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Summary

Summary

In Shanghai, the main threat to the city’s safstyityphoon induced storm surge in combination
with a high astronomic tide in the Huangpu Riveistétical flood events have shown that the weak-
ness of the floodwall, with potential overtoppingdabreaching along the Huangpu River and its
branches, has caused great economic damage araf ldesIn order to better understand flood risk
in the city, flood risk analysis at the local cigvel is strongly required. With climate changeyda
subsidence and the rapid socio-economic developnfleoid risk is inevitably increasing if no
measures are taken. Not only the current flood bisikalso the flood risk in the future needs to be
understood. Moreover, it is necessary to recomnedfettive risk-reduction measures to mitigate
future flood risk. Therefore, the objective of thiesis is to quantify the current and future flot
and to make recommendations on risk-reduction measuo a case study of Shanghai. It also aims
to show and develop general methods for floodaisilysis in rapidly growing metropolitan areas.

As a first step the Shanghai water system has dealysed. In terms of flood threats to the rivieg, t
water level is dominated by the storm tide at tlwuth of the Huangpu River. The heavy precipita-
tion mainly induces waterlogging due to an insigfit drainage capacity in the city, while not sig-
nificantly increasing river runoff in the Huangpiv®. Moreover, a control gate (between Tai Lake
and the Huangpu River) is regulated to reduce dggnvater from Tai Lake when a storm surge
occurs. Therefore, a combination of a storm surgeaahigh astronomic tide will be the main flood
threat. It is noticed that the current protectievel of the floodwall is only based on the exceedan
of the crest height of the floodwall by the watevdl and does not directly take other failure mecha
nisms into accountailure mechanisms such as breaching of floodvealtsfailure of the closure of
floodgates would induce potential floods in Shangha

In order to identify flood hazard in extreme evemtsrequency analysis of annual maximum water
levels was performed; the new frequency curvesessmt the relationships of water levels at three
typical gauge stations along the Huangpu River wifferent return periods. The Generalized Ex-
treme Value (GEV) distribution was suggested asoatrsuitable probability distribution for the
datasets of annual maximum water levels at Wusangkal Huangpu Park instead of a Pearson
Type Il distribution. With the aid of the 1D hydra&c model, water levels in each cross section of
the Huangpu River were derived. The potential mmoing points were systematically identified by
a comparison of the crest height of the floodwalll he water levels under different return periods
(50yr, 100yr, 200yr, 500yr, 1,000yr and 10,000¥r}urned out that the current estimation of over-
topping probability is 1/200 p.y. in the Huangpw@&i In addition, potential breaching points and
failure of floodgates were also hypothesized o Istdes of the floodwall. Subsequently, inundation
maps were produced by 1D2D hydrodynamic modell®@BEK) under different flood scenarios
along the Huangpu River. The results can be visedlion a map with information on maximum
inundation depth and the extent of inundation.tiire. scenario without protection demonstrates the
important role of the floodwall and the infrastures (e.g. floodgate) along the Huangpu River to
protect Shanghai against river flooding. Seconddyious overtopping events at certain points along
the floodwall were simulated. It was found that thendation would merely occur adjacent to the
riverine area due to a limited flood volume undeertopping scenarios, since it only occurs during a
limited period (e.g. 1 hour). Thirdly, as breaclersarios were developed to explore the worst—case
flooding in Shanghai; it turned out that breachimguld cause the most serious flooding along the
Huangpu River, as parts of the city centre wouldigendated with a maximum inundation depth of
more than 3m. Lastly, the simulations of a failaféhe floodgates were conducted at three selected
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locations. It showed that the inundation depth svésw decimetres in each scenario (40cm-80cm on
average), which would pose threats to the buildangsthe infrastructures adjacent to the floodgates
Ex-ante flood damage assessment plays an incréasmpgortant role in flood risk management.
Potential flood damage in cities like Shanghai lobarmassive due to the high rate of socio-economic
development and the rapid urbanization in the fgtare. Different flood scenarios result in differ-
ent degrees of damage. New damage functions foousbuilding categories were suggested in
Shanghai; with the application of these functighsyas calculated that the potential damage under
various breaching scenarios ranged from 88 to 4élom$USD in part of downtown area, which
accounts for 1.5% - 7.6% of the maximum potenteahege (5.77 billion $USD). In the estimation
of indirect flood damage on the service interruptad the subway system, two typical subway sta-
tions were selected to estimate the revenue lossta@diooding. It was calculated that the service
interruption at one subway station for one weekld@ause approximately 1 million $USD of reve-
nue losses in Shanghai, which implied that it wotdtise a huge practical inconvenience for the
inhabitants during such unexpected events. Furthiernin the discussion of the effects of compo-
nents on the flood damage, the damage functiortheagreatest influence on the final results, and
this deserves priority for future study to reduoe tincertainty of flood damage estimation.

Flood risk is calculated by the occurrence/exceeglgrobability and its associated potential dam-
age. In this thesis, the total risk, which accodiot®expected value and standard deviation of damag
es on the basis of risk aversion, represents thdtseof flood risk analysis. The results are repnt-

ed below. The probability of flooding exists in et® of overtopping, breaching and failure of flood-
gates. 26 scenarios were simulated along the HuaRgger based on various boundary conditions
of the water level as a function of return periofif00yr., 500yr., 1,000yr., and 10,000yr. at Wu-
songkou, in which 8 breaching points and 3 floodggioints were selected on the west and east side
of the floodwall. The total (flood) risk is calctéal between 40 million $USD/yr. and 112 million
$USD/yr. along the Huangpu River of Shanghai, inciwhhe point at ~45km away from the mouth
is most likely to be overtopped, and the breacluoigt, ~26km away from the mouth at the west
side of the Huangpu River in the city centre, letdfargest potential flood damage among all the
scenarios. Furthermore, it is noticed that the enoa damage due to breaching is a factor of 10
higher than the damage caused by overtopping soen&towever, in terms of the contribution to
the flood risk, the failure of floodgates accouitis~41% of the overall flood risk due to its highe
probability of failure than breaching and partsavertopping scenarios. Economic development
appears to have the greatest effect on future flsdg which could triple flood risk in 2030 and
increase six fold in 2050 if no further measures taken. Land subsidence is the second driver of
future risk, and the ‘absolute’ sea level rise thasleast effect on the future flood risk. The comb

tion of all these affected factors would raise flatsk 4 times and 16 times in total in 2030 an8®0
respectively if no further measures are taken.

In order to evaluate and recommend an effectivenfioation of) risk-reduction measure(s) to miti-
gate flood risk, a comparative study between Shainghd Rotterdam was conducted to propose
potential risk-reduction measures under the threfatisture climate change and economic growth. It
also showed that the metropolitan cities, undeilairohallenging flood threats, can learn from each
other. Regarding the risk-reduction measures, tienpial (structural and non-structural) measures
have been proposed and evaluated by the methottsstbenefit analysis and economic optimiza-
tion. Preliminary results of the cost-benefit as&yshow that the construction of a storm surge bar
rier has a somewhat larger benefit/cost ratio thenupgrading of the floodwall. Besides, since the
Shanghai Municipal Government desires to upgradeitly to the level of an international metropo-
lis with a high quality of life, the upgrading did floodwall will largely hinder the view of rivers
and lower the attractiveness of the city. Therefdres expected that the construction of the storm
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surge barrier is a better solution to protect Shangm the long run. Economic optimization led to a
preliminary result of a safety level of 1/4,500dgr. the Huangpu River in Shanghai due to fast eco-
nomic growth in the future (2050). It is additidyahoted that, given the current relatively low pro
tection level the flood barrier boards (to proteeiidings for small floods) have advantages ansl it
also recommended to apply this measure at theremtraf all types of buildings in case of unex-
pected flood events. These results show how fleglddanalysis can provide rational information to
support decisions for risk reduction for rapidlypging mega-cities, like Shanghai.

Qian Ke, July, 2014
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De grootste bedreiging voor de veiligheid van @&l sshanghai is een combinatie van een door een
tyfoon veroorzaakte stormvloed in de Huangpu Rigieleen hoog astronomisch getijde. Historische
overstromingsgebeurtenissen langs de Huangpu ewi¢raar zijtakken hebben aangetoond dat grote
economische schade en verlies van leven verooriaakior een verzwakte vloedmuur, potentiele
overtopping en breuken. Om het overstromingsrisiae stad beter te begrijpen, zijn overstroming
risicoanalyses op het lokale stadsniveau noodzkkekilimaatverandering, grondverzakking en de
snelle sociaaleconomische ontwikkeling, vormen eemvermijdelijike verhoging van het
overstromingsrisico indien er geen maatregelen ®ordgjenomen. Niet alleen het huidige
overstromingsrisico, maar ook de toekomstige ox@msingsrisico's moet begrepen worden en is het
noodzakelijk om doeltreffende en risico beperkemdatregelen ter vermindering van toekomstige
overstromingsrisico's aan te bevelen. Het doeldeze thesis is om het huidige en het toekomstige
overstromingsrisico te kwantificeren en om aankiegeh te doen over risico beperkende
maatregelen in een casestudy van Shanghai. Des theebgt eveneens algemene methoden voor
risicoanalyse van de overstroming in snel groeientlelijke gebieden aan te tonen en te
ontwikkelen.

