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Abstract:  This paper presents a first estimate of the exposure of the world’s large port cities (population 

exceeding one million inhabitants in 2005) to coastal flooding due to sea-level rise and storm surge now and in 

the 2070s, taking into account scenarios of socio-economic and climate changes.  The analysis suggests that 

about 40 million people (0.6% of the global population or roughly 1 in 10 of the total port city population in the 

cities considered) are currently exposed to a 1 in 100 year coastal flood event.  For assets, the total value 

exposed in 2005 across all cities considered is estimated to be US$3,000 billion; corresponding to around 5% of 

global GDP in 2005 (both measured in international USD) with USA, Japan and the Netherlands being the 

countries with the highest values.  By the 2070s, total population exposed could grow more than threefold due to 

the combined effects of sea-level rise, subsidence, population growth and urbanisation with asset exposure 

increasing to more than ten times current levels or approximately 9% of projected global GDP in this period. On 

the global-scale, population growth, socio-economic growth and urbanization are the most important drivers of 

the overall increase in exposure particularly in developing countries, as low-lying areas are urbanized. Climate 

change and subsidence can significantly exacerbate this increase in exposure. Exposure is concentrated in a few 

cities: collectively Asia dominates population exposure now and in the future and dominates also asset exposure 

by the 2070s. Importantly, even if the environmental or socio-economic changes were smaller than assumed 

here the underlying trends would remain. This research shows the high potential benefits from risk-reduction 

planning and policies at the city scale to address the issues raised by the possible growth in exposure. 
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1. Introduction 

Port cities are important concentrations for population with thirteen out of the twenty most populated 

cities in the world in 2005 being port cities. In addition, these cities form a vital component of 

national and global economies, particularly in developing countries, with a global tripling in the 

volume of seaborne trade over the past 30 years (UNCTAD, 2008). At the same time, these cities are 

exposed to significant consequences as a result of extreme coastal water level events as demonstrated 

by Hurricane Katrina (2005). This major storm created significant physical damage on an important 

port city (New Orleans) causing long run disruption at local to regional scales, but also had social and 

economic implications at national to global scales (Grossi and Muir-Wood, 2006; Hallegatte, 2008; 

Wilbanks et al., 2007).  However, despite the consequences of Hurricane Katrina and other extreme 

events such as Hurricane Ike (2008) and Winter Storm Xynthia (2010), little preparation is being 

undertaken for the management of such events and their economic implications in the long term 

(UNFPA, 2007).   

With projections indicating that, (i) in cities, increases in both absolute population and density are 

expected to continue during this century (e.g. UNFPA, 2007; United Nations, 2004a), (ii) the 

interconnected nature of the global economy will continue  and (iii) changes in extreme coastal water 

levels are inevitable given the commitment to sea-level rise
1
, future consequences of such extreme 

events can be expected to be as significant if not greater  .  In addition, many coastal cities, especially 

those in deltas, are also predisposed to subsidence, which can be aggravated by human actions, such 

as drainage of susceptible soils and unsustainable extraction of groundwater (Delinom, 2008; Dixon et 

al., 2006; Nicholls, 1995). As shown in New Orleans, this can be an important factor contributing to 

an increase in relative water levels and, consequently, a growing flood risk.   

                                                      
1
 there is debate regarding predictions of sea-level rise but it is recognised that it will continue during this 

century to thermal expansion of the world’s oceans (e.g. Leatherman and Kershaw, 2002; Solomon et al., 2007; 

Wigley, 2005) 

http://en.wikipedia.org/wiki/Xynthia
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In order to comprehend and prepare for the risks that these changes bring globally, it is important to 

determine the location and extent of current and future exposure.  For port cities, this is particularly 

significant due to their economic importance internationally and the implications of locating future 

populations and economic development in areas which may become vulnerable to the impacts of 

extreme events (Guzmán et al., 2009).  

The goal of this study to take a preliminary global overview of coastal flood exposure for world port 

cities and produce rankings based on population and asset exposure to current and future extreme 

water levels. This builds on the analysis of Nicholls (1995), but considers a much larger sample of 

cities to assess relative exposure across world port cities.  Exposure rather than ‘residual risk’ (which 

includes defences and other adaptation) is considered as people in the flood plain will be at some level 

of risk even in the best defended of port cities.   Failure of existing flood defences due to breaching or 

overtopping
2
 is always possible. Additionally, data on defences is sparse and no systematic analysis is 

possible. Effectively, the exposure metric can be viewed as a worst case scenario, and exposure can 

translate into major losses during extreme events. This metric is particularly relevant when 

considering long timescales, as there is the added uncertainty around the level of defences which will 

be required and, if available, whether they will be sufficiently maintained to be fully effective.   

Two different types of exposure to flood risk are selected - population and assets
3
 - as indicators of 

change, each of which are calculated under current conditions and 2070-2080 (referred to here as 

2070s).  There are two reasons for this distant timescale. Firstly, it is a long enough timescale that key 

environmental and socioeconomic factors are significantly different from today and therefore, 

provides a significant change in exposure. Secondly, this is a timescale relevant for planning 

adaptation measures; many policy choices over land-use and defences, for example, are already 

locked in for the next few decades yet adopting the right long-term approaches in anticipation of 

                                                      
2
 Overtopping refers to seawater flowing over the defences without degrading the defence so as the flood levels diminish 

after the event, the ingress of water ceases. Breaching refers to the lowering of defences due to various failure mechanisms. 

