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Abstract

Making cities resilient to natural disasters has become a priority for many policy makers. However, few studies
of global cities analyze environmental vulnerability, disaster resilience, or urban flood resilience. This article
analyzes global cities’ disaster resilience to flooding: New York City, London, Randstad, Tokyo, Shanghai, and
Taipei. Case studies of those global cities will assist cities world-wide to prepare for the future. Results indicate
that a hurricane could leave approximately 25% of New York City with severe economic losses by 2050. In
London, 15% of the land is located in flood-prone areas. The Thames Barrier began to operate to protect London
from flooding in 1982. However, this also encouraged housing development closer to the river, and resulted in
higher exposure and vulnerability of flooding. Randstad has approximately 40% of its land areas in flood-prone
areas, but Randstad is well prepared for flood risk reduction by land-use and environmental planning. In Tokyo,
extensive urbanization suffers from severe damages once flooding occurs. In Shanghai, approximately 50% of its
land is in flood-prone areas. Shanghai is the most vulnerable to floods of the coastal cities. Shanghai is still not
well prepared in land-use and environment planning for urban flood resilience. In Taipei, flood-prone areas
account for approximately 41% of its total land area in an extreme weather scenario. Among these six global
cities, Asian cities should focus more on urban flood resilience since most of flooding hotspots by 2025 will be
located in Asian nations with having weak policies and actions, inadequate risk information, insufficient budgets
and poor implementation capacities (UNISDR 2013). This research suggests that global cities, particularly Asian
cities, should promote policies of urban flood resilience, focusing on land-use and environmental planning for
resilience as well as strengthening their organizations and funding to reduce disaster risk, maintain up-to-date
risk and vulnerability assessment. Urban policies should include environmentally responsible development in the
face of continued population and economic growth, and being resilient regarding natural disasters. Cities can
also adopt a growth management policy to direct development away from flooding hotspots. Urban regeneration
policy should require developers to improve storm sewers, water retention ponds, and permeable surfaces.
Planning more space for rivers, more constructed wetlands, and more ecological ponds to accommodate water is
important. Cities can promote an actuarially fair flood insurance program which can reflect actual flood risks. A
bottom-up community resilience plan would assist achieving urban resilience.

Keywords: urban resilience, flood prevention, urban sustainability, global city flood resilience
1. Introduction

The United Nations’ estimation of losses from disasters around the world is between $250 billion to $300 billion
each year (Wahlstrom, 2015). Since the 1980s, the number of climate-related disasters around the world has
increased dramatically, often devastating cities. The number of floods around the world has soared since the
1980s, few studies analyzing the environmental vulnerability and flood resilience of major cities in developed
countries. On the contrary, in developing countries, approximately 30-50% of urban populations live in
environmentally fragile areas (United Nations Department of Economic and Social Affairs, 2013). The World
Bank also describes the growth in developing countries as sensitive to natural disasters. Much of the
vulnerability facing Asian nations stems from the region’s rapid urbanization. Their cities are among the most
vulnerable to natural disasters, and remain the least prepared to deal with them. Further, the United Nations
International Strategy for Disaster Reduction (UNISDR, 2013) describes Asia as having weak policies and
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actions, inadequate risk information, insufficient budgets and poor implementation capacities. The rapid
urbanization in Asian nations along with little preparedness for natural disasters are likely to dramatically
increase the damage from natural disasters in the future. This article first builds on the current urban food
resilience discourse through literature reviews. Second, it studies in the six global cities: New York City, London,
Randstad, Tokyo, Shanghai, and Taipei. Case studies of urban flood resilience will assist cities world-wide to
prepare for the future. Third, this article analyzes strategies to prevent cities from flooding and suggests urban
flood resilience policies to address the vulnerabilities of cities.

2. Literature Reviews of Resilience and Urban Flood Resilience

Resilience is gaining influence. Resilience originally meant the ability of a system to return to its original
condition after a disturbance. Stemming from the Latin word “resilire”, the original meaning of resilience was
the ability of a substance or object to spring back. Equilibrium resilience focused on the ability of a system to
return to its normal condition after a disturbance (Holling, 1973). However, the resilience debate is shifting from
equilibrium resilience to adaptive, evolutionary, and social-ecological resilience. This results in shifting the very
meaning of “resilience” from “bouncing back™ to “bouncing forward” in the twenty-first century (see Table 1).
Resilience discourse and debate also influence the rebuilding policy from back to normalcy to retreating from
potential natural disasters. In a city’s practices, the urban resilience to flooding moves from the engineering
strategy of blocking out floods to the land-use planning strategy of accommodating floods or retreating from
flood risk. Rather than engineers, land-use or environmental planners will play a key role in urban resilience to
flooding.