Als een eerste stap is het watersysteem van Shangbanalyseerd. In termen van
overstromingsbedreigingen van de rivier, wordt dlijkl dat het water niveau aan de monding van
de rivier Huangpu gedomineerd door de stormvlo@dhrg neerslag veroorzaakt wateroverlast die te
wijten is aan een onvoldoende draineringscapaditeie stad, terwijl de rivier afvoer in de Huangpu
rivier niet aanzienlijk toeneemt. Bovendien, reguleeen controle doorgang (tussen Tai Lake en de
Huangpu rivier) de vermindering van afvoerwaten Lake Tai, wanneer een stormvloed optreedt.
Een combinatie van een stormvioed en een hoognastische getij zal dus de grootste dreiging
van overstroming zijn. Het huidige beschermingsamivean de vloedmuur is slechts gebaseerd op
een water niveau dat alleen als het extreem hqadpisop van de vloedmuur overschrijdt en niet
direct rekening houdt met andere faalmechanism@almechanismen, zoals het overtreden van
vloedmuren en het falen van de sluiting van sluizemnen potenti€le overstromingen in Shanghai
tot gevolg hebben.

Teneinde overstromingsgevaar in extreme gebeustmite herkennen, werd een frequentieanalyse
van het jaarlijkse maximum water niveau uitgevoerde nieuwe frequentie curves
vertegenwoordigen de relaties van het water nivigigude drie typische test stations langs de
Huangpu rivier met verschillende terugkeer periodee “Generalized Extreme Value” (GEV)
distributie werd voorgesteld als de meest gesetkinsverdeling voor de datasets van jaarlijkse
maximum waterniveaus in Wusongkou en Huangpu Parlplaats van een Pearson Type |l
distributie. Met behulp van het 1D hydraulische elpsverden waterstanden in elke doorsnede van
de Huangpu rivier afgeleid. De potentiéle overtagppunten werden systematisch geidentificeerd
door een vergelijking te maken van de hoogte vartogevan de vloedmuur en de waterstanden
onder verschillende terugkeer perioden (50 jaa®, ja8@r, 200 jaar, 500 jaar, 1.000 jaar en 10, 000
jaar). Het bleek dat de huidige schatting van darséhijnlijkheid van overtopping in de Huangpu
rivier 1/200 jaar is. Potentiéle breuk punten ehfagen van sluizen aan de beide zijden van de
vloedmuur werden als hypothese gesteld. Vervolgesiglen overstromingskaarten geproduceerd
door 1D2D hydrodynamische modellering (SOBEK) onderschillende overstroming scenario's
langs de Huangpu rivier. De resultaten kunnen woigkvisualiseerd op een kaart met informatie
over maximale overstromingsdiepte en de omvangovanstroming. In de eerste plaats bewijst een
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scenario zonder bescherming langs de Huangpu uédvelangrijke rol van de vioedmuur en van
infrastructuur (zoals bijvoorbeeld sluisdeuren) e bescherming van Shanghai tegen
overstromingen van de rivier. Ten tweede, werdeackéllende overstromingen op bepaalde punten
langs de vloedmuur gesimuleerd. De conclusie wasodarstroming vooral zou optreden in het
gebied grenzend aan de rivier, ten gevolge van begierkte overstroming volume onder
overstromingsscenario’s aangezien het slechts gedareen beperkte periode (bijvoorbeeld 1 uur)
gebeurt. In de derde plaats, terwijl overstromingaario's werden ontwikkeld om de ergste
overstromingsgevallen in Shanghai te onderzoekieekidat breuk in de vloedmuur de ernstigste
overstromingen langs de Huangpu rivier zou verda@zaen dat delen van het centrum van de stad
overspoeld zouden worden met een overstroming gardeepte van meer dan 3m. Tot slot, werden
simulaties van het falen van de sluizen uitgevagrdrie geselecteerde locaties. Er werd aangetoond
dat de overstromingsdiepte in elk scenario gemdldéicm - 80cm was, wat een bedreiging zou
vormen voor de gebouwen en de infrastructuur greghaan de sluizen.

Ex-ante schadebeoordeling van overstromingen tspeeh steeds belangrijkere rol in
overstromingsrisicobeheer. Potentiéle overstronsiclggde in steden als Shanghai kan massaal
worden als gevolg van de hoge mate van sociaaleusobe ontwikkelingen en het hoge tempo van
urbanisatie in de nabije toekomst. Verschillentteed scenario's resulteren in verschillende mates
van schade. Nieuwe schade functies voor versch@lecategorieén van gebouwen werden in
Shanghai voorgesteld. Met de toepassing van derzidg, werd berekend dat de potentiéle schade
onder de verschillende scenario in een deel vahirdeenstad, varieerden van 88 tot 440 miljoen
$USD, goed voor 1,5% - 7,6% van de maximale patentschade (5,77 miljard $USD). In de
schatting van door indirecte overstromingen veraake schade op de onderbreking van de diensten
van het metrosysteem, werden twee typische metimsta geselecteerd om het verlies van
inkomsten als gevolg van overstromingen in te seha€r werd berekend dat de onderbreking van
de dienst voor een week bij een metrostation im@hai zou leiden tot ongeveer 1 miljoen $USD
inkomstenverlies, implicerend dat het een enorakisch ongemak veroorzaakt voor de bewoners
tijdens dergelijke onverwachte gebeurtenissen. jalaomt dat, bij de bespreking van de effecten
van de bestanddelen van door overstromingen vemekte schade, de schade functie de grootste
invloed heeft op de eindresultaten. Dit verdiemoniteit in toekomstige studie om de onzekerheid
van schattingen van overstromingsschade te verménde

Overstromingsrisico wordt berekend door de kans gapeurtenis / overschrijding en de
bijbehorende potentiéle schade. In dit proefschrdgkeeft het totale risico, dat bestaat uit de
verwachtte waarde en de standaarddeviatie van s@yabasis van risico-aversie, de resultaten weer
van de risicoanalyse van overstroming, zoals higobeschreven. De kans op overstroming bestaat
in gebeurtenissen zoals overtopping, dijkbreuk einfélen van sluizen. Op basis van verschillende
randvoorwaarden van de waterstand werden 26 so&naesimuleerd bij Wusongkou, langs de
Huangpu rivier, met een functie van terugkeer meiovan 200, 500, 1,000 en 10.000 jaar. Een
selectie werd gemaakt van 8 breukpunten en 3 slug@n de west- en aan de oostkant van de
vloedmuur. Het totale (overstroming) risico van ldeangpu rivier bij Shanghai wordt berekend
tussen 40 en 112 miljoen $USD/jaar. Overtoppingeismeest waarschijnlijk op 45 km afstand van
de monding van de rivier; het breekpunt op 26 ketaafd van de monding, in het centrum van de
stad aan de westkant van de Huangpu rivier, restibeder alle scenario’s tot de grootste potentiél
overstromingsschade. Bovendien moet opgemerkt waddede economische schade als gevolg van
breuken 10 maal hoger is dan de schade die vemddrasrdt door overtopping. Echter, in termen
van het aandeel aan het overstromingsrisico, diaetgtalen van de sluizen voor 41% bij aan het
algehele overstromingsrisico, als gevolg van deehmdgans op falen, dan breuken en delen van
overtoppings-scenario's. Economische ontwikkelinigst 1het grootste effect te hebben op
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toekomstige overstromingsrisico's, welke zou kunvemrievoudigen in 2030 en zelfs zes keer zo
hoog in 2050, als er geen verdere maatregelen wayeeomen. Bodemdaling is de tweede oorzaak
van toekomstig risico, en de 'absolute' zeespitjgitg heeft het minste effect op de toekomstige
overstromingsrisico's. De combinatie van al dep¢of@n zou in totaal het overstromingsrisico tot 4
maal in 2030 en tot 16 maal in 2050 verhogen as gerdere maatregelen worden getroffen.

Om een effectieve (en een combinatie van) risiamte maatregel(en) en een verminderd
overstromingsrisico te evalueren en te adviseramdwen vergelijkende studie tussen Shanghai en
Rotterdam uitgevoerd, teneinde potentiéle risicpebleende maatregelen onder de dreiging van
klimaatverandering en economische groei voor testeHet onderzoek toonde aan dat grote steden,
onder vergelijkbare overstromingsdreigingen, vesi elkaar kunnen leren. Met betrekking tot de
risico beperkende maatregelen, zijn de potentileudturele en niet-structurele) maatregelen
voorgesteld en geévalueerd aan de hand van eemett®den van kosten-batenanalyse en een
economische optimalisatie. Voorlopige resultatem da kosten-batenanalyse laten zien dat de bouw
van een stormvioedkering een iets grotere kostéembaerhouding heeft dan een opwaardering van
de vloedmuur. Bovendien, aangezien de gemeentalijkeheid van Shanghai het verlangen heeft
om de stad te moderniseren naar het niveau vanirgemationale metropool met een hoge
levensstandaard, zal de opwaardering van de viogdgrotendeels een belemmering vormen voor
het uitzicht op de rivieren en daarmee de aantighkikeid van de stad verminderen. Het is te
verwachten dat de bouw van de stormvloedkeringbet@re oplossing is om op de lange termijn
Shanghai te beschermen. Economische optimalisaitield tot een voorlopige resultaat van een
veiligheidsniveau van 1/4500 per jaar voor de Hpangvier in Shanghai, als gevolg van snelle
economische groei in de toekomst (2050). Eveneansokgemerkt worden dat, gezien het huidige
relatief lage beschermingsniveau, afsluitingsplafien bescherming van gebouwen tegen kleine
overstromingen) hun voordeel behouden en het isaddénaanbevolen om deze maatregel bij de
ingang van alle soorten van gebouwen te blijvendhamen in geval van onverwachte
overstromingen. Deze resultaten laten zien hoeogerstroming risicoanalyse rationele informatie
kan bieden ter ondersteuning van besluiten voaofieperking voor snel groeiende mega-steden,
zoals Shanghai.