This generally allows much larger volumes of water to flood the defended area (Muir Wood and Bateman, 2005)  

3
 The term ‘assets’ is generally used here to refer to economic assets in cities in the form of buildings, transport 

infrastructure, utility infrastructure, physical assets within built infrastructure, vehicles, and other assets.  The common unit 

for monetary amounts in the study is international 2001 US dollars (USD) using purchasing power parities (PPP). 
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urban growth can prevent many of the environmental problems associated with cities but need careful 

planning. The 2070s is a timescale for which current policy choices and debates can influence both 

exposure and risk. 

The analysis considers scenarios for a number of factors which could affect current and future 

exposure: 

1. Population and economic growth; 

2. Natural subsidence/uplift; 

3. Global sea-level rise; 

4. Potential human-induced subsidence. 

Using these change factors, six main scenarios were investigated to understand changes in exposure 

given a 100-year return period extreme water level event (i.e. an event with a 0.01% annual 

probability). Being based on simple scenarios and methodologies, this analysis does not pretend to 

forecast or predict future flood exposure in all world cities. Instead, it aims to (i) investigate whether 

coastal flood exposure may become a more-pressing issue in the future; (ii) gauge possible future 

exposure levels in business-as-usual scenarios; (iii) identify the main drivers of this exposure and 

assess the relative importance of environmental changes with respect to socio-economic drivers; and 

finally (iv) identify the most exposed locations, where more in-depth analysis is necessary and where 

policy measures are likely to be most beneficial. 

2. Methodology 

The estimation of population / urban area change related to environmental change at the global scale 

is difficult due largely to the data available (e.g. Small and Nicholls, 2003; Vafeidis et al., 2008). 

Environmental and population data of a consistent quality, suitable resolution and covering the 

required parameters are limited, restricting the ability to achieve precise, accurate results (Guzmán et 

al., 2009). For city-based investigations there are also the widely varying definitions of the spatial 
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extent of urban areas which can lead to difficulties in generating comparable statistics for individual 

towns and cities.  Consequently, the methodology adopted for this study was to use the most 

comprehensive data available at the global scale in a consistent manner making clear reasonable 

assumptions where necessary.  

The investigation took the form of an elevation-based GIS (Geographical Information Systems) 

analysis, after McGranahan et al. (2007), following the methodology shown in Figure 1.  

 

Figure 1. Methodology adopted to produce ranking of city vulnerability to coastal flooding.  

City selection was limited to coastal urban agglomerations with populations greater than one million, 

reported in United Nations (UN) (2005) which are also recognised ports.  Following identification, 

population distribution was obtained from the Landscan 2002 Global Population Database. The 

LandScan data set is a worldwide population database and is currently one of the best population 

datasets available (Sabesan et al., 2007). It provides ambient (the average population for a given 

location over 24 hours) populations, and is widely used for assessing exposed or ‘at risk’ populations 

should an area be subject to an extreme event.  Determination of city extents from this data was based 
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on available post code data.  The population distribution within the postcode-defined areas was then 

mapped onto 90m resolution topographic data from the Shuttle Radar Topography Mission (SRTM), 

giving a horizontal map of geographical cells with defined population and elevation. From this 

population totals by elevation for each city were obtained. The assumption of linear distribution for 

the population within each elevation then allowed narrower bands to be created which could reflect 

any changes in extreme water level. Population exposure was then calculated as a function of 

elevation against water levels related to the 1:100 year storm surge.  Water level data were determined 

from the DIVA (Dynamic Interactive Vulnerability Assessment) database (available at 

http://diva.demis.nl/) (Vafeidis et al., 2008). Exposed population was then transposed into exposed 

assets using a widely used assumption in the insurance industry that, as urban areas are typically more 

affluent than rural areas, each person in a city has assets that are 5 times the annual Gross Domestic 

Product (GDP) per capita. The calculation of assets was based on the national per capita GDP 

Purchasing Power Parity (PPP) values for 2005 the International Monetary Fund database (available 

online at www.imf.org). PPP values were used as this is a standardised value and is recognised as a 

good indicator for economic comparison. Cities were then ranked from highest to lowest exposure for 

either population or assets.   

Recognising both the scoping nature of the study and the debates surrounding the precise location and 

magnitude of changes in the factors driving changes in water level, a scenario based approach was 

used for future changes in extreme water levels. A number of scenarios are created based on 

combinations of drivers of changes in water levels and socio-economic scenarios; only two are 

discussed here and are shown in Table 1. Change in water level is a function of sea-level rise, 

enhanced storms and subsidence (where appropriate). 

Table 1. Summary of the scenarios used to analyse the 100 year flood event  

Scenario Water levels Population 

and Economy 

Code Description 

Climate Subsidence 

Global sea- Storm Natural Anthropogenic 

http://diva.demis.nl/
http://www.imf.org/


7 

level rise enhancement 

factor 

 C Current city X X X X Current 

FAC Future city, All Changes √ √ √ √ Projected 

 

As future changes in global sea level are uncertain and data inclusive of the significant local 

variations is limited, the present analysis assumes a homogenous global rise of 0.5 m above current 

levels by 2070. This is in the upper range of IPCC projections (IPCC, 2007) and well within the 

ranges of other projections (e.g. Rahmstorf, 2007). The storm enhancement factor (reflecting the 

potential increase in extreme water levels due to more intense storms) was developed as part of this 

study; for tropical storms a 10% increase in extreme water levels was assumed, with no expansion in 

affected area; while for extratropical storms, a 10% increase in extreme water levels was assumed 

between 45
o
 and 70

o
 latitude. Information on annual rates of anthropogenically induced subsidence is 

also extremely limited, consequently a uniform 0.5 m decline in land levels was assumed from 2005 

to the 2070s in those cities which are historically susceptible, commonly port cities located in deltas. 

Together, this approach gives a variable change in extreme water level from roughly 0.5 m in cities 

only affected by global sea-level rise, to as much as 1.5 m for those cities affected by global sea-level 

rise, increased storminess and human-induced subsidence.  