Table 1. Summary of the “bouncing back” vs. “bouncing forward” resilience debate

Aspect Bouncing back Bouncing forward

Period In the 1970s In the 2000s
Return to normalcy; bounce back quickly; Adapt, evolve, change, and transform gradually

Core value recovery time matters; engineering resilience;  into another condition; prepare for change;
resistance adaptive resilience; retreat

Definition The ability of a system to return to an The ability of a system to adjust and adapt in the
equilibrium condition after disturbance face of changing conditions

Characteristic Traditional, rigid, and conservative Adjustable, adaptive, and flexible

In the field of urban planning, resilience is still a new topic. There is a lack of studies in urban resilience.
Literature reviews indicate the lack of articles regarding urban resilience and resilience planning. Few books and
articles have promoted resilience planning since 2000. For instance, Vale and Campanella (2005), The Resilient
City, explain how modern cities recover from disasters, particularly after devastating earthquakes and city fires;
Birch and Wachter (2006), Rebuilding Urban Places after Disaster, written after Hurricane Katrina, describes
how to rebuild, prepare for disaster risk reduction, and make cities less vulnerable by different levels of
government in partnership with the private sector and public will. Regarding journal articles, this study finds no
article pertaining to urban resilience and resilience planning in the Journal of Planning Education and Research
(JPER) in 1995-2014. The Journal of the American Planning Association (JAPA) from 1999 to 2009 has
published only one article with urban resilience in the title: Campanella (2006) “Urban Resilience and the
Recovery of New Orleans”. This article argues that urban resilience involves much more than rebuilding. He
describes “urban resilience is largely a function of resilient and resourceful citizens as well as a strong citizen
involvement at the grassroots level” (Campanella, 2006).

However, there are other articles related to urban resilience, such as rebuilding, post-disaster planning, and
natural hazard mitigation planning. There are 10 articles with a title related to these topics in the JPER during the
past twenty years, mostly published after 2005. For instance, Berke et al. (2009) “Integrating Hazard Mitigation
into New Urban and Conventional Developments”; Birch (2009) “Response to “Post-Disaster Planning in New
Orleans: It Isn't as Simple as It Seems”; Mueller et al. (2011) “Looking for Home after Katrina: Postdisaster
Housing Policy and Low-Income Survivors”; Berke et al. (2014) “Impacts of Federal and State Hazard
Mitigation Policies on Local Land Use Policy”; Highfield et al. (2014) “Mitigation Planning: Why Hazard
Exposure, Structural Vulnerability, and Social Vulnerability Matter”. Hence, the research of urban resilience and
resilience planning is still a new focus in the planning field starting in the 2000s.

In the Journal of the American Planning Association (JAPA), there are 6 articles with a title of natural disaster,
rebuilding, resilience, or recovery. Before 2005, there are only 2 articles related to rebuilding: Olshansky (2001)
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“Land Use Planning for Seismic Safety: The Los Angeles County Experience, 1971-1994” and Nelson et al.
(2002) “Plan Quality and Mitigating Damage from Natural Disasters: A Case Study of the Northridge
Earthquake with Planning Policy Considerations”. Both articles adopt a case study on earthquakes and mitigation
planning. After devastating Hurricane Katrina in 2005, there are more articles discussing urban resilience. For
example, there are 2 out of 9 articles in the J4PA4’s Spring 2006 discussing urban resilience: Campanella (2006)
“Urban Resilience and the Recovery of New Orleans” and Olshansky (2006) “Longer View: Planning After
Hurricane Katrina”. Campanella argues that urban resilience involves much more than rebuilding. Learning from
the experience of population replacement of urban renewal since the 1960s, he puts more emphasis on people
than on buildings. He stresses that urban resilience is largely a function of resilience and resourceful citizens as
well as citizen involvement. Olshansky argues that post-disaster recovery is all about urban planning. The
application of planning knowledge and process in data, communication, participation along with funding and
coordination among the different levels of government will lead to urban resilience.

In addition to the J4PA and the JPER, a new journal focused on resilience was released in 2010, the
International Journal of Disaster Resilience in the Built Environment (IJDRBE). There are more articles
discussing urban resilience. In particular, the ZJDRBE’s Issue 1 of 2013: “Special Issue: Making Cities Resilient”.
Many articles discuss rebuilding experiences and disaster risk reduction, mainly developing countries’ case
studies. The /JDRBE has been an important journal for promoting urban resilience research since 2010.

3. Practices and Policies of Urban Flood Resilience in Global Cities

Global cities in developed and developing countries can’t be immune from flooding. As Kunreuther and
Michel-Kerjan (2009) indicate, the 21* century has been termed as “at war with the weather”. Floods become
more frequent and severely damaging because of rapid urbanization and extreme weather conditions. This article
analyzes urban flood vulnerability and practices of flooding prevention in six global cities in both developed and
developing countries, including New York City, London, Randstad, Tokyo, Shanghai, and Taipei.