The samenvatting was translated by Mrs. Mariette Tidburg.
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Chapter 1 1

Chapter 1

Introduction

This chapter describes the rationale for the reshaits scope and research objectives. It also term
lates the research contributions and the structfréhe thesis.

1.1 Background

1.1.1 Floods in metropolitan areas

According to the EMDAT Disaster Database, floodmain the most common natural disaster,
which account for ~36% of all natural disasters ldwide in the period of 1990-2013 (EMDAT
2013). Flooding is also a global phenomenon whaulses widespread devastation, economic damag-
es and loss of lives (GFDRR 2012). For examplejdeak suffered 20% of its GDP loss due to flood-
ing in August 2010 (Hyder 2010). Besides economaimage, the earthquake-induced tsunami on the
north-east coast of Japan led to the disappeammteleaths of more than 18,000 persons in March
2011(NPA 2014); and floods in large areas of Timailan October and November 2011, affected glob-
al production networks and caused great sociaupligms; Hurricane Sandy in Greater New York
City in October 2012 was the second costliest (ntloae 68 billion $USD) hurricane in United States
history (Blake, Kimberlain et al, 2013). It is ndtthat major cities and metropolitan areas, likeaka
chi, Sendai, New York and Bangkok, were all affddby recent floods. On one hand, the concentra-
tion of property assets, infrastructures and pdjmnra led to large economic losses and casuatties i
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these areas; on the other hand, climate changese@Htevel rising and extreme events caused floods
more likely to happen.

Mumber of Occurrences of Flood Disasters by Country;
197 4-20H03

Mumnbser of Floods
&

EXELRAT, The CFLLA CRED Eeternatisial [Raaats Distahas - Ha
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Fig.1. 1 Number of occurrence of flood disastercoyntry in the world in 1974-2003 (EMDAT
2009)

As seen from the worldwide map on the numbeayoaurrences of flood disasters in Fig.1. 1, floods
occurred mostly in Asia and North and South Ameria9o of floods worldwide occurred in Asia in
the past two decades (1990-2013) (EMDAT 2013). Vileerable countries in terms of floods are
more often located in Eastern and South-Eastera, Aike China, Japan, South Korea, Thailand, Vi-
etnam, Indonesia and the Philippines. Floods catéeal of the overall losses in Eastern and South-
Eastern Asia and the number is expected to inceigteer in the coming decades (Munich Re 2013).
The reasons for the high increase in flood lossegpamarily socio-economic factors such as contin-
ued strong economic growth and the resultant iseréa values. In addition, these countries are also
frequently hit by typhoons every year, with storarges, torrential rainfall and strong wind, which
together causes and increases the probabilitiésaaf.

A metropolitan area is a region consisting afeasely populated urban core and its less populated
surrounding territories, sharing industry, infrasture and housing (Squires 2002). In Eastern and
South-Eastern Asia, there are many metropolitaasaffer instance, Tokyo, Jakarta, Seoul, Shanghai,
Manila, Osaka, Bangkok, Hong Kong, Ho Chi Minh Cigyc.. These areas commonly face potential
flooding problems. 1). Most of these cities arealed in the coastal or deltaic area, which is more
likely to affected by typhoon weather; 2). and thegies have a tendency to be located in a longlyi
area and experience (natural and anthropogenigideiice. Flooding in these metropolitan areas
causes tremendous economic damage and social tibsruue to aggregated assets value, intricate
infrastructure networks and a dense populationréfbee, adequate flood management for metropoli-
tan areas is a high requirement in order to safelgilie metropolitan residents including the propert
assets.

1.1.2 Floods in China

China suffers from serious flood disasters dugdovaried topography and its diverse climate. In
China, 8% of the land area which is located inrthé- and downstream parts of the seven major riv-
ers is prone to floods; 50% of the total populatioiving in these flood-prone areas, contributing
over 2/3 of the total agricultural and industriabguct value. Besides, cities located in the coasea
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of China, such as Shanghai, Wenzhou and Guangzbquaee frequently affected by typhoons. The
yearly direct economic damage caused by floods wated for roughly 1.35% of GDP in China
(1990-2012) (MWR 2012) and the average loss ofdife to floods in the past 60 years was estimated
at approximately 4424/year (MWR 2012), although ¢hsualties due to flood has been reduced in
recent years by the improvement of flood defencstesy and the better management with govern-
ment’s great attention. These figures are alsastiffted in Fig.1. 2 and Fig.1. 3. They show that th
average relative loss (loss/GDP) reduced from 2.429890-1999) to 0.48% (2000-2012), and the
average annual loss of life reduced from 5,548 alties (1950-1989) to 3,909 (1990-1999) and to
1,362 (2000-2012).

However, owing to global climate change the exxie events related to typhoons would cause even
greater economic damage and social disruptiondrctiastal area of China. The Central Government
has paid great attention to the important cities, @specially to Shanghai, which is an economie cen
tre of China while it is affected by one or mor@hgons almost every year. Besides, Shanghai has
been planned as a priority of flood preventionhe tFlood Prevention Planning of Yangtze River
Basin and Tai Lake Basin’ (MWR 1999; MWR 2008), alhhas the highest protection level in these
regions.
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Fig.1. 2 Direct economic damage due to floodintyveen 1990 and 2012 in the mainland of China
(Data source: MWR 2012)
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1.1.3 Floods in Shanghai

In China, the flood risk in Shanghai has alreddgwn great attention. Shanghai is vulnerable to
flooding owing to its geographic location, flat alogdv-lying terrain and the growing socio-economic
development as well as climate change and landdarixe. Since Shanghai suffers from serious land
subsidence for a long time, numerous geologicaamehers (Gong, 2008; Shen et al., 2005) have
guestioned the long-term function of a flood deteagstem (e.g. floodwalls) as flood preventionythe
also pointed out that current situation of floodeand sea dikes does not meet the regulated safety
standards anymore. In recent studies (Nicholld.e2807a), Shanghai ranked as one of the top 20
cities in the world in terms of population exposarel economic assets value exposure to the floods,
(i.e. 2.4 million people and 73 billion $USD inafit The expected annual risk is estimated as 2,000
persons/year in terms of loss of life and 73 milli§USD/year in terms of economic damage.
Hallegatte et al. (2013) also estimated flood msShanghai at 63 million $USD/year under an opti-
mistic scenario of a maximum protection level df,@00p.y..

Based on the most recent observations in thegeai 1997-2012, the flood damage averages 72
million $USD/year with a standard deviation of 82lion $USD/yr in Shanghai (SWA 2013) (see
Fig.1. 4). The causes of flooding are mainly causedtorm surge events resulting from typhoons, for
instance in 1997, 2005 and 2012. The 1999 flooatevminly resulted from long term rainfall in the
whole Tai Lake Basin, which caused farmland inuiadain large areas of the suburbs of Shanghai
city. In the year of 1998, 2000, 2001, 2002, 20064 2007, economic damage was caused by a com-
bination of typhoons and rainstorms during sumrimee t

300

O
=)

150 = Storm surge by typhoon
Typhoon-induced rainfall
Long-term rainfall

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Direct Economic damage |million SUSD|

Year

Fig.1. 4 Recent floods in terms of direct econod@mage during 1997-2012 in Shanghai

1.1.4 Flood risk

Risk is a combination of the probability of an etvand its negative consequences (UN/ISDR 2009).
Risk has two distinctive connotations: in populaage the emphasis is usually placed on the concept
of chance or possibility, such as in the risk ofagoident; whereas in technical settings the eniphas
is usually placed on the consequences, in ternpoi@ntial losses for some particular causes, places
and periods. It can be noted that people do natgseeily share the same perceptions of the signifi-
cance and the underlying causes of different risk€hinese, ‘risk g)’ literally means “the nega-
tive consequence (danger) caused by the wind”, lwbi@yinates from the fishermen working in the
coastal areas in ancient China. During the longe toh fishing experience, they found that “wind”
brought huge uncertainty to their safety; thatoisay, ‘wind results danger’ means ‘risk’. Here for
‘wind’ can be represented as one of hazardousriadto which the probability of the occurrence and
its characteristics need to be determined; andgeiarcan be represented as a negative consequence
which can also be estimated in a quantitative way.

In the European Floods Directive, flood risk isidedl as the “combination of the probability of a
flood event and of the potential adverse conseqegefr human health, the environment, cultural
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heritage and economic activity associated witroadlevent” (Samuels and Gouldby 2009). Probabil-
ity can be described as the frequency of occurrentezards which are shown by means of a return
period. On the other hand, flood damage is an itapbfactor to determine the flood risk as welleTh
flooding area without damages is not considereftbad disaster, or researchers would pay less-atten
tion to such areas.

Nowadays, risk has been applied in many relatddsfi® address economic, engineering, social and
environmental issues. These different issues aflact the demands or needs of particular decision
makers and, as a result, there is no overall defimbdf risk and any attempt to the develop one ldiou
inevitably satisfy only a small proportion of rigkanagers. In general, risk can be simply defined as
the product of probability and its negative conssme, but the meaning behind this function is far
more complicated.