Socio-economic projections were derived from recent OECD ENV-Linkages model analysis 

(Burniaux and Chateau, 2008; OECD, 2008) and have been extended to the end of the century for this 

analysis.  OECD population projections are based upon UN “medium variant” projections to 2050 

(United Nations, 2004b). In this variant, the global population stabilises at around 9 billion by mid-

century, which is about 50 percent higher than the current population. Between 2050 and 2080 

national population growth rates are extrapolated forward with the exception of a few regions.  In 

Japan, Russia and in countries within eastern European region, the UN projects rapid rates of decline 

in population to 2050.  For these regions, the OECD baseline projection assumes that the rates of 

decline slow significantly in the last half of the century.  For these aggregate regions, the OECD 
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baseline is generally consistent with population projections found in post-SRES medium scenario 

outcomes (Fisher et al., 2007). This economic scenario represents a baseline scenario, with no climate 

change impacts or climate policies, both of which could influence significantly GDP, assets, 

population distribution and, therefore, risk levels in cities. 

The population in the cities in 2070s depends on three factors: (1) the projection of regional 

population; (2) change in urbanization rate; (3) specific properties of the city. This analysis uses 

population projections for each OECD region, taken from the OECD baseline scenario in 2075. The 

UN provides a projection of urbanization rates for all countries up to 2030. The 2005-2030 trends in 

urbanization rate have been used to extrapolate urbanization rates in 2075, assuming that urbanization 

rates will saturate at 90 percent, except where it is already larger than this value (e.g. in special cases 

like Hong Kong). As the investigation of variations in urbanisation rates within countries was beyond 

the scope of this study, the city projections assume that the population of all cities within a given 

country will grow at the same rate and that new inhabitants of cities in the future will have the same 

relative exposure to flood risk as current inhabitants. This means that by the 2070s, six coastal cities 

are larger than any city today (> 35 million people) and Mumbai, Dhaka, Karachi and Lagos exceed 

50 million people. While it is recognised that the urban footprint of any city may expand over time, 

this study had adopted the premise that city administration boundaries are fixed and in effect any 

increase in population will result in an increase in density in proportion to that experienced currently. 

Projected populations were distributed accordingly.  

For asset exposure in the 2070’s, the analysis is based on the same OECD ENV-Linkages population 

projections (OECD, 2008). The analysis assumes that the GDP for all cities within a given country 

grow at the same rate. Urban GDP per capita is assumed to grow at the same rate as the relevant 

national (or regional) GDP per capita trends throughout the period 2005 to 2075. While this baseline 

portrays only one possible future, it is sufficient to illustrate the interaction between development and 

climate change in the 2070s timeframe explored here. 



9 

The full methodology, data and range of scenarios used in the study are detailed in Nicholls et al 

(2007).   

3. Results 

 

Figure 2. The location of the 136 port cities analysed in this study 

The analysis begins from a dataset of 136 ports, which were found to fit the initial selection criteria. 

The global distribution is concentrated in Asia (52 ports or 38%) with China (14 ports or 10%) and 

the USA (17 ports or 13%) being the largest individual countries (Figure 2). The majority are classed 

as seaports/harbours (119), which includes sixteen deepwater ports and two oil terminals. Seventeen 

river ports in the coastal zone were identified, ranging in size from small (e.g., Hai Phong and Thành 

Pho Ho Chi Minh in Vietnam) to very large (e.g., Philadelphia and New Orleans in the USA).  All the 

coastal cities with river ports are at elevations and locations where they are affected by storm surges 

today, and will therefore also be affected by sea-level rise: important examples include Dhaka and 

Kolkata (cf. Munich Re, 2004). Thirty-seven of the port cities are either entirely or partially in deltaic 

locations.  Where a city was associated with more than one port; for example, Tokyo incorporates the 

ports of Tokyo, Chiba and Yokohama, it is treated as a single city in the analysis.  In addition, some 

cities could have been amalgamated for analysis purposes as they are adjacent, such as Hong Kong 
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and Guangzhou (e.g. Munich Re, 2004) but this analysis follows the definitions in the UN (2005) city 

data throughout. 

The exposure results discussed in this paper focus on the current situation (scenario C) and the 2070’s 

extreme scenario (FAC), described in Table 1. Findings presented here are focus on the Top 20 

ranked cities for the two exposure measures. Further analysis and the full list of port cities with all 

exposure data are downloadable from http://www.oecd.org/env/cc/cities .   

3.1 Global, Regional and National Exposure  

Globally, the total number of people currently exposed in the 136 cities is approximately 38.5 million 

(0.6% of the global population or roughly 1 in 10 of the total port city population in the cities 

considered here). As shown in Figure 3, Asia has a significantly higher number of people living 

beneath the 100-year water level, with 65% of the global exposed population, whilst South America 

and Australasia have relatively low exposure: 3% and <1% of the global total, respectively. This 

reflects both the high number of port cities in Asia and the high exposure per city, when compared to 

other continents.  By the 2070s, total population exposed could grow more than threefold to around 

150 million people due to the combined effects of climate change (sea-level rise and increased 

storminess), subsidence, population growth and urbanization. Asia remains the most exposed in terms 

of population (see Figure 3) and Africa’s total exposed population has increased significantly to more 

than the USA and Europe. Twelve countries contain 90% of the total 148 million of people exposed, 

notably in China (21%), India (11%), Bangladesh (12%), USA (9%), Vietnam (9%), Japan (5%), 

Thailand (3%), and as well as Myanmar (3%), Egypt (3%), Cote d’Ivoire (2%),Nigeria (2%) and 

Indonesia (2%).   

http://www.oecd.org/env/cc/cities


11 

Figure 3. Total population and assets exposed to extreme water levels by continent (scenarios C and FAC) 