3.1 New York City's Flood Resilience Plan after Hurricane Sandy

In New York City, devastating Hurricane Sandy in 2012 caused 43 deaths, $19 billion in damage, destroyed
90,000 buildings in the inundated zone, left 2 million people without power, 11 million travelers affected daily,
and 1.1 million children unable to attend school for at least a week. New York City projects that in 2050 the
flooding areas of each neighborhood with an expected loss of $30 million will be five times greater than the
actual loss they experienced in 2012 from Hurricane Sandy (see Figure 1). By the 2050s, the number of
neighborhoods facing severe economic losses will account for approximately 25% of all neighborhoods in New
York City (The City of New York 2013). The Regional Plan Association projects an estimated 2.2 million people
in the New York-New Jersey-Connecticut region will be at high risk of flooding from sea level rise and storm
surge by 2050. Critical facilities will face inundation in the next few decades, including 59% of the region’s
power generating capacity, 21% of public housing and four out of the region’s six airports (Regional Plan
Association 2015). Therefore, the cooperation of the federal, state, and local governments aimed to achieve
resilience.
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Figure 1. Future flood simulation for New York City by 2020 and 2050

Source: The City of New York 2013.
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The U.S.A. Federal Government report Hurricane Sandy Rebuilding Strategy (2013) was to establish guidelines
for the investment of $50 billion in Federal funds, made available for recovery and set the region on the path to
being built back more resilient and stronger. The New York State Government report Recommendations to
Improve the Strength and Resilience of the Empire State's Infrastructure (2013) concentrated on regional coastal
resilience. Resilience strategies integrate restoration and enhancement of natural systems, hard structures, and
land use controls to achieve multiple benefits. Another report NYS 2100 Commission recommended the inclusion
of natural mitigation methods as well as traditional engineering solutions. Finding and implementing natural and
green methods for protection creates a crucial complement both to existing and new structural defenses. A
broader adoption of green infrastructure can minimize local problems with flooding.

Further, New York City Government report Climate Risk Information 2013: Observations, Climate Change
Projections, and Maps (2013) provides new climate change projections and future coastal flood risk maps for
New York City. This climate risk information is designed to assist with community rebuilding plans, and help to
increase resilience of communities. There are two important parts: climate projections and future coastal flood
risk maps. This report also gives average climate change projections for the year 2050. The temperature
projection for New York City is an increase of 4.0°F to 5.5°F. The precipitation projection is an increase of 5% to
10%. A sea level rise of 11 to 24 inches is projected. Huber and Gulledge (2011) indicate that “what used to be a
500-year flood event may become a 100-year or 10-year event, so that most people will experience such events
within their lifetimes”. Aerts et al. (2009) predict that “sea level rise alone in New York City may cause the
current 1 in 100 year flood to occur approximately four times more often than by the end of the century.
Moreover, by then, the current 1 in 500 year flood event may occur approximately once every 200 years” (Aerts
et al. 2009). Federal Emergency Management Agency (FEMA) and New York City are updating their flood risk
maps within the 100- and 500-year flood zones. These up-of-date flood risk maps should help to make people
aware of their flood risks and thus have better risk communication and resilience planning strategies.

The purpose of another New York City report 4 Stronger, More Resilient New York (2013) is to: 1. analyze the
impact of Hurricane Sandy on the city’s buildings, infrastructure, and people; 2. assess the risks the city faces
from climate change in the 2020s and 2050s; 3. outline ambitious and comprehensive, yet achievable strategies
for increasing resilience citywide. This report examines the economic losses: $19 billion in 2012; $35 billion by
the 2020s; and $90 billion by the 2050s. By the 2050s, with rising sea levels and more intense storms, a
once-in-70-year loss event would cause an estimated $90 billion of damage, or almost five times the asset
damage and economic loss caused by Hurricane Sandy in 2012. Furthermore, the expected annual losses in New
York City of $1.7 billion today will grow to $4.4 billion in current dollars by the 2050s (The City of New York
2013). Expected losses will be concentrated in more areas of the city than were impacted during Hurricane
Sandy. The total flooding areas with the neighborhood experiencing losses of $30 million account for 5% of its
land in New York City in 2012. New York City also projects that in 2050 the total flooding areas and damages
will be five times greater than actual loss they experienced in 2012 from Hurricane Sandy. By the 2050s a
hurricane could leave approximately 25% of New York City with severe economic losses.

In order to address flood damage, New York City Government had to develop a resilient plan for citywide hard
and soft infrastructure, coastal protection, insurance, utilities, transportation, parks, water, and revise building
codes. Besides, the City Government also developed five community rebuilding and resilience plans: the
Brooklyn-Queens Waterfront; the East and South Shores of Staten Island; South Queens; Southern Brooklyn;
Southern Manhattan. Although New York City has a good resilience plan, how to pay for rebuilding will be an
issue. The resilience plan consists of 250 initiatives which will cost nearly $20 billion, including a ten-year plan
of Special Initiative for Rebuilding and Resiliency of $14 billion. There is a funding gap estimated to be
approximately $4.5 billion. However, from New York City’s experience, it is clear what strategies are important
in resilience planning: 1. engaging in climate change projection and disaster assessment; 2. examining fiscal
losses and cost-benefit analysis; 3. developing space scenario planning; 4. developing community rebuilding and
resiliency plans; 5. identifying and funding key initiatives.