F = function (F; ,C) (1.1)

Where: |:r - flood risk; F’f - Probability of flooding;C - Consequence;

Probability is usually represented by the probgbitiensity function (PDF) which describes the
probability of value of a stochastic variable arduncertain value under a given uncertainty; or the
distribution function of probability (i.e. the exa#ance probability).

P(X2x)=[ f(®de=1- R X< x)=1- R ¥ @)

Where f(X) - probability density distributionfF(X) - cumulative probability distribution.

The probability of flooding is the probabilityahan area of interest is unintentionally floodethw
an unmanageable quantity of water because a wetenck fails in one or more places (Rijkswater-
staat 2008). The hydraulic load and the height strehgth of a water defence are factored in when
calculating the probability. In this sense, floadlgability is the probability of a water defencdifey,
not the probability that the critical load occuffie consequence of flood events represents an impac
such as loss of life, economic, social or environtakdamage, in different dimensions. Consequence
may be expressed quantitatively by e.g. a numbdatafities and monetary value by a ranking of
high, medium and low estimates.

The so-called risk curve, which graphically skaWwe probability of exceedance of a certain level
consequence, may represent flood risk. A well-kn@xample of such a risk curve is the FN curve
(see Fig.1. 5 (i)). It displays the probability éceedance of N fatalities and is mostly shown on a
double logarithmic scale. It could also be apptiedhe economic damage that results from a disaster
like a flood or an explosion, if the horizontal & measured in monetary units, named the FD curve
(Fig.1. 5(ii)). The classical measures of expest@ide and standard deviation will appear to be very
useful numbers to classify the risk (Vrijling et 4B98). Vrijling and van Gelder (1997) proposed a
linear combination of the statistic moments of e curve (see Eqg.(1.3)), namely the expected value
of the number of death&(N) and the standard deviatian(N), in which k is the risk aversion index

and which has been tested based on 3 in diffeivitees in the Netherlands (Vrijling, van Henget
al. 1995).

TR=E(N) + k&r( N) (1.3)

Where: TR- total riskE(N) - expected number of loss of lifef(N) standard deviation of number
of loss of life; k - risk aversion index.
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Probability of Probability of
exceedanoa (1/yr) exceedance (1yr)
A Iy

1073 1071

10° 10°4
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J J —» MILEUR } } |— Fatalities
10 100 1000 10 100 1000
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Fig.1. 5 Examples of FD curve (i) and FN curve (@png 2010)

1.1.5 Flood risk analysis

Flood risk analysis is a chain of investigatmm flood disaster from the triggering event toitsl
consequences: hydraulic load/ resistance - potdatiare of flood defence - flood routing - inunda
tion — flood damage/loss of life (see Fig.1. 6)eThydraulic load and resistance can determine the
failure probability of a flood defence; flood simtibn shows the flood routing and derives inunduatio
characteristics under the correspondent flood stenhe negative consequence (e.g. flood damage
and loss of life) can then be assessed accordingly.

@ Hydraulic load @ Resistance Receptor

®Failure probability _,,@Inundation—. & Damage/loss of life

Fig.1. 6 Conceptual model of flood risk analys@nfrthe trigging event (failure of defence) to itme
sequences (e.g. economic damage/loss of life)

The probability of flooding and its inundaticharacteristics are combined to show the potential
flood hazard in an area of interest. Flood damagpetiben be estimated based on the inundation char-
acteristics. Ideally, a flood risk analysis shotallle all relevant flood scenarios, their associgiedb-
abilities and potential damages into account, ds agea thorough investigation of the uncertainties
associated with the risk analysis. Flood scenaimmild include several failure mechanisms of flood
defence systems to determine the associated fghateabilities. The flood simulation based on the
failure information of a flood defence can furtldetermine the characteristics of inundation inr@aa
of interest. The associated negative consequentehem be estimated based on inundation infor-
mation. In the end, flood risk can be quantifiedamyexpression of expected annual damage in mone-
tary terms (e.g. $USD/yr) or FD curves. In summalng complete distribution of flood risk can be
calculated in two steps: 1). estimation of flooandge under a full distribution of probabilistic did
events are used to establish risk curve, whichsgilkie information on the different return periods o
the exceedance of the flood probability with theresponding flood damage. 2). the flood risk can
then be calculated by estimating the area underigkeurve. The results of flood risk are of peurti
lar importance for the insurance companies to dgsremiums and for the policy makers who plan to
invest in flood management measures to assessntuisk levels and to calculate the benefits (ex-
pressed as “the reduced (flood) risk”) of risk-retith measures.
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1.2 Overview of this thesis

1.2.1 Research problem

Flood risk analyses at a global level and at alltmael have been studied by many researchers.
Nicholls et al. (2007a; 2007b) explored the glgbait cities to examine the exposure to coastabfloo
ing. Their study focuses on 136 port cities arotirdworld that have more than one million inhabit-
ants and the results showed the city rankings wimidicated those cities were most worthy of further
more detailed investigation. Followed by these isjdHallegatte et al. (2013) provided a quantifica
tion of present and future flood losses in thesé d@astal cities based on a new database of urban
protection and the different assumptions on adapta@part from the broad-scale analysis in a globa
world, numerous studies about flood risk analysigehalso put stresses in the local cities sucim as i
Cologne, Copenhagen and New York, (Griinthal, 8086; Hallegatte, et al. 2009; Aerts, et al. 2013).
However, in order to better understand flood risk &cal level it needs to be more specific antddo
linked to the metropolitan area, especially in pidly growing area. With climate change, land sub-
sidence and the fast-growing socio-economic devedop, flood risk is inevitably increasing if no
measures are taken. It is not only required to tstdied the current flood risk but also the floakiin
the future. Moreover, it also needed to recommdedetffective risk-reduction measures to mitigate
future flood risk.

1.2.2 Scope of this thesis

The geographical focus of this thesis will be Shraigity in China which is representative of met-
ropolitan areas. First, Shanghai has a long hisibfipoding and is currently ranked as one oftibge
cities in terms of flood vulnerability worldwide {®¢holls et al., 2007a). Second, due to its fastvgro
ing socio-economic development, preventing flood aaigh priority in Shanghai. The safety stand-
ard of the Huangpu River in Shanghai is 1/1,000pviich is higher than some other developed cities
already (e.g. New York with 1/100p.y.). While facedth future climate change and ongoing land
subsidence, the potential flooding could also oeowr time due to the failure of flood defence. As a
economic centre of the mainland of China, Shandeaerves critical attention to be studied in the
field of flood risk analysis. Moreover, flood riginalysis at a local city level can provide moreuacc
rate information and results, which can supportuh@erstanding of the potential flood risk in awto
ing city to better prevent flood.

This research will focus on typhoon induced floggdin the river, resulting from storm surges coin-
ciding with a high astronomic tide. Since the cabhstea of Shanghai currently has relatively few
buildings and infrastructures, it can hardly be pamd to the economic damage in the city centre
along the Huangpu River; therefore, coastal flogdinll not be included in this thesis. Water loggin
(or pluvial floods) is more related to the drainagel pumping system problems, which therefore is
also beyond the scope of this thesis. Among theiplesfailure mechanisms of flood defence system,
overtopping, breaching and failure of floodgate#l be taken as the main failure modes to represent
the flood scenarios. The detailed geotechnicalessuvere not addressed. And, the estimation of the
negative consequence of flood will focus on ecomodaimage while the estimation of the loss of life
will not be included.

1.2.3 Research objectives

The objective of this research is to quantify therent and future flood risk and to make recom-
mendations on risk reduction measures in a casly stuShanghai. This research mainly focuses on
scenario—based flood risk analysis including theerieination of flood probabilities, the derivatioh
its inundation characteristics and on the estimatibflood damage under different flood scenaribs.
will also show and develop methods for flood ristalgsis in rapidly growing metropolitan area. The



Introduction 8

evaluation of the potential risk-reduction measuvilsbe performed by a cost-benefit analysis and a
economic optimization in the end. Therefore, fiteps can be taken.

1. To examine flood threats and flood defence syste8hiangha{Chapter 2)
2. To produce inundation maps due to different faduwéthe flood defence systd@hapter 3)
a. To derive frequency curves for the water levelg/pical stations
b. To identify potential weak points along the floodwa
c. To estimate inundation characteristics under dfieflood scenarios by 1D2D hydrau-

lic model
3. To estimate the direct and indirect potential ecoicodamage based on flood scenarios
(Chapter 4)

4. To quantify current flood risk based on flood prbitiies and the associated flood damage
under different scenarios and to estimate futwedlrisk due to the effects of climate change, land
subsidence and economic developni{@ftapter 5)

5. To evaluate and recommend the risk-reduction measwy cost-benefit analysis and econom-
ic optimization(Chapter 6)

1.2.4 Contributions of this thesis

The contributions of this thesis are related todgyive a new frequency curve for the water levels
based on three typical hydrological stations inu@angpu River; 2). produce inundation maps based
on scenario analysis, in which the breach scenandgailure of floodgates are the new potentigd fa
ure modes concerned in the floodwall of Shanghpid8velop a damage model to estimate flood
damage at an individual building scale and to erantine indirect damage in Shanghai; 4). quantify
the expected annual damage based on a probahitistttod and also to calculate the future flood risk
due to climate change, land subsidence and ecombeniglopment in Shanghai; 5). evaluate the po-
tential risk-reduction measures by cost-benefity@mimand economic optimization.