The monetary value of assets exposed to a 1 in 100 year extreme water level, globally is estimated to 

be US$3,000 billion today; corresponding to around 5% of global GDP in 2005 (based on purchasing 

power parities – PPP).  North America has the largest value of assets exposed (Figure 3) largely 

because the per capita GDP (PPP) is substantially higher than most other countries. The bulk of 

exposed assets in Asia are currently concentrated in Japan. In the future, the total value of assets 

exposed is projected to grow rapidly, reaching US $35,000 billion by the 2070s; more than ten times 
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current levels and rising to roughly 9% of projected global GDP in this period. Asia is projected to 

have the highest asset value at risk, changing places with North America, while the other continents 

maintain their relative exposure.  Nationally, the exposure analysis reveals that 90% of the total 

estimated 2070s asset exposure across the 136 cities is concentrated in only eight countries (China, 

USA, India, Japan, Netherlands, Thailand, Vietnam and Bangladesh) (Figure 4).   

The relative contributions of the different drivers of exposure growth differ by location. Overall, 

environmental changes (including increased storminess and sea level rise), increase population 

exposure by around 35%, with the largest contribution being from relative sea-level rise (24%). 

Human-induced subsidence increases overall exposure by around 14% although only 36 of the 136 

ports were considered susceptible to this driver. The potential impact related to human-induced 

subsidence is already evident in several Asian cities, which have been historically susceptible e.g. 

Kolkata, Dhaka, Shanghai and Bangkok (Nicholls, 1995). If all the influences on extreme water level 

by the 2070s are combined with the baseline population, the exposed population grows to 59 million 

by the 2070s: an increase of about 50 percent.  Incorporating population growth projections increases 

this figure to 148 million (an increase of about 150 percent) representing a three-fold increase in 

exposure by the 2070s.  In terms of assets, the role of socio-economic drivers is larger: without any 

increase in water levels, asset exposure could already grow eightfold. However, water levels do 

contribute to additional asset exposure and they could be responsible for about one third of the growth 

in asset exposure in the 2070s.  In general, exposure change in developing country cities is more 

strongly driven by socioeconomic changes, while developed country cities see a more significant 

effect from climate change (see Figure 4).  
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Figure 4. Population exposure for the Top 15 countries in the 2070s under scenario FAC showing the 

proportions associated with current exposure, climate change and subsidence and socio-economic change. 

Looking at the level of individual cities, population and asset exposure is concentrated in relatively 

few cities (see Figure 5); over 50% of the exposed population and assets are found in the top ranked 

10%, and more than 70% in the top 20 of the 136 port cities.  The following discussion therefore 

focuses on those cities ranked in the Top 20 for each of the scenarios.   
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Figure 5.  Cumulative distribution of total exposure for the current situation and 2070s (scenarios C and FAC). 

3.2  Ranking by population 

 In the current situation and in the projected scenario, the Top 20 cities for population 

exposure are disproportionately located in deltas, with 13 to 17 cities identified as being in deltaic 

locations.  Asia contains a high proportion (≥65%) of the Top 20 rankings, especially in the 2070s, 

because of urbanization and population growth (Figure 6).  
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Figure 6. Map showing the Top 20 cities for exposed population under scenario FAC - 2070s with climate 

change. 

Nonetheless, the Top 20 include cities in both developed and developing countries. Climate change 

and human-induced subsidence increase the absolute size of the exposed population, but many of the 

same cities remain in the Top 20 rankings irrespective of the changes (although with different order). 

Top 20 cities in both current and future rankings include Mumbai, Guangzhou, Shanghai, Miami, Ho 

Chi Minh City, Kolkata, New York, Osaka-Kobe, Alexandria, Tokyo, Tianjin, Bangkok, Dhaka and 

Hai Phong (see Table 2).  

Table 2. Top 20 cities ranked in terms of population exposed to coastal flooding in the 2070s (including both 

climate change and socioeconomic change) and showing present-day exposure 

Rank Country  

Urban 

Agglomeration 

  Exposed Population 

-Current (C) 

Exposed Population 

-Future (FAC) 

1 INDIA Kolkata (Calcutta) 1,929,000 14,014,000 

2 INDIA Mumbai (Bombay) 2,787,000 11,418,000 

3 BANGLADESH Dhaka 844,000 11,135,000 

4 CHINA Guangzhou 2,718,000 10,333,000 

5 VIETNAM Ho Chi Minh City 1,931,000 9,216,000 

6 CHINA Shanghai 2,353,000 5,451,000 

7 THAILAND Bangkok 907,000 5,138,000 

8 MYANMAR Rangoon 510,000 4,965,000 

9 USA Miami 2,003 4,795,000 

10 VIETNAM Hai Phòng 794,000 4,711,000 

11 EGYPT Alexandria 1,330 4,375,000 

12 CHINA Tianjin 956,000 3,790,000 

13 BANGLADESH Khulna 441,000 3,641,000 

14 CHINA Ningbo 299,000 3,305,000 

15 NIGERIA Lagos 357,000 3,229,000 
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16 CÔTE D'IVOIRE Abidjan 519,000 3,110,000 

17 USA New York-Newark 1,540,000 2,931,000 

18 BANGLADESH Chittagong 255,000 2,866,000 

19 JAPAN Tokyo 1,110,000 2,521,000 

20 INDONESIA Jakarta 513,000 2,248,000 

 