Additionally, the Regional Plan Association’s Fourth Regional Plan is undertaking to address the New
York-New Jersey-Connecticut region’s natural disasters and to strengthen regional resilience. According to the
Regional Plan Association (2015), the Fourth Regional Plan will take a comprehensive and long term look at the
role of resilience in the region’s development. There are five broad categories of spatial resilience strategies:
resist, rebuild, restore, retain, and retreat (see Figure 2). The fifth “R”, retreat, must inevitably be singled out
from the other four. Retreat is not an engineered solution. Retreat is also often the last tool chosen from the
resilience toolbox. However, there are many areas in the region where engineered strategies are expensive or
cannot address the particular risks of communities. “Retreat strategies will have to be implemented in some
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places, and ignoring retreat as an option entirely will limit the opportunities to successfully implement a
resilience plan” (Regional Plan Association 2015).

o

R
Project/Policy/Proposal E & E é
Bay Barriers X
Coastal Barriers, Hard X
Coastal Barriers, Soft X X X
Buyout Programs
Rolling Easements X
Building Retrofit, Zoning X
“Resist, Delay, Store, Discharge™ X X X
Wetlands Restoration X
Green Infrastructure X X
Living Shorelines X X

Figure 2. Resilience strategies of the SRs: rebuild, resist, retain, restore, and retreat for New York-New
Jersey-Connecticut region

Source: Regional Plan Association, 2015.

3.2 London's Flooding Vulnerability and Risk Reduction Practice

London’s population has grown rapidly, from 6.8 million in 1986 to 8.4 million in 2013, and is predicted to 9
million by 2020 and 10 million by 2035. Housing strategy aims to build at least 42,000 homes a year (Greater
London Authority, 2014). However, London’s housing development should include environmentally responsible
development in the face of increased storms and floods. In general, there are three main flood risks facing
London: tidal surges, river water, and surface water. The largest concentrations of risk are around rivers,
especially the Thames River, where flooding is often the result of heavy rainfall (Greater London Authority,
2002). Notable was the flooding of autumn, 2000, inundating England and Wales, where the Association of
British insurers estimated that the cost to insurers was approximately $2 billion (or £1.3 billion). The flood levels
in many places were the highest on record. Approximately 10,000 properties were flooded at over 700 locations
and there was widespread disruption to road and rail services (UK’s Environment Agency, 2001). London’s
rapid growth, floodplain development, land-use modifications, the increase of impermeable surfaces, and an
intensification of rainfall led to an increasing flood risk. The population grew from 6.8 million in 1986 to 8.4
million as of 2014 in Greater London (UK National Statistics), which gave it higher exposure to floods. More
and more people and properties are vulnerable to flooding, leading to increased damages. The value of property
at risk is approximately $120 billion (or £80 billion), resulting from the Thames tidal floodplain with a
probability of 0.1% annual risk of flooding (Great London Authority 2002). Fifteen percent of London is located
in flood risk areas where flooding is probable (see Figure 3).

Figure 3. Approximately 15% of London is located in flood-prone areas

Source: Great London Authority 2009; 2012.
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The Greater London Authority (2012) also notes that up to 680,000 properties, approximately 19% of housing is
at risk of surface water flooding in a rainstorm with an annual probability of 0.5%. There is a 20% probability of
a home being flooded in a 40 years span. There are 24,000 properties which are at significant risk of river
flooding (London Assembly Environment Committee 2014). When analyzing the different locations of housing
built in different periods, the result indicates that the newer housing was built in the more flood-prone areas
around the Thames River, particularly after the 1980s. This has resulted in a higher vulnerability in London.

The Thames Barrier, the world’s largest movable flood barriers, began to operate to protect London from
flooding in 1982. However, this encourages housing development closer to the river because people assumed the
Barrier could stop flooding. However, Wiering and Immink (2006) indicate the flooding control facilities creates
a “flood control paradox” or “flood vicious cycle”, strengthening dikes or barriers encouraged more intensive
land use. When a flood event does happen, more damage occurs. Then, barriers or dikes will be strengthened
again, which results in more developments. Thus, a large amount of housing developments in London after the
1980s are located in the flood-prone areas. In addition to the Thames Barrier, London’s policy to prevent
flooding in the future primarily focuses on increasing the capacity of drainage systems and of river restoration.
London will create more space for flood waters to be held in the upstream river catchment and soak back into the
ground. London Assembly Environment Committee (2014) indicates that allowing low-lying areas to flood
safely at times of high water flow should protect homes, roads and businesses. Hence, engineering structures and
barriers, improvement of the drainage system, and river restoration are major strategies to reduce flood risk in
London.