These contributions will provide insights notyoon the framework of flood risk analysis but also
on the understanding of the current and futuredflosk in a representative city, i.e. Shanghai,clhi
will be able to support flood risk management inefflective and sustainable way in other metropoli-
tan areas.

1.3 Outline of this thesis

The outline of the thesis is presented as belokigril. 7. Chapter 1 is the introduction; Chaptés 2
the system analysis of Shanghai city; Chapter 3aoa a flood hazard analysis including a frequency
analysis and the determination of inundation charastics under flood scenarios; Chapter 4 is adio
damage estimation with a case study in a selectsl @ downtown Shanghai, also indirect damage
will be discussed; In Chapter 5, flood risk anaysill quantify the expected annual damage anal als
future flood risk; Chapter 6 is evaluation and receendation of risk-reduction measures by cost-
benefit analysis and economic optimization; Chaptés the conclusion and recommendation in the
future work.
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Chapter 1 Introduction

Chapter 2 System analysis

® Physical conditions

e Potential flood threats
 Historical flood events
® Flood defence system

Chapter 3 Flood hazard analysis Chapter 4 Flood damage estimation

® Flood frequency analysis

o |dentification of the weak points

e Inundation characteristics based on
flood scenarios by 1D2D simulation

e Direct economic damage
e Indirect economic damage
e Case study in Shanghai

Chapter 5 Flood risk analysis

e Current flood risk
e Future flood risk

Chapter 6 Risk-reduction measures

e Potential risk-reduction measures by
comparison with Rotterdam city

e Evaluation by cost-benefit analysis and
economic optimization

Chapter 7 Conclusions and
Recommendation

Fig.1. 7 Layout of this thesis
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Chapter 2

Shanghai: System analysis

The main threat to the river flood of Shanghaihe bccurrence of a typhoon induced storm surge in
combination with a high astronomic tide in the Hgpan River, which has threatened the city’s safety
for a long time. Historical flood events have shdawa weakness of the floodwall with potential over-
topping and breaching along the Huangpu River aadranches, which caused great economic dam-
age and loss of life in Shanghai. The objectivéhisf chapter is to examine flood threats and flood
defence system in Shanghai, which provides infoomdor the determination of flood probabilities
and flood risk analysis in next step. In termslodd threats to the river, the joint probability tife
occurrence of torrential rainfall and high stornalé is limited. The heavy precipitation mainly inésic
water logging in the urban city while not signifitly increase river runoff in the Huangpu River.
Moreover, a control gate (between Tai Lake andHbengpu River) is regulated to reduce drainage
water from Tai Lake when a storm surge occurs éHlnangpu River. Therefore, the storm surge and
high astronomic tide will be the focus of floodethir in the next step. In terms of flood defenctesys

it is noticed that the current protection levelflodwall is only based on the exceedance of thestcr
height of the floodwall by the water level and does directly take into account the other failure
mechanismskailure mechanisms such as breaching of floodweaatid failure of floodgate would in-
duce potential floods in Shanghai.
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2.1 Introduction

Shanghai is the biggest metropolis and economitre&@mmainland of China. Due to its flat-low el-
evation and frequent typhoon weather it suffereddk for a long time. Chinese researchers (Yuan et
al. 1999) have looked back over the floods bef@@91in Shanghai city based on historical records
and empirical judgement. This book literally delsed flood events on the consequences of damage
and fatalities dated back to 2,000 years ago; laadpatial and temporal distribution of flood dises
were specifically visualized based on typical esetttthus can be regarded as a resourceful descrip
tive database regarding floods in Shanghai cityweier, the information is only updated to 1999;
new information after 1999 could be supplementeatithe projections of different scenarios of flood
events could also be useful in future planningrdeent studies, Dutch researchers pointed out that
Shanghai city ranked as top one vulnerable citflaiding among nine coastal cities worldwide
(Balica et al., 2012), which were based on the#rstal city flood vulnerability index(CCFVI) in tesn
of hydro-geological, socio-economic and politicdkanistrative components under different scenari-
os. Nevertheless, flood defence system has notth&en into account in this paper. As flood defence
system is a critical component in flood risk aneyson-failure of flood defence system would not
result in floods in a modern city; thus, flood vetability cannot solely determine the severitylobé
risk. It then needs to study the flood defenceesysto identify weak points and further analyse the
potential failure mechanisms. The objective of tthapter is to examine flood threats and flood de-
fence system in Shanghai, which can provide inféionaor the determination of flood probabilities
and flood risk analysis in next step. Firstly, tfeneral physical situation, such as geography,atém
and socio-economic development, will be descriptiexplored; secondly, the water system and his-
torical events will be investigated; thirdly, flodlreats will be identified based on previous worka
qualitative way; lastly, the flood defence systeiill tne examined and the potential failure mecha-
nisms will be analysed accordingly. A list of resaquestions will be addressed as below:

« Why is Shanghai vulnerable to flooding?
« What are the potential flood threats in Shanghai?
« What is the current situation of flood defence egstn Shanghai?

The structure of this chapter will be organiasdbelow. Section 2.2 will describe the genetabsi
tion of Shanghai in terms of geography, climate andio-economic development. Section 2.3 will
give an impression of Shanghai water system at@avecale generally and Section 2.4 will go back
to the historical events. Section 2.5 will answer second question in terms of flood drivers in the
river. The current flood defence system will bedstigated in Section 2.6. In the end, a discussion
flood threats and potential failure mechanismdamdwall will be given in Section 2.7.

2.2 City profile

Shanghai city is located in the East of China. Wmele city situates on the eastern fringe of the
Yangtze River Delta, which is in the centre of tmastline from North to South of China. It is sur-
rounded by the waters (see Fig.2. 1). The estuatyeoYangtze River is situated to the north, tlastE
China Sea to the east, the Hangzhou Bay to thér smd Tai Lake to the west. The Huangpu River
meanders through the whole city from West to Baghe upstream and changes its direction from
South to North in the middle and downstream, wisiglits Shanghai into West and East part. Besides,
two neighbour provinces, namely Jiangsu and Zhgjiane located to the northwest and southwest,
respectively. Shanghai city has a total area of#@3 knt extending about 120 km from North to
South and nearly 100 km from West to East, whiatoants for 0.06% of China's total territory. The
whole city consists of 17 districts and 1 counth@@gming Island) (SSB 2011), of which 9 down-
town districts are located in the city centre ahllBuxi”, which means the West of the Huangpu River
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(see Fig.2. 1). Pudong area which is on the HasiedHuangpu River developed very fast and part of
it has become the city centre of Shanghai.

Legend N
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Water system
Main districts of Shanghai
mm Changning
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mm Huangpu Chongming
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Fig.2. 1 Shanghai municipality including downtowistdcts (with colour) and suburb districts (grey
and white); the red line graphically indicates cgntre area

Shanghai is a flat and low-lying region with anage elevation of Wb3m-5m, with an exception
of small hills in the west regions. Shanghai camliveled into four regions in terms of terrain, redyn
the Lake plain region in the West with ~2.2-3.5he toastal plain region in the East and South with
~4-5m, the Estuary islands region in the North v@itB-4.2m and the downtown region with ~3-3.5m
(Gong 2008). Generally, the East part of Shan@wabm) is relatively higher than the West part-(~3
3.5m). A cross section of Shanghai from West ta B&g\’ in Fig.2. 1) is shown in Fig.2. 2. It illus
trates that the inland terrain is relatively lovlesn the coast side.

A

. ’
Downtown New sea dike East China Sea A
Pudong 96m
Typhoon Winnie waves 7.3m
Bund HuangpuRiver [ e
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farmland - mmm—————
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. ’
floodwall floodwall Note: A— A’ ~60km

Fig.2. 2 Schematization of cross section of Shainghafrom West (3-3.5m) to East (4-5m), includ-
ing crest height of floodwall/dikes along Suzhoweé€k (5.5m), the Huangpu River (6.9m) and East
China Sea (9.6m)

1 Hereafter, geographic elevation and water levelthe river and Sea are referred to Wusong Da-
tum(WD) overall in this thesis. WD is 1.924m lowtaan mean sea level of China Yellow sea; the
mean sea level of Yellow Sea is a reference datun€hina in general, while local datum is applied
widely in China, e.g. WD.
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In Shanghai, land subsidence has been experieaceddng time especially since 1921 (Yan 1998;
Sun 2002), which is caused by the tectonic subseland compaction of sediments due to extraction
of groundwater and urban construction (Gong 20@81gl Cui et al. 2008; Wu, Shi et al. 2008; Yin,
Yin et al. 2011). The subsidence rate was 39.1man/glaring the period of 1921-1965 owing to the
increasingly utilization of groundwater for induss development; while since the government began
to control extraction and to recharge the groundwatter 1965, the rate of land subsidence deadease
to 6.2mm/year on average until 2007 (Gong 2008kofding to Gong (2008), the primary cause of
land subsidence in downtown is construction of trigh buildings (60%) after 1990 while in suburbs
70% is attributed to withdrawal of groundwater. Tgrediction of land subsidence after 2010 along
the Huangpu River is 8.1-8.8mm/year, which mighttdbute 60% to the ‘relative’ sea level rising in
this century (Gong 2008; Wang et al., 2013).