In addition to absolute numbers, the growth in exposure is also relevant. Figure 7 shows the twenty 

cities with the greatest rate of increase in population exposed out of the top fifty cities most exposed 

to present-day extreme sea levels. Each of the top twenty are projected to see more than a 200% 

increase in exposure. Although these twenty cities are all in developing regions, 17 in Asia (including 

four country capitals), and three in Africa (two being capitals), a number of other cities, not present in 

the top fifty for current population exposure, see significant proportional increases in exposure. These 

include many African cities, such as Mogadishu in Somalia and Luanda in Angola. While these cities 

are not expected to experience the highest absolute increases in exposure, their significant 

proportional increase could lead to flood management challenges within the city. The highest relative 

increase is seen in Qingdao in China, which is projected to experience a 2000% increase in exposure 

(although its absolute exposure remains below the Top 20 at 1.8m people in the 2070s). The rapid 

increase in exposure in these cities reflects the effect of the strong population growth and urbanisation 

expected in Africa and Asia. 
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Figure 7. Top 20 cities with the highest proportional increase in exposed population by the 2070s under the FAC 

scenario (2070’s) relative to the C scenario. Cities were selected from cities with the highest exposure under 

scenario C. 

3.3 Ranking by exposed assets 

The wealthiest countries (as represented by the GDP (PPP)) currently dominate the rankings in terms 

of asset exposure
4
. When looking at the assets currently exposed to extreme water levels (scenario C), 

the Top 10 are all located in the USA, Netherlands or Japan and represent over 60% of the top 50 

cities’ vulnerable assets. About 90% of the total estimated 2070s asset exposure across the 136 cities 

studied is concentrated in China, USA, India, Japan, Netherlands, Thailand, Vietnam and Bangladesh 

(Figure 8 and Table 3). In the current context, Mumbai and Kolkata, which appear at the top of the 

population rankings, rank much lower for assets, falling just inside the Top 20. 

Table 3. Top 20 cities ranked in terms of assets exposed to coastal flooding in the 2070s (including both climate 

change and socioeconomic change) and showing present-day exposure 

Rank Country  Urban  Exposed Assets-   Exposed Assets-

                                                      
4
 Note:, the fact that the wealthiest countries dominate the ranking in terms of asset exposure does not imply that 

welfare losses are larger in these countries, since they have much stronger resources to protection against, 

prepare to and cope with floods. 
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Agglomeration Current  ($Billion) Future ($Billion) 

1 USA Miami 416.29 3,513.04 

2 CHINA Guangzhou 84.17 3,357.72 

3 USA New York-Newark 320.20 2,147.35 

4 INDIA Kolkata (Calcutta) 31.99 1,961.44 

5 CHINA Shanghai 72.86 1,771.17 

6 INDIA Mumbai 46.20 1,598.05 

7 CHINA Tianjin 29.62 1,231.48 

8 JAPAN Tokyo 174.29 1,207.07 

9 CHINA, Hong Kong 35.94 1,163.89 

10 THAILAND Bangkok 38.72 1,117.54 

11 CHINA Ningbo 9.26 1,073.93 

12 USA New Orleans 233.69 1,013.45 

13 JAPAN Osaka-Kobe 215.62 968.96 

14 NETHERLANDS Amsterdam 128.33 843.70 

15 NETHERLANDS Rotterdam 114.89 825.68 

16 VIETNAM Ho Chi Minh City 26.86 652.82 

17 JAPAN Nagoya 109.22 623.42 

18 CHINA Qingdao 2.72 601.59 

19 USA Virginia Beach 84.64 581.69 

20 EGYPT Alexandria 28.46 563.28 

  

In terms of the percentage increase in assets exposed (Figure 9), all but one of the top twenty cities is 

an Asian city. The exception is Miami at rank 20. The increases in assets exposed are in round terms 

an order of magnitude larger than the increases in population exposed. Each of the top ten cities is 

projected to experience a more than thirty-fold increase in assets exposed. The top three cities, Ningbo 

(China), Dhaka (Bangladesh) and Kolkata (India), are projected to see a more than sixty-fold increase 
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in exposure. This striking increase in asset exposure is driven by the large increases in wealth and 

population projected in Asian cities. 

  

Figure 8. Map showing the Top 20 cities for exposed assets under scenario FAC - 2070s with climate change.  

As with population exposure, there are a number of cities that experience high proportional increases 

in assets exposed, while their absolute value of assets exposed is relatively low. This includes a 

number of African cities, as well as smaller Asian cities. Ningbo, China, is projected to see the largest 

proportional increase in assets exposed.  Unlike population exposure, no cities are expected to see a 

decrease in assets at risk as wealth increase is projected everywhere
5
. 

                                                      
5
 Note: as previously stated the economic scenario does not include climate change impacts or climate policies, 

which could have a significant influence on GDP and assets in some regions of the world. 
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Figure 9. Top 20 cities with the highest proportional increase in exposed assets by the 2070s under the FAC 

scenario relative to the current situation. Cities were selected from cities with the highest exposure in 2005. 

4. Risk Management 

This study recognises that exposure does not automatically translate into risk, and it is therefore 

important to consider protection and adaptation strategies. Cities are often developed behind natural 

defences or on relatively high ground, however as they increase in size and wealth there is a trend 

towards building in more hazardous locations and a growing dependence on artificial defences over 

time. For the port cities, adapting port and harbour areas to changing conditions will be vital to 

maintaining the economies of both the cities and the countries they serve.  Adaptation strategies 

encompass a range of policy options -- from an immediate response to longer-term options -- and 

commonly include the following:  

(i) Early warning systems and evacuation; 

(ii) Upgraded protection; 

(iii) Managing subsidence (in susceptible cities); 
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(iv) Building regulations (e.g., flood-proof buildings) and/or building retrofitting; 

(v) Land use planning to reduce exposure, including focusing new development away from 

the floodplain, and preserving space for future infrastructure development; 

(vi) Selective relocation away from existing city areas to reduce exposure more rapidly than is 

possible by only focussing on new development.  