3.3 Randstad and the Netherlands s Experience of Urban Flood Resilience

With about half the population at flooding risk, the Netherlands built a complex system of dams, dikes, and
movable floodwalls. The Netherlands has been managing flood risks since the twentieth century. There are
approximately 9 million people residing below sea level; some areas lie at 7 meters below mean sea level,
making them the lowest areas in Europe (Aerts et al., 2009). OECD (2014) indicates that the Netherlands is a
country where 55% of the territory is below sea level or flood prone. Approximately 65% of the Netherlands’
GDP is produced below sea level. Over the last 100 years, more than 10,000 hectares of land have been elevated
to several meters above sea level using fill materials. However, flooding has threatened the Netherlands
throughout history (Aerts et al., 2009). Effective protection of this low-lying land is important. Many low-lying
parts have been reclaimed from former lakes, referred to as polders, and are protected by 53 levee rings along the
main rivers and coastal areas (Aerts et al., 2009). Hence, the construction, reconstruction, and the strength of
these levee rings has become the most important strategy for flooding resilience in the Netherlands. Kolen et al.
(2010) note that the Netherlands has focused primarily on flood prevention, resulting in a flood defense system
with the highest safety standards in the world. For example, the protection system, levees and barriers, around
the Randstad and the economic heart of the Netherlands is designed to resist a storm that is estimated to occur
once in every 10,000 years (a possibility of 0.01% annually). This is the highest standard of structural defenses
in the world. However, even the highest standard of flood control structures can not guarantee “zero flooding”.
In the history of floods in the Netherlands, the 1953 flood was the most severe, and caused 400,000 hectares to
flood, 40,000 buildings were damaged, more than 1,800 people killed, and 70,000 people had to be evacuated.
Woltjer and Al (2007) note that after the flooding from the violent North Sea storm in 1953 killed nearly 2,000
people, the Netherlands undertook a vast engineering program called Deltawerken, the Delta Plan, which
included building a system of dams, barriers, and higher dikes. The Delta Plan was formulated in 1954 and was
complete in 1997. During the four decades, massive structures were built to prevent flooding. An example would
be the construction of large closure dams across the mouths of the four main coastal inlets southwest of the
Netherlands. Also, increasing the strength and raising the height of the dikes and dunes along the rest of the coast
and along the coastal inlets was completed. The four types of flood safety standards, being applied to the coast,
estuaries, rivers and the transitional zones under the Dutch national law, the 1996 Flood Defense Act, are based
on one flood once in 1,250 years, 2,000 years, 4,000 years, and 10,000 years. The highest level of resistance to
flooding is the protection system constructed in the 1990s. For the river region, the standards are based on an
exceeding frequency of one flood in 1,250 years. For the transitional zones between the rivers and the coast, the
standard is on an exceeding frequency of one in 2,000 or 4,000 years. The coastal area is once in every 10,000
years.

The Netherlands’ traditional technical approach towards water management aims to ensure safety and protect
land by blocking out water. Aerts et al. (2009) indicate that the Dutch flood protection system consists of 10,550
miles of levees (1,800 miles designated as primary levees and 8,750 miles as secondary levees), 300 structures
such as sluices and bridges, shortening coastline to reduce the length of the levees exposed to the sea by
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approximately 400 to 450 miles. The Dutch flood protection system is one of the most extensive engineering
undertakings in the world. However, despite the highest level of protection, absolute safety cannot be guaranteed.
Climate change, economic growth, the increase in the population and new insights into the probability of
flooding and the probable consequences of dike failure are forcing the Dutch government to rethink their policies
of blocking out water. After heavy floods in 1993 and 1995, the Dutch government began to realize that the
traditional defense and dike were no longer sufficient. Wiering and Immink (2006) indicate that floods in 1993
and 1995 were due to excess local rainfall, and have accelerated the current developments of water management
discourse between the existing “battle against water” discourse versus the new discourse of “accommodating
water”. However, a new approach to rebuild, retreat, or resilience to flooding is necessary after floods in the
1990s following the failure of the highest level of structural protection systems.

In 2001, the Dutch government initiated a project of Flood Risks and Safety in the Netherlands (Floris) to
analyze and simulate flooding in the 16 out of 53 dike rings with conservative assumptions and a worst-case
scenario. This means that flooding risks may possibly be overestimated and that the probability of flooding is
greater relative to the situation than if the uncertainty had not been taken into account. The results show that
more than 40% of land areas are in flood-prone areas with a depth from 0 to 6.5 meters (see Figure 4). The
Dutch Cabinet outlined a radically different water management approach in 2000. Using a strategy referred to as
“retain, store and drain”, the policy makers break with the traditional approach which is to “pump and drain as
fast as possible”. This new approach will help to ensure that water problems are not simply passed on to
lower-lying areas of the Netherlands. The Dutch government began to rely more on planning than on the
engineering structures for urban resilience to flooding of the 21st century. City and regional planning plays a key
role in flood prevention. For example, this project spent approximately $2.5 billion (or 2.3 billion euro) from
2007 to 2015 to lower and broaden floodplains, to create river diversions and temporary water storage areas, and
to restore marshy riverine landscapes. The new planning method, Spatial Planning Key Decision: Room for the
River, for urban resilience to flooding coordinates land-use, environmental planning, and water management to
make cities resilient in the Netherlands. Dikes will only be improved where other measures are either
inappropriate or unaffordable (The Minister of Transport, Public Works and Water Management 2007). Hence,
Dutch flood prevention is shifted from rebuilding or dike reinforcement to river relief, retreat and resilience.

e B

Figure 4. Flood-prone areas with a depth from 0 to 6.5 meters in the Netherlands, more than 40% of total land in
hotspots

Source: The Minister of Transport, Public Works and Water Management (MTPWM) 2005.

