coastal flood while having the benefit of reducing the UHI effect
at the same time. A multi-hazard approach allows for the detec-
tion of risk hotspots in cities for which multifunctional solutions
could benefit at the reduction of risk to multiple hazards at once.

These climatic changes nevertheless would not modify the
distribution of risk across the city in a significant way. Spatial
patterns would not change significantly with exception of the risk
of coastal flooding. So, in absence of spatially explicit projections
of changes in the distribution of the socio-economic characteristics
of the population, an additional mapping exercise would not yield
new insights.

On the demographic side, the fertility rate in Hong Kong has
been consistently below the replacement rate of 2.1, reaching ap-
proximately 1.2 in 2011 [42]. In contrast, life expectancy has in-
creased and the proportion of the population aged 65 and over is
projected to rise markedly, from 13% in 2011 to 30% in 2041, as also
shown by the projected rising median age [42]. The ageing process
of the society resulting from these phenomena will cause addi-
tional concerns for vulnerability reduction.

7. Conclusions

The spatial mapping of single and composite indicators is a
powerful tool for directing future investigation to be focussed on
particularly at risk areas. Policy action will need to address these
fragilities, which have become evident both in the sense of redu-
cing exposure in higher income neighbourhoods and focussing
more attentively in improving susceptibility and coping capacities
of populations in lower income and more densely inhabited areas
of the city. Furthermore, this method allows for the identification
of hotspots of risk where green or grey infrastructures might be
the most needed.

Based on the methods of assessment employed herein, the
integrated risk is highest where spatial intensity of hazards and
vulnerability coincide. This is the case in some constituencies of
Kwun Tong, where population density and susceptibility due to
socio-economic factors are high, alongside with some medium to
high hazard indices. A similar risk due to hazards exposure affects
constituencies in Central and Western District where lower levels
of vulnerability are encountered. As this analysis focuses essen-
tially on the residential population, a specific vulnerability

Fig. 8. Multi-hazard risk map for Central and Western District (left) and Kwun Tong District (right).
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assessment with regards to working populations might suggest
differentiated measures with respect to those targeting the re-
sidential population.

In summary, our analysis shows that under a multi-hazard risk
approach, no parts of the two districts are significantly less ex-
posed to multiple hazards than others. Nevertheless, elements
contributing to higher or lower risk levels are not equally dis-
tributed across the city. In those areas where socio-economic
factors drive or accentuate the overall risk level, improvements
specifically addressing the socio-economic conditions of the po-
pulation (like in most of the constituencies of Kwun Tong) and
providing targeted services to improve coping capacity may be
appropriate, whereas in others (like Central and Western) ex-
posure reduction would be a more effective strategy. This leads to
the conclusion that a multi-hazard risk assessment at the smaller
scale is effective in identifying spatial distribution of principle
drivers of risk that might change within a city and helps prior-
itizing interventions within different districts, at the very local
level.
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