(vii) Risk sharing through insurance and reinsurance. 

Although it is possible, albeit expensive and problematic, to relocate large numbers of people  and 

city infrastructure (including port facilities, see Garcia, 2008) in the near- to medium-term, it is more 

likely that infrastructure improvement and flood defences are a first choice as they protect against 

impacts during the most frequent, but less intense, events.   

To investigate the protective capacity of defences, the average annual risk of damage, measured in 

terms of people affected, or assets damaged or affected, was calculated for selected ports: as the 

defences improve, so the potential damage in an event is distributed over a longer period, and the 

average annual damages are reduced.  Current, population and asset exposure were multiplied by the 

probability of flooding (defence design standard) as a proxy to calculate average annual risks.  This 

risk proxy is not equal to actual risk as it assumes that the exposure to all coastal floods with return 

times longer than 100 years is equal to the exposure to the 100-year flood. This overestimates risk 

because flood losses are not equal to exposure and underestimates risk because exposure is larger for 

floods with return periods longer than the 100 years used here (see Hallegatte et al., 2010 this 

volume): but annual risk associated with a low probability event (e.g., the 1 in 1000 year flood) can be 

assumed to be equivalent to that of the more frequent 1 in 100-yr event. It is also worth noting that the 

average annual risk of damage can be misleading in well defended areas as impacts will be realised 

infrequently and the impacts per flood event will be much higher than the average annual values.  It 

also ignores the possibility of defence failure which, especially if the failure mechanism involves 

multiple breaches, can lead to large areas being submerged. Table 4 shows the change in this risk 
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proxy for selected cities where protection levels are known. Without adaptation, the analysis suggests 

a significant increase in flood risk in all the cities. Detailed case studies in London (Dawson et al., 

2005), New York (Rosenzweig and Solecki, 2001) and Copenhagen (Hallegatte et al., 2010 this issue) 

demonstrate that these types of changes are realistic. If defence standards are maintained, flood risk 

will still rise, but only in proportion to the increase in socio-economic factors. To maintain risk at the 

levels in 2005 therefore requires more than maintenance of defence standards – in practice the 

standard has to also be raised. 

Table 4; Examples of risk proxy for protected cities compared with current exposure numbers. Projected risk 

proxy in the 2070s is calculated where current defences are not upgraded and if current defence standards are 

maintained relative to rising water levels. 

City 

Approximate 

Protection 

Standard  

(Return period 

in years) 

Current Exposure Current risk proxy 

2070s risk proxy  

(no protection 

upgrade) 

2070s risk proxy  

(with maintained 

protection level) 

Pop  

(000) 

Assets  

(US$ bn) 

Pop  

(000/yr) 

Assets 

(US$ 

bn/yr) 

Pop 

(000/yr) 

Assets 

 (US$ 

bn/yr) 

Pop 

(000/yr) 

Assets 

 (US$ 

bn/yr) 

Shanghai 1:1000 2,353 73 2 0.07 5,451 1,771 5.45 1.77 

Osaka 1:300 1,373 216 4.6 0.7 2,023 969 6.74 3.23 

New York 1:100 1,540 320 15 3.2 2,931 2,147 29.31 21.47 

Tokyo 1:1000 1,110 174 1 0.174 2,521 1,207 2.52 1.21 

Amsterdam 1:10000 839 128 0.08 0.013 1,435 844 0.14 0.08 

Rotterdam 1:10000 752 115 0.08 0.011 1,404 826 0.14 0.08 

 

The achievement of the risk reduction shown in Table 4 relies on the construction and maintenance of 

physical defence structures and wealth is an important condition of the ability to protect. Cities in rich 

countries should therefore have more potential to reduce levels of average annual risk than cities in 

the developing world and GDP can be used as a useful ‘vulnerability proxy indicator’ (Dao and van 

Woerden, 2009). A simple qualitative classification, based on the 2005 per capita GDP (PPP), can 
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therefore indicate the current ability of the country to adapt its exposed cities against the potential 

impact of extreme events and recover from disastrous events (following Hoozemans et al., 1993; 

Nicholls, 2004).  Classification criteria are broadly in line with the OECD Development Assistance 

Committee classification (DAC, 2006) of country income.   

Table 5: Top 10 countries by population currently exposed to a 1:100 extreme event compared to potential to 

protect. Per capita GDP (PPP) class in UD$: HIGH >15,000; MEDIUM 15,000 - 3,500; LOW <3,500 

Number of 

cities 

Exposed 

population 

(000s) 

Country 
Per capita 

GDP CLASS 

Presumed protection 

standard 

15 8,154 CHINA Medium 

Able to afford to 

construct  defences  but 

not to a uniform, high 

standard  

17 6,538 
UNITED STATES OF 

AMERICA 
High 

Able to afford to 

construct high level 

defences 

6 5,412 INDIA Low 
Limited, ad hoc 

approach 

6 3,683 JAPAN High 

Able to afford to 

construct high level 

defences 

2 2,725 VIETNAM Low 
Limited, ad hoc 

approach 

2 1,591 NETHERLANDS High 

Able to afford to 

construct high level 

defence 

3 1,540 BANGLADESH Low 
Limited, ad hoc 

approach 

1 1,330 EGYPT Medium 
Able to afford to 

construct  defences  but 

not to a uniform, high 

standard 

1 907 THAILAND Medium 

4 700 INDONESIA Medium 

 

Compared with the number of currently exposed people (Table 5), this GDP classification indicates 

that of the Top 10 countries, the USA and the Netherlands are considered the most capable of 

providing comprehensive high level protection against an extreme event.  By comparison India, 
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Vietnam and Bangladesh are likely have financial constraints when providing constructed defences, 

relying on other adaptation methods. Post-event disaster recovery would also be challenging and 

probably depend on donor support. In total, across the full set of 136 port cities, 26 cities with a total 

currently exposed population of 11.4 million people (Scenario C) are located in countries classified as 

‘low income’    

However, the willingness to protect population and infrastructure is not purely wealth dependant. 