3.4 Tokyo's Flooding Vulnerability and Risk Reduction Practice

Tokyo is the most populous urban agglomeration in Asia, with a population of over 37 million as of 2014. The
Greater Tokyo Area is home to approximately 26% of Japan’s total population (The World Bank, 2009).
Extensive urbanization in Tokyo has reduced the water storage capacity of the land, causing rapid runoff into
rivers during rainfall events. Due to its highly concentrated population and assets, Tokyo suffers from severe
damages once flooding occurs. Furthermore, the eastern delta region has 1.5 million people living under the
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high-tide level, making it necessary to implement measures against storm surges. Tokyo’s most severe flooding
was caused in 1958 by the Kano River Typhoon. The 76 millimeters (or 3 inches) rainfall within an hour broke
the record. The 1958 flooding caused more than 200 deaths and damaged half a million houses within the
inundation areas of 82 square miles, approximately 10% of the total area of Tokyo (see Figure 5). This was the
largest submerged area and largest proportion of land area in flooding from 1910 to 2014.
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Figure 5. Tokyo’s most severe flood, 10% of the total land was inundated in Tokyo

Source: Tokyo Metropolitan Government.

In order to reduce the 10% of Tokyo in a flood-prone area, the Tokyo Metropolitan Government is engaged in
river improvement projects so as to enable the rivers to safely drain a flood of an hourly rainfall of 50
millimeters (or 2 inches) by expanding the river width or digging down into the riverbed. Additionally,
numerable flood control programs were constructed after the 1980s. Notable are two projects: the Kanda River
underground regulating reservoir (1988-2008) and the Tokyo Metropolitan Area Outer Underground Discharge
Channel (1992-2009). The Kanda River underground regulating reservoir was completed in 2008 at a cost of
approximately $0.8 billion ($100 billion Japan Yen). This is the largest flood control reservoir in Tokyo with a
12.5 meter inner diameter and 4,500 meters in length with a storage capacity of 540,000 cubic meters. It utilizes
the underground space to prevent flooding of the Kanda River, where many buildings stand adjacent to the river
on both sides. The second major project in flood risk reduction, the Tokyo Metropolitan Area Outer Underground
Discharge Channel, is the world's largest underground flood water diversion facility. This project aims to protect
the city of Tokyo itself from floods during heavy rainfall and typhoons. It was completed in 2009 after 17 years
of construction, at a cost of approximately $2 billion. The facility is capable of withstanding a flood of once in
every 200 years. The project includes five huge silos, a 6.3 kilometers connecting tunnel, a storage tank and 78
pumps. The five concrete containment silos are 65 meters deep and 32 meters in diameter. They are located
within certain limits from the rivers. The five silos act as flow regulators. The silos are connected to a 10.6
meters diameter tunnel. The tunnel is constructed 50 meters underground, passing through the silos. The tunnel
sends the water to the storage tank when the silos reach their capacity. The water storage tank is 25.4 meters high
and 177 meters long. It is supported by 59 pillars which are 20 meters tall and weigh 500 tons.

3.5 Shanghai's Flooding Vulnerability and Risk Reduction Practice

China’s economic development has made Shanghai, its largest city by population with 23 million people, a
global financial center. However, Shanghai is located in low-lying areas at an average of thirteen feet above sea
level, and at the mouth of the Yangtze River. The Huangpu River flows through the heart of Shanghai. Because
of Shanghai’s topology, land subsidence problem, and sea level rise threat, Shanghai is more vulnerable to
flooding. Shanghai’s recent floods were mainly caused by typhoons. For example, Typhoon Winnie of 1997
brought the highest recorded water level, 5.72 meters higher than the normal water level. This typhoon caused
the deaths of 3,500 people and economic losses of $3.2 billion in total. Another typhoon, Typhoon Haikui of
2012, affected approximately 3.2 million residents, inundated up to 2,900 houses, and suspended the operation of
30,000 businesses. Typhoon Haikui eventually forced Shanghai to raise its highest-level alert and prepare for
flooding (Li, 2005).