Shanghai is frequently threatened by TypRaduring June to September. It was affected by ty-
phoon almost every year between 1949 and 2005,anithquency of 1.5 times per year (see Fig.2. 3).
The typhoon induces storm surge, wind and torrerdiafall simultaneously. In Shanghai, the annual
average rainfall is 1111mm (dataset: 1960-1990) @Hr004) with 112 rainy days per year. Almost
50% of the rainfall is between June and Septentbaary year there is a ‘plum rainy’ season normally
from April to June lasting 15-30 days successivelyich can cause a sustained high water leveldn th
rivers.

o
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Fig.2. 3 Annual typhoon frequency from 1949 to 206 Shanghai (Adapted from (Meng et al.,
2007))

Shanghai is considered as the most crowded cityamland China with a population density of
3,632/kn% on average by the end of 2010. The populatiomgiterm residents reached 23 million,
including 9 million from other parts of China, miirfrom Anhui, Jiangshu and Henan provinces
(SSB 2011). The city’s permanent residents accfasmearly 1% (14 million) of China’s population.
In addition, population growth is expected to irms® mainly due to the expected net immigration
(SSB 2011). Regarding the population distributimore than 44% of long-term residents live in the
downtown area (Puxi Area), 31% of them live in tiear suburbs (e.g. Baoshan, Minghang and part
of Pudong) and 25% live in the outer suburbs (€lgongming, Fengxian, Jinshan, Qingpu and
Songjiang) (SSB 2011). Moreover, almost half of ithenigration population is living in the suburbs
(SSB 2011). Fig.2. 4 shows a spatial distributibpapulation density in each district of Shanghgai b
2010, which indicates that the population densitydowntown area (25,000/Enis significantly
higher than in the suburbs (3,000Anwith highest district of Hongkou (36,307/Rm

2 The typhoon weather in Shanghai will be elaborateskction 2.5.
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Fig.2. 4 Population density (/Knof each district in Shanghai in 2010 (Data Sou&®B 2011)

The economy developed rapidly in Shanghai. The GB¥increased to 44 billion $USD (270 bil-
lion RMB) by the end of 2010 with an average grovdte of 12% per year during the past 34 years.
Shanghai accounts for 4% share of total GDP of &himd GDP per capita is 12,024 $USD by the end
of 2010 with average growth rate of 5.3% (1978-30E@.2. 5 and Fig.2. 6 represent downtown dis-
tricts were much richer than other suburbs in teah&DP per krhand GDP per capita in 2010,
which deserves more attention if flood really oscur these rich districts. The rapid economic devel
opment drives the accelerated urbanization proagsgell. Urbanization rate reached to 89% (a pro-
portion of urban citizen) by the end of 2010, whistreases 14% during the past 10 years; and com-
pared to the average urbanization rate of 50% in&Ishanghai is the top one city in terms of urban
ization (SSB 2011). However, on one hand, urbaizastands for great economic value and high
densely population; on the other hand, urbanizationld lead to enormous potential flood damage
due to the decrease of water area and the incofasgervious ground area. The disappearance of
water area in recent years is mainly attributedhtmicipal construction (51%) and building of resi-
dential area (31%) in Shanghai (Yang, Cheng &xQf17).
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Fig.2. 5 GDP information in each district and cquof Shanghai city in 2010 (Data Source: SSB
2011)
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Fig.2. 6 Spatial distribution of GDP information$D) in Shanghai city in terms of districts in 2010
(Data Source: SSB 2011)

2.3 Water system

Water system at a macro-scale of Shanghai is slimwig.2. 7 and Fig.2. 8, which provides the in-
formation on the river names and their flow direct. It shows that the waters in Shanghai are all
connected to the Huangpu River, which connectdthd.ake and the Yangtze River then flows into
the East China Sea. The upstream tributaries ofitlengpu River originate from Tai Lake, which is
located around 200km to the West of Shanghai aitg, some tributaries such as Jinghui Gdngr{
the districts of Fengxian and Jinshan, convergektgngzhou Bay to the South. The biggest branch of
the Huangpu River is Suzhou Cred}, (which also partly crosses through the downtoityn ©Other
information about the branches of the Huangpu Rivéerms of length, width and depth are indicated
in Tab.2. 1. Information in a more detail abowd tangtze River, Tai Lake, the Huangpu River and
Suzhou Creek will introduce as followed.

Tab.2. 1 River length, width and depth of the maianches of the Huangpu River in Shanghai (Data
source: Zhang 1997; SWR 2010)

River name Letters in Fig.2. 7Length [km] Width[m] Depth[m]

Suzhou Creek b 54 58.6 3.4
Yunzao Bang c 34.2 92.0 5.0
Chuangyang Gan: d 28.7 47-140
Dazhi Canal e 39.2 95-120
Jinghui Gang f 22 75-132
Dianpu River g 45.6 40-183
Xie Tang h 23.2 170.0 6.0
Taipu River [ 14.8 150-180 3.5

Yuangxie Jing j 16.5 178 7.8
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Fig.2. 8 Schematization of macro-scale water systeBhanghai city

2.3.1 Yangtze River

Yangtze River is the third largest river in the ldowith a length of 6,300 km (close to the Missis-
sippi River) running from West to East. This exieasvaterway cuts through the heart of China, and
is regarded as a mark of a division of the coumtiy north and south, both geographically and cultu
ally. Huangpu River is the last tributary of YargtRiver. The annual average discharge of Yangtze
River is around 29,000is (See Fig.2. 9). About 70% of discharge is preduduring rain seasons
between May and October, with an average dischafrd®,844 ni/s during this period.
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Fig.2. 9 Yangtze River Discharge at Datong stafiime-series: 1922-2004) (Data source: (GRDC
2009))

2.3.2 Tai Lake

Located in the delta region of the Yangtze RiveEast of China, Tai Lake is the third largest water
body with an area of ~2,250krim China. Rivers flow into the lake and drain @cbanent of 36,895
km? that encompasses parts of three administrativeinmes (municipality): Jiangsu to the North,
Zhejiang to the South and Shanghai to the EastlLdlké Basin is one of the most developed regions
in China, including mega cities of Shanghai, Witkangzhou and Suzhou, etc. Although its popula-
tion only accounts for 3.8% of Chinese populatisGDP takes 11% of national share (exclusive of
Hong Kong and Macaw).

The annual average water level is WD 3.3m and theaivg level in Tai Lake is regulated as 3.8m
(TBA 2013). Primarily, there are two outlets of Taike: namely Wangyu River, which discharges
Lake's water to the Yangtze river eventually; amipli River (the upstream of Huangpu Rivg, (
which has a drainage capacity of half of Tai Lakeder collections. A water gate (i.e. Taipu Gate)
was constructed around 2km away from Tai Lake erilipu River to operate water levels as well as
water quality in Tai Lake and the Huangpu River.d@»e hand, Taipu Gate functions as flood control
infrastructure to release extra water from Tai Lakeéhe Huangpu River during flood season when
water level exceeds WD 3.8m in Tai Lake, but ifisteurge events affects the Huangpu River or the
water level is predicted at WD 3.7m at Mishidu (thestream of the Huangpu River) the drainage
water would be reduced by manual operation (MWR9199.2). On the other hand, water from Tai
Lake through Taipu Gate can provide a dynamic enwirent to improve the water quality for the
Huangpu River, as well as can supply sufficientewvdr daily usage and navigation during dry sea-
sons in the Huangpu River.

2.3.3 Huangpu River

Huangpu River is a tidal river located to the Sootlthe Yangtze Estuary. There are three main
tributaries in the upstream (See Fig.2. 7) —Xied &) that connects Taipu River) (@and Dianshan
Lake (), Yuanxie Jingj) and Damao Gand). They converge at Mishidu Statio8) (of upstream in
Huangpu River, where is roughly 80 km away from dhgkou (), and then flow through the urban
area and finally to the Yangtze Estuary. The wiftthe Huangpu River is ~800m close to the estuary
and average ~360m in general, with its bottom eleraaround WD -5 to -15m. The deepest location
could be of WD -18m. The annual average dischanghe upstream (Songpu Bridge) is ~439sm
with a standard deviation of ~67/%(1998-2012).
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2.3.4 Suzhou Creek

Suzhou creekh) is the largest tributary of Huangpu River, whanfiginates from Tai Lake and runs
through Jiangsu Province to the Huangpu River,ipgshrough a city of Suzhou. It has 125 km
length including 54km in Shanghai city. Suzhou krisea narrow (average width 58.6m) and shallow
(average depth 3.4m) river with an annual averaggherge of 10-25#s; the discharge is not signifi-
cant and mainly depends on the downstream tiddsleve

Suzhou creek runs for 17km through the downtowSlmdnghai and converges to Huangpu River
near a hydrological station named Huangpu Parkitin aentre. A water gate (see Section 2.6.3),
which is close to the mouth of Suzhou creek, presvetorm surge from entering Suzhou Creek during
Typhoon.