Non-financial constraints on the provision of built defences (e.g., collective action possibilities, 

quality of public policies, role of State) or redistribution of significant resources from other priorities 

(e.g., transportation) toward flood protection can have a large influence. Rich countries despite having  

a larger financial capacity to protect their cities, may or may not choose to do so according to the risk 

aversion nature of the exposed populations or their governments. For instance, Amsterdam, 

Rotterdam, London and Tokyo, where GDP per capita is between $30,000 and $38,000, are protected 

to better than a 1 in 1,000 year event; Greater New York, in spite of a higher national GDP per capita 

in the U.S. ($42,000), is protected to a lower standard of about 1 in 100; Shanghai, with the lower 

Chinese national GDP (PPP) per capita ($6,193), has a better protection level than New York, with 

defences of a similar standard to London. These factors also make it problematic to use simple 

assumptions to project protection levels up to the 2070s. It can be argued that protection levels are 

likely to be improved at the global scale over time and as wealth increases, but no prediction for a 

particular city can be easily proposed, especially given the lack of comprehensive data on past 

investments in coastal flood protection. This is an important issue for further research.  

Given that population and economic growth on the coastal 100-year flood plain, is typically the 

dominant driver of increases in exposure, this implies that risk-averse land-planning and development 

would be a beneficial approach to curtailing future increases in risk. This might include for example, 

developing new properties in regions away from the coastal flood plain. However, there are several 

economic advantages of building in these regions. Planners should weigh up these benefits against the 

risks involved in building on coastal flood plains and the costs of protective measures. 
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It should also be remembered that, in addition to reducing risks, it is possible to mitigate the drivers of 

exposure i.e. by limiting climate change itself or managing human-induced subsidence.  For example, 

this study indicates that the potential impact of human-induced subsidence on the exposure and risk of 

individual cities is of similar magnitude to storm enhancement and slightly less than sea-level rise. 

Groundwater extraction and drainage, therefore significantly aggravate the impact of climate change 

and effective long-term water management strategies to limit this human-induced subsidence can 

provide significant advantages in terms of risk management for the future.   

5. Policy implications 

The policy implications of these results depend on many parameters, including population risk 

aversion and broader policy goals (e.g., priority attributed to poverty reduction and disaster risk 

reduction). However, these results suggest that the benefits of climate change policies at the city-scale 

are potentially significant, with policies necessarily including both global mitigation and local 

adaptation.  It is important to remember that, even if all cities are well protected against extreme 

events, large-scale city flooding may remain frequent at the global scale as so many cities are located 

in low-lying areas. For instance, assuming that flooding events are independent, there is a 74% chance 

of having one or more of the 136 cities affected by a 100-year event every year, and a 99.9% chance 

of having at least one city affected by such an event over a 5-year period. At the global scale, 100-

year and even 1000-year events will affect individual large port cities frequently.  Hence, even taking 

an optimistic view and assuming that high protection levels will be provided everywhere in the future, 

the large exposure in terms of population and assets is still likely to translate into recurring city-scale 

disasters at the global scale. This makes it essential to consider both adaptation as well as disaster 

planning and management strategies, to determine acceptable levels of risk and, perhaps more 

importantly, address what happens when adaptation and especially defences fail. 

Another key result is that future socio-economic changes are important drivers of the global and 

regional increase in both population and asset exposure. This is particularly important for developing 



26 

regions where population numbers are expected to rise significantly.  For developed countries (where 

population and economic growth are expected to be smaller), environmental factors are 

proportionately more important.  This is consistent with earlier analyses (e.g. Nicholls, 2002; Nicholls 

et al., 1999).  Consequently coastal cities will face great challenges in managing the growth in 

exposure that will come about from both human and environmental influences, including climate 

change. The size and concentration of population and economic development in many of the world’s 

largest port cities highlights the need for more effective governance for climate change adaptation at 

the city-scale. The large potential port city asset exposure on its own (i.e. up to US$35,000 billion in 

2070s, in PPP, 2001USD) argues for a much more focused effort across all scales of governance -- 

from global to national and local, across public and private actors -- to advance portfolios of 

adaptations to manage these risks in port cities (cf. Evans et al., 2004; Thorne et al., 2007, see also 

Corfee-Morlot et al.,2010 this issue).   

Aside from global mitigation of climate change, adaptation to reduce risks is an obvious strategy. 

While there are many available coastal adaptation options (Klein et al., 2001), the most effective 

adaptation policy options include a combination of the approaches described in Section 4. For human-

induced subsidence the increased risk could be mitigated to some degree by avoiding the processes 

that lead to shallow subsidence, such as groundwater withdrawal, alongside urban water demand 

management. Several Asian cities appear to have successfully implemented such water management 

policies including Tokyo, Osaka-Kobe and Shanghai (Nicholls, 1995) with others starting to address 

the issue, e.g. Jakarta  (Delinom, 2008). Relocation seems unlikely for valuable city infrastructure, 

considering the cost of rebuilding infrastructure and buildings (e.g., more than $400 billion in Miami 

today), and the political difficulties to do so (illustrated by the public outcry after the French 

government suggested the destruction of 1,500 houses in the highest-risk areas affected by storm 

Xynthia in 2010). As a consequence, a portfolio of the other approaches could act to manage and 

reduce risks to acceptable levels. For cities with large areas at or below mean sea level, flooding can 

be catastrophic as the urban areas need to be pumped dry after a flood, as illustrated in New Orleans 

in 2005. If cities remain in these areas, the residual risk needs to be carefully evaluated and defences 
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and drainage carefully reviewed and improved to maintain acceptable standards of risk management: 

two cities where this issue is relevant today is Guangzhou and Alexandria, but the issue is likely to 

become more widespread through the 21
st
 century. Proactive adaptation will require strengthening 

adaptive management and governance capacity to manage increasing risks in port cities. This must 

include more effective partnerships with national governments and other stakeholders to facilitate the 

transition towards safe urban development in large port cities and to eventual disaster management in 

the event of flooding.  