Shanghai has the highest vulnerability to floods among coastal cities (see Figure 6). Balica et al. (2011) analyze
nine large coastal cities’ flood vulnerability index (from O to 1, the higher, the more vulnerable), based on
exposure, susceptibility and resilience to coastal flooding. Results show that Shanghai has the highest flood
vulnerability index, meaning that Shanghai is the most vulnerable city in comparison with these coastal cities:
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Buenos Aires, Calcutta, Casablanca, Dhaka, Manila, Marseille, Osaka, and Rotterdam. Regarding Shanghai,
Balica et al. find that “the prosperous Chinese metropolis was more vulnerable than poorer cities such as Dhaka”.
Additionally, they indicate that Rotterdam and Osaka were the least vulnerable to floods, and the poorest cities,
most exposed socially and with weak institutional organizations, have a very low resilience to floods (Balica et
al. 2011).
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Figure 6. Shanghai, the highest flood vulnerability index among coastal cities

Source: Balica et al. 2011.

However, Cai (2012) notes that Shanghai officials express skepticism about the result. Shanghai’s flood control
authority indicates that “the city is capable of resisting typhoons and floods, rejecting claims that it is the most
vulnerable city” (Shanghai Municipal Government, 2012). Shanghai Flood Control Headquarter explains that
523 kilometers of coastal levees have been built according to the city’s flood control standard, designed to
withstand a once-in-200-year flood. Additionally, the evacuation plan is the priority, the city’s ability to quickly
evacuate people in coastal areas during extreme weather conditions. For instance, when Typhoon Haikui of 2012
came, Shanghai evacuated 374,000 people from their makeshift houses in coastal areas, or construction new sites
within one and a half days (Shanghai Municipal Government, 2012). Since the 2010s, Shanghai has developed
its flood risk map by using the geographical information system (GIS) to map the flood-prone areas with
different scenarios, once in 250-year, 500-year, and 1000-year floods. The map indicates that approximately
50% of Shanghai would be in flood-prone areas, the highest flooding depth would be 6.7 meters. The Yin et al.
(2013) study also indicates that in the absence of adaptation measures, storm flooding will cause up to 40% more
inundation, particularly upstream of Huangpu River. Thus, Shanghai could possibly have the largest proportion
of any city located in flood-prone areas among the other mentioned global cities.

3.6 Taipei's Flooding Vulnerability and Risk Reduction Practice

Global cities in developed and developing countries can’t be immune from flooding. As Kunreuther and
Michel-Kerjan (2009) indicate, the 21* century has been termed as “at war with the weather”. Floods become
more frequent and severely damaging because of rapid urbanization and extreme weather conditions. This article
analyzes urban flood vulnerability and practices of flooding prevention in six global cities in developed and
developing countries, including New York City, London, Randstad, Tokyo, Shanghai, and Taipei. Taipei City is
the capital as well as the economic, political, and cultural center of Taiwan. Floods caused extensive damage
during the 1960s while Taipei was experiencing fast urbanization. Flooding is a major threat to Taipei because
Taipei is developed in a basin, a river mouth, and low-lying topography in a coastal zone. Flood inundation along
riversides caused by the heavy precipitation that is associated with rainstorms and typhoons frequently occurs in
lowlands and floodplains (Shih et al., 2014; Chen et al., 2006; Hsich et al., 2006 ; Pan et al., 2012). The
topographic characteristics of the Taipei Basin and the increasingly extreme weather events, such as more
rainfall occurring over shorter periods and increasingly more intense precipitation, have resulted in more floods.
Moreover, urbanization has led to increased flooding since the 1960s. For instance, Taipei’s irrigation systems
were converted into roads during the 1970s, which increased runoff and led to more floods. Additionally,
highway and expressway construction through Taipei in the 1970s and 1980s removed some of the branches of
the Keelung River. This resulted in less flood retention space and more stormwater runoff, which also caused
more floods. Further, the lower reaches of the Keelung River were reshaped and replaced by a man-made river
which was intended to reduce floods. Instead, the history of flooding in Taipei from 1991-2012 indicates that this
area, known as Shezi Island of Taipei’s Shilin District, was the most flood-prone area. After the reshaping of the
river, more development along the man-made river resulted in an even higher potential for flood damages.
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Su’s study (2015) indicates that Taipei’s flood-prone areas account for approximately 41% of its total land area.
Among Taipei’s flood-prone areas, it is estimated that 10% would be flooded above 0.5 meter in an extreme
weather scenario (see Figure 7). The vulnerable population is estimated at 200,000 people, or 7% of the total
population. Eight percent of the total households, or 83,000 houscholds, and 10% of the buildable land are
vulnerable to flooding depths above 0.5 meter. The GDP impact will be more than $28 billion, accounting for 8%
of Taipei City’s GDP. More than $67 billion worth of property is vulnerable.

Figure 7. Taipei flood hotspots in downtown with areas in high density, land value, and critical facilities

Source: Su 2015.