2.4 Historical flood events

Fig.2. 10 provides information (e.g. inundationes®} on typical floods in city centre of Shanghai
(in 1962) and failure points along floodwalls oetRHuangpu River and its branches in the year of
1974, 1981 and other years. The tremendous flosaktir ever happened after the liberation of R.P.
China (1949) is 1962 flood event which caused @43 lof total GDP. When the tropical cyclone af-
fected Shanghai city on"® August, in 1962, water level at Huangpu Parkiatatise up to 4.76m
(increased by 83cm) and half of the downtown ciaswnundated for nearly 10 days due to 46 failures
(breach and overflowing) points along floodwallstledé Huangpu River and its branches. The inunda-
tion depth was 0.5-1.0m on average as a whole wdlehed to 1.5-2m in some low-lying areas. 375
industries were suspended, of which the cottongtighs were hit most severely (nearly half of them)
and 17 transportation (Bus & Train) routes wererintpted. Moreover, 25 people were killed mainly
because of electrical shock in the water during @wvent. The primary reasons of this disasteraave |
topography due to land subsidence and the wealofetb® flood defence system in Shanghai city.
Firstly, the land subsidence occurred most serjobstween 1921-1965, which resulted in 1.76m
subsidence accumulatively on average in downtovehiarsome place even up to 2.63m. The eleva-
tion along the Huangpu River in city centre wasbrilower than the highest tide level at that time.
Secondly, the floodwalls along the rivers were stobng enough to withstand the high storm tide dur-
ing typhoon.

In 1981, several points of floodwall and floodemtwere failed on the West and East side of the
Huangpu River in downstream and middle stream. &fatthe city centre was flooded. The average
inundation depth was 0.5m with maximum depth of Aecording to the historical records (Yuan et
nl. 1999), 63 industries (partly) suspended pradaatue to the inundation. For example, one ingustr
was inundated due to earthen dike breach andavezed completely in more than one month; anoth-
er ship construction industry was completely flabdee to a failure of floodgate and it recovere8 in
days. Other warehouses with grains, paper and,@tthwere damped to some extent. Besides, 6,790
households got inundated in the whole city, whichimy distribute around Xiepu Road, South Rail-
way station and Liuli town in city centre.

In recent years, there were a number of trementgiwon disaster happened in Shanghai (see
Tab.2. 2). In 1997, Shanghai city was affected fpghbon Winnie, which led to 100 million $USD of
economic damage. The water level in Huangpu Patk ¢entre) rose to 5.72 m, which was equiva-
lent to the water level of 200 years return periblde 2005 Typhoon Matsa induced torrential rainfall
with the accumulative rainfall intensity of 138-380, which led to 238 roads under 20-30cm inunda-
tion with direct economic damage of over 216 millRUSD.

Last year, it was reported that the floodwailshie upstream of the Huangpu River were collapse o
8" October, 2013 with a breach width of ~15m dufliygphoon Fitow, which led to an inundation in
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adjacent farmland and residential buildings (seg2Fill). The water level at breaching was 4.9m
against the floodwall. Besides, several pointhanftoodwall along the upstream of the Huangpu Riv-
er were overtopped, which caused inundation in famg Qingpu, Jinshan and Minghang districts.

The maximum inundation depth was estimated at rtieae 2.5 m. More than 300 soldiers were in-

volved in rescue and emergency management. No ldasuaere reported (Li 2013). The temporary

flood defence system was built after breaching mmo8rs to prevent further flooding. It was also re-
ported that one industry lost 10 million $USD dgrihis flooding and it needs 45 days to completely
recover production (Liu 2013). Moreover, Shanghaurance administration reported the direct dam-
age to the farmland reached to approximately 18ami$USD during Typhoon Fitow in Shanghai.

In a summary, the historical flood events were iyadine to a high hydrological load from the river
(e.g. storm surge) and the failure of defence asyste.g. overtopping and breaching) along the
Huangpu River and its branches. In the next sectlnflood threats in terms of hydrological loads
and flood defence system is going to be examinedimvestigated in Section 2.5 and Section 2.6,
respectively.

Tab.2. 2 Recent floods caused by storm tide irv283D5 in Shanghai city (Data source: (Hu, 2007))

Highest | Economic
. No. of Inundated
Hydrological | water damage No. of
Flood event ) - . Collapsed | farmland
station level [million | Casualties houses [hm?]
[m] $USD
Wusongkou 5.99
19,Aug.,1997 Huangpu
(Typhoon Winnie) Park 5.72 100 7 #540 49,570
Mishidu 4.27
Wusongkou 5.87
31t,Aug.,2000 Huangpu
(Typhoon Papian) Park 5.7 194 1 #200 17,880
Mishidu 4.15
Wusongkou 5.45
13-15,Sep., 2000
g . Huangpu | 5 5, 2.4 747
(Typhoon Samie) Park
Mishidu 4
Wusongkou 5.04
6-7, Aug.,2005 Huangpu
(Typhoon Masha) Park 4.94 216 7 #15,600 55,840
Mishidu 4.38
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Legend & Downtown city ¥ Failure points in floodwall along Huangpu River
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Tide level at Huangpu Park station: 5.22m
Fig.2. 10 Historical flood events in Shanghai ¢igtween 1960-1991, in which the red star represents
the failure of floodwall,e.g. overtopping, breadhiand the failure of floodgates (Data source: (Yuan
et.nl. 1999))

1

Fig.2. 11 Floodwall breach in the upstream of thangpu River in October of 2013, which led to
inundation in adjacent farmland and residentialdiogs’®

® Pictures are adopted onlinelive.kankanews.com/tufa/2013-10-08/0013599808 tfish
http://www.news365.com.cn/xwzx/gd/gdsh/201310/t20000 1620822.html
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2.5 Flood threats

Several papers have studied the flood drivers em§hai. A few researchers (Nai. J, 2003; Lin. R
and Li, 2000; Zhu, 2002) have pointed out thattige water level in the Huangpu River is dominated
by the high storm tide which is an addition of si®urge and astronomic tide at the mouth of ther riv
(Wusongkou). The water level at Wusongkou runs hadke upstream, which affect the water level
of every cross section in the Huangpu River suceelgs The regional runoff and upstream discharge
from Tai Lake are of secondary importance compaoethe factors of storm surge and high astro-
nomic tide. Another study (Kerssens. P, et al.,.32@&howed that the high discharge of the Yangtze
River could be neglected as only ~15cm of wateellewuld be raised from the influence of the Yang-
tze river. They also concluded that it is almospassible that high flood peak of Yangtze River and
storm surge can coincide together. Therefore, ibehdrge of Yangtze River is not taken into account
in the flood threats of the Huangpu River in thiedis.

In a summary, there are mainly four interrelateckdes which can increase water level in the
Huangpu River of Shanghai (see Fig.2. 12 ): narastyonomic tide, storm surge, river runoff from
Tai Lake and torrential rainfall accompanied withphoon. First, as the Huangpu River is a tide-
dominated river, storm surge considerably influsnitee water levels in the downstream and middle
stream. The coincidence of astronomic tide andrsturge could induce high storm tide; second, in
order to release flood pressure for Tai Lake Badiainage water coming from Tai Lake due to tor-
rential rainfall during Typhoon can increase rivenoff in the Huangpu River, especially in the up-
stream; third, the urban drainage water duringetdral rainfall is also considered as a potent@d
driver in the Huangpu River. While these flood driw contribute to different degrees to the high wa-
ter levels in the Huangpu River.

The following sub-sections are going to elaborhtsé factors qualitatively in a sequence of storm
tide (astronomic tide and storm surge) and accowgipgrtorrential rainfall and wind during Typhoon.

Torrential rainfall

Torrential rainfall

A
1
1

Flood water
I:> threats to rising of water level in Huangpu River
----- > indication arrow

Astronomic tide

Fig.2. 12 Potential flood threats to the HuangpueRi

2.5.1 Astronomic tide

Astronomic tide represents periodic rise and faBea level due to differential attraction of sunda
moon, which is influenced further by gravity anchitdugal forces. When storm surge coincides with
high astronomic tide, the storm tide will be tremiens. That's why the height of astronomic tide is
critical to water levels in the Huangpu River awlsole. Vertical difference between the high water



Shanghai: System analysis 22

and the low water is the tidal range (e.g. ~2.3nawgrage at Wusongkou), which changes from cycle
to cycle because of continuous shifts in the pamsgiof the earth, sun and moon; and the periodief t

is usually 12 hours (semi-diurnal tide). The higtairhighest astronomic tide and its average vatue
Wusongkou are WD 4.63m and WD 3.51m, respectively.

2.5.2 Storm surge

Storm surge is defined as the ‘dome’ of ocean watepelled by the winds and low barometric
pressure of a hurricane (NYCOEM, 2011). The higlsesge level ever-recorded at Wusongkou is
WD 1.81m in 1956 in the Huangpu River. Hohai Unsigr (1999) has analysed the historical surge
levels at Wusongkou of 71 typhoon induced floodshaf Huangpu River from 1921 to 1997. The
mean surge level in the period of interest at Wgkoun is 0.61m with standard deviation of 0.41m. It
was estimated that the surge level with 1/1,000myld be 2.4m at Wusongkou. An example to show
the storm surge and astronomic tide is show ir2FIg.

Water level Astronomical tide

{,'\ Storm surge

= — Time

Fig.2. 13 Astronomic tide and storm surge

2.5.3 Storm tide

A storm tide is defined as the water level whiclaisombination of storm surge and astronomical
tide (Boon, 2007). In recent years, storm tide visiag year by year with an increasing trend due to
not only physical situation but also human actgtisuch as reclamation and construction activities
along the river side, which reduce the storage agpin the river. During Typhoon Wennie in 1997
the storm surge met the high astronomic tide, wincheases the water levels intensely. The highest
tidal level at Huangpu Park station reached tor&*7@hich is equivalent to the water level as a func-
tion of 200yr return periods. Hereafter, water leweans storm tide in this thesis in general. The
characteristics of water level at typical statioighe Huangpu River will be statistically analysad
Chapter 3.

2.5.4 Tropical cyclone - Typhoon

Tropical cyclone is a storm system characterized lgrge low-pressure centre and numerous thun-
derstorms that produce strong winds and heavy His.strengthened when water evaporated from
the ocean is released as the saturated air risdsh wesults in condensation of water vapour coeti
in the moist air. The tropical cyclones can prodaggemely powerful winds and torrential rainfall.
They are also able to produce high waves and damgagorm surge as well as spawning tornadoes.
Depending on the wind force around the centre,d tropical cyclone is referred by names in terms
of wind speed in 2 minutes as below in Tab.2. 3 fCA006)

4 The tidal level is 5.66m after ground setting eotion.
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Tab.2. 3 Category of tropical cyclone in terms agh2utes wind speed in China

Tropical cyclone Wind speed

Typhoon above 32.7m/s
Severe tropical storm 24.5-32.6 m/s
Tropical storm 17.2-24.4 m/s
Tropical depression 10.8-17.1 m/s

As seen from Table Tab.2. 3, typhoon is the sevén@sical cyclone, which brings storm surge, tor-
rential rainfall as well as gale wind usually at tame time. It can additionally increase wateellew
the mouth of the Huangpu River and destroys prgert buildings subsequently. The strength of a
typhoon determines a large part of the magnitudgain surge, which depends on the moving direc-
tion of the typhoon, atmospheric pressure, distaarod angle of landfall and wind strength. Dorst
(2003) indicated that the stronger the intensityheftyphoon, the stronger torrential rainfall aslas
the higher the storm surge. Other studies (ZongG@meh, 1999) emphasized three aspects of the de-
structive effects of tropical cyclone in Shanghgy.deirst, gale-force winds can damage buildingd a
service facilities (e.g. electrical lines and teleenunicated lines). The wind can also cause waves i
the river. Second, the low-pressure centre of adgp can raise the water level temporarily to 0.5 -
1.5m; the magnitude of the surge can be amplifigdou? to 3m as it moves into the shallow waters
within Yangtze estuary and the Huangpu River. Theewlevel at the mouth of the Huangpu river will
be pushed up if typhoon-induced storm surges adénaiith high astronomic tides, which could lead
to flooding in urban and rural areas of Shanghairdly, typhoon-induced torrential rainfall could
cause high discharge from the river network and walater-logging in urban area, particularly in the
low-lying area. On one hand, torrential rainfallulchb cause high river discharge temporarily in the
Huangpu River; on the other hand, the water-loggimg to torrential rainfall has been exacerbated by
land subsidence and insufficient drainage capati§hanghai (Lu et al., 2010). However, based on a
statistical analysis on the joint probability obish tide, torrential rainfall and upstream runaffthe
Huangpu River (Lin and Li, 2000), it is found ththe torrential rainfall and upstream runoff is of
secondary importance in comparison to storm tidnénHuangpu River. The joint probability of the
occurrence of torrential rainfall in Tai Lake arnidhhstorm tide is limited. The regional torrentiain-
fall mainly induces water logging in the urban oithile not significantly increase water level ireth
Huangpu River.

To sum up, typhoon caused storm surge; and if stomge meets with high astronomic tide, the wa-
ter level can be pushed up considerably, especiallthe downstream and middle stream of the
Huangpu River. Torrential rainfall and strong wiaiet the additional negative effects of Typhoon in
Shanghai in terms of water logging and buildingésfructure destruction, respectively. Therefdre, t
focus of hydrological load in the Huangpu Riverlviié on storm surge and high astronomic tide;
torrential rainfall and upstream river runoff wilbt be included in the forward analysis.

2.6 Flood defence system

Four main flood defence systems were built in Shangity. The first is sea dike as primary flood
defence to protect the coastal area. Floodwall vigtlsluices and gates along the Huangpu River is
considered as the second defence system. Somefkrodilalls along the remaining of waterways in
Shanghai form the third defence. The fourth onhésdrainage pipes and pumps in the urban area of
Shanghai city, which are required to prevent whigging during rainstorm weather. Since the focus
of this research is on river flood in the HuangpueR floodwall along the Huangpu River will be
elaborated in the next section.
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the Huangpu River "
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Fig.2. 14 Floodwall related to the safety standamdbe Huangpu River: 1/1000p.y in the middle and
downstream and 1/50p.y in the upstream

2.6.1 Floodwall along the Huangpu RiveP

A floodwall is a permanent primarily verticalrbar designed to temporarily contain the waters of
river or other waterway which may rise to unuse&kls during seasonal or extreme weather events.
Floodwalls are mainly used on locations where sfgmsearce, such as cities or where building levees
or dikes would interfere with other interests, swash existing buildings, historical architecture or
commercial use of embankments. There are many floode areas that are protected by systems that
partly consist of floodwalls. Examples are New @ng in the USA and Ayutthaya Thailand. The
next section will introduce the history of the ftiwaall construction in Shanghai as well as the aurre
situation.

2.6.1.1 History of floodwall construction

After the floods in 1962, 1974 and 1981, the floalwas raised and reinforced by the municipal
government step by step (see Fig.2. 15). At fitet,embankment, which is made from rubble stones
along the downstream of the Huangpu River, is eateng 18 century. In 1956, the reinforcement of
embankment was executed with masonry and stonevimtdwn area along the Huangpu River, Su-
zhou Creek and the tributaries, which are now ddlleodwall. In 1959, the first concrete flood de-
fence was completed with its level at 4.6m-4.8nmeABhanghai was suffering from the combination
of violent typhoon and high tides in 1962, the loaathority promulgated the first flood protection
standards in 1963 with 1/100p.y. and the desigremlavel at Huangpu Park station is 4.94m, which
led to the construction and reinforcement of tloed\wall further. In the summer of 1974, when water
level at Huangpu Park broke the history record.g88#h the floodwall in urban district was in great
danger. This forced the local authority to furthenstruct and raise the floodwall to 5.8m in cigne
tre. However, a typhoon raised the water level. B2 at Huangpu Park in 1981; at that time, 5.86m

®The pictures of this section are taken from a fielastigation in the summer of 2013
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at Huangpu Park was calculated as 1/1,000 p/y giotelevel in 1984, which is approved by the
Ministry of Water Resources and Shanghai Municiedbple’s Government (Jia 1984). Since 1988, a
massive reinforcement and heighten of floodwall baen performed along 208km of the Huangpu
River and its branches for 13 years. In 1997, &entatyphoon raised water level to 5.72m at Huangpu
Park as a highest record till now, which is equewnalto 1/200 p.y. design level. Fig.2. 15 shows the
development of crest height of floodwall at Huandggark from 1959 to 2010. The current flood wall
at Huangpu Park is 6.9m under the protection lef/&/1,000p.y.

potential crest

Crest height in the future
height i
[m] |
6.9m —
5.8m
5.2m
4.6-4.8m F————
_______________________________ Average
~3.5m elevation
Year
1959 1963 1974 1984 2010

Fig.2. 15 Development of the crest height of floatlat Huangpu Park from 1959 to 2010, in which
the current crest height of 6.9m was followed lgy dlesign water level of 1/1,000p.y in 1984

2.6.1.2 Current situation

Fig.2. 16 shows current information about the chesght, design water level, warning water level
and highest records at Wusongkou, Huangpu Parkvasitidu in the Huangpu River. The floodwall
along the Huangpu River starts from Wusongkou tbejing on the west side and to Qianbujing
(Zhagang) on the east side (Shanghai Municipal @owent, 1996). The small floodwall of the
branches starts from the mouth of the tributaileghe first sluices. Besides as flood preventitre
floodwall can function as recreational and touaista, e.g. in the Bund (see Fig.2. 18 (ii)). Thescr
height of floodwall is designed based on desigrewktivel which is calculated by frequency analysis
under pre-defined exceedance probabilities, pluslwet-up and safety board (i.e. uncertainties).

8 - —x»—Crest height of floodwall [m]

—#—Design water level (1984) [m]

—e—Warning water Level [m]

—4—Highest water level ever-recorded [m]

Water level / Crest height [m]

Wusongkou Huangpu Park Mishidu
Hydrological Station

Fig.2. 16 Updated information about the crest heidesign water level, warning water level and
highest records at Wusongkou, Huangpu Park andititish the Huangpu River, respectively
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Floodwalls are a specific form of flood defenceshey are usually a combination of an earth struc-
ture with (often vertical) steel and concrete eleteeThe vertical shape is used to retain high wate
level; the basement of floodwall is usually theetewent of wharf or the protection part of river ban
(see Fig.2. 18 (i)). Most of the floodwall in thei&hgpu River is vertical concrete wall combinechwit
revetment basement; while some are followed thiniedt shape similar to a cross section of sea dike.
Fig.2. 17 shows the selected cross section of fladld along the Huangpu River in the East side. The
design water levels are followed by the safety daaeh of 1/1,000p.y which was calculated in 1984.
The related crest height is decreased from 7.22m &rom downstream to middle stream.

N

River side Protected side River side Protected side

concrete floodwall g 7.2mcrest height
concrete floodwall g 7, crest height

DWL 6.1m DWL 6m
—_— 5.41 ]
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Fig.2. 17 Cross section of floodwall along the Hgiau River in selected parts

Typical floodwall in the west part of Huangpu Rive Bund, which lasts 1,697m from Waibaidu
Bridge to