Also, the increase in exposure (and probably in risk) may have important consequences on the 

insurance and reinsurance markets, with a huge increase in the amount of capital needed to insure 

these risks at the global scale. 

Working in partnership, local and national decision-makers will bring greater resources and expertise 

to bear on the adaptation problem; policies will be needed to establish incentives for public and 

private investors (see Corfee-Morlot et al., 2010 this issue).  National governments are uniquely well-

placed to assist port city adaptation efforts by bringing available research to bear on specific locations 

to better understand the nature of the risks in local contexts and the costs and benefits of adaptation, 

and to facilitate the development of risk sharing approaches and insurance markets.  Local 

governments on the other hand will need to work closely with local stakeholders and decision-makers 

to assess and choose amongst available adaptation options to reflect acceptable risk levels and balance 

the interests of those most directly affected.  

Interactions between national and city-level decision-makers, public and private, as well as national 

and often international policymakers (i.e. where relevant official development assistance) inevitably 

shape the way cities and city infrastructure develops (OECD, 2006).  Table 4 illustrates that these 

decisions on how and where cities develop will make a difference to the exposure of cities to coastal 

flood risk.  Climate change will exacerbate the pressures of population and economic exposure in port 

cities, especially if cities expand into high flood risk areas.  Broad engagement across scales of 
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governance and different types of actors will be necessary to protect against and to manage coastal 

flood risk. 

6. Conclusion 

This global screening study relies on simple methodologies and does not provide a prediction of how 

coastal flood risks will change in the future. But it makes a first estimate of the exposure of the 

world’s 136 large port cities to coastal flooding due to extreme water level events. The analysis 

focused on the exposure of population and assets to a 1 in 100 year surge-induced flood event 

(assuming no defences), rather than the actual ‘risk’ of coastal flooding, recognising that flood 

protection does not eliminate risk as protection measures can fail.  As such, it has identified those port 

cities with the highest levels of population and asset exposure both today and looking at how they 

might change by the 2070s using “business-as-usual” socio-economic projections and reasonable 

scenarios of changes in extreme water levels. In spite of the large uncertainty in these scenarios, the 

magnitude of this exposure has highlighted that port cities will face challenges in managing the 

significant growth in exposure that will come about from both human and environmental influences, 

including human-induced and natural subsidence and climate change. It is also important to note that 

even if the environmental or socio-economic changes were smaller than assumed here the underlying 

trends would remain. 

Although the city exposures identified are necessarily imprecise due to the source data and 

methodology used, and to scenario uncertainty, a high impact potential in this study indicates those 

cities where detailed investigation of the possible impacts would be beneficial.  However, as the 

uncertainties in the methodology are unbiased, the aggregated national, continental and global results 

are increasingly robust (cf. Hoozemans et al., 1993), showing that exposure levels are an issue at 

levels above the local and global mitigation strategies have a role to play in reducing the impacts of 

extreme water level events.  The importance in global trade of these port cities also means that failure 

to develop effective adaptation strategies would inevitably have local, national and wider economic 
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and security consequences: therefore local strategies will need to be incorporated within a wider 

spatial and time frame to address broader issues. The concentration of future exposure to sea level rise 

and storm surge in rapidly growing cities in developing countries in Asia, Africa and to a lesser extent 

Latin America, also urgently underscores the need to integrate the consideration of climate change 

into long-term coastal flood risk management and disaster planning, rather on more immediate 

reactive responses.  

As with any study, it is important to recognise and understand limitations in the methodology. The 

city data is derived from global datasets and these are subject to large uncertainties inherent in such 

sources. Data constraints also arise from the limited resolution of the elevation data and use of global 

sea-level values. Future work could improve this analysis through the use of more precise datasets, 

including regional differences in sea level changes. In terms of methods, the flooding analysis is based 

on elevation data only, with no modelling of water propagation and dynamics. It is well known that 

damages depend on water dynamics (e.g. water velocity) and flood duration. The nature of city 

buildings and infrastructure is also not explicitly considered: people/assets in skyscrapers are not at 

the same risk as people/assets in single story buildings. Since the focus is on ranking exposure, these 

limitations remain acceptable and the rankings provide a basis for targeting further more detailed city-

scale investigations in key locations.  

In addition, this study has also has highlighted where additional investigations would be beneficial:  

similar independent or integrated assessment for other aspects of climate change, further investigation 

of the influence of defences on exposure levels and the desire for their construction - the ability to 

afford any adaptation measure does not necessarily equate to the willingness to undertake the 

adaptation option, how is an acceptable level of risk determined. 

Despite the recognised limitations, this study emphasises the concentration of exposure in a few of the 

world’s cities and nations and underscores the urgent need for leadership and attention in these 

locations. However, implementing effective disaster management strategies, land use practices and 

protection investments will take time.  Previous defence projects (e.g., the Thames Barrier and the 
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Dutch Delta Project) have shown that realising coastal protection infrastructure typically has a lead-

time of 30 years or more. Such inertia in the policy and socio-economic response suggests that 

decisions to protect port cities and to manage flood risk for impacts expected by the middle of this 

century need to be made and realised today.  
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