A chronology of steps were implemented to prevent floods in Taipei (see Figure 8). After the 1960s, Taiwan’s
central government and Taipei city government implemented flood control projects, including floodways, levees,
flood diversion systems, flood control gates and pump stations, and storm sewer systems. In the early 1970s,
Taiwan’s central government planned a new town, the Linkou New Town, to move people from Taipei’s area of
high risk for flooding. However, the engineering strategy of using flood control facilities such as levees, dikes,
flood control gates, and pumping stations created a “flood control paradox” (Wiering and Immink, 2006).
Strengthening levees encouraged more intensive land use and development which resulted in higher damage
when floods did occur. Flash floods, along with the failure of pumping stations along the Keelung River, caused
by Typhoon Nari in 2001 flooded downtown Taipei. This study finds that coordination problems between
different governmental agencies hampered the effectiveness of flood prevention policies. For instance, a river
and its watershed management in Taipei is divided into at least three sections, and each section has three
different central government agencies primarily in charge of river management, soil and forest conservation of
watershed, and flood prevention policy. This has resulted in inefficiency and ineffectiveness. The improvement
of storm sewer systems has reduced the flood risk since the late 1990s. However, some storm sewer systems
were designed to use the principle of gravity, allowing the water to flow from higher to lower places. Downtown
Taipei is the low-lying area of the Taipei Basin. Hence, the effectiveness of storm sewer systems in downtown is
diminished because of the gravity design and Taipei’s topology. Drainage depending on pumping stations at
outlets of the storm sewer system has been implemented. Many pumping stations were built along the Keelung
River and Tamsui River. In order to have a more comprehensive flood prevention policy, Taipei has changed the
strategy of flood control and fortification since the 2000s. Taipei’s Comprehensive Flood Control Project was
initiated in 2003 to include conserving upstream water flow, minimizing mid-stream flooding, and controlling
downstream flooding.
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Figure 8. A chronology of policies implemented to protect Taipei from flooding

Source: Su 2015.

4. Conclusions and Suggestions

Urban resilience planning is still quite a new topic with lack of practice and implementation. In city planning,
resilience was not an emphasis until the sustainable development movement and devastating natural disasters
occurred in the twenty-first century. The concept of sustainability helps resilience planning, but sustainability
and resilience are different. Sustainable development mainly focuses on equity and efficiency of resource use.
However, resilience planning concentrates mostly on the adaptive strategies after disasters or preventive policies
for disaster risk reduction. Adaptive resilience for “bouncing forward” has become a core value of resilience. The
more adaptive, persistent, and transformable their system, the more resilient a city is. Although sustainability and
resilience are different in meaning, scope, and practice, they have a relationship of integrative dependence. A
resilient city must be a a sustainable city. Urban resilience planning increases the sustainability of a city.

Results indicate that a hurricane could leave approximately 25% of New York City with severe economic losses
by 2050. In London, 15% of the land is located in flood-prone areas. Randstad has approximately 40% of its land
areas in flood-prone areas. Extensive urbanization in Tokyo suffers from severe damages once flooding occurs.
Shanghai, up to 50% of its land in flood-prone areas, is the most vulnerable to floods of the coastal cities. In
Taipei, flood-prone areas account for approximately 41% of its total land area in an extreme weather scenario.
Making cities resilient to flooding has therefore become a priority for many policy makers because the number
of floods around the world has soared dramatically since the 1980s. Major cities in both developed and
developing countries can’t be immune from flooding, especially in Asian cities with having weak policies and
actions, inadequate risk information, insufficient budgets and poor implementation capacities. This has resulted
in significant damages.

This research suggests that global cities, particularly Asian cities, should promote comprehensive policies of
urban flood resilience, focusing on land-use and environmental planning for resilience as well as strengthening
their organizations and funding to reduce disaster risk, maintain up-to-date risk and vulnerability assessment.
Urban policies should include environmentally responsible development in the face of continued population and
economic growth, and being resilient regarding natural disasters. Asian cities can also adopt a growth
management policy to direct development away from flooding hotspots. Urban regeneration policy should
require developers to improve storm sewers, water retention ponds, and permeable surfaces. Planning more
space for rivers, more constructed wetlands, and more ecological ponds to accommodate water is important.
Cities can also promote an actuarially fair flood insurance program which can reflect actual flood risks. A
bottom-up community resilience plan would assist achieving urban flood resilience. In doing so, urban flood
resilience can be achieved in global cities.
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Notes

Note 1. Randstad is the Netherlands’ most densely populated conurbation (urban agglomeration), including
Amsterdam, Rotterdam, Utrecht, and the Hague. The population is more than 7 million, accounting for 44% of
the national population.

Note 2. New York City’s projection of flooding areas is based on each neighborhood, defined by the zip code.
There are a total of 176 zip codes in New York City (41 zip codes in Manhattan, 37 in Brooklyn, 61 in Queens,
25 in the Bronx, and 12 on Staten Island)

Note 3. Greater London Authority (2012) estimates that over half a million people are at risk of flooding in
London from tidal and fluvial sources. 70% of those at risk are at risk of tidal flooding, 29 % are at risk of fluvial
flooding, and 1% are at risk of flooding from both sources.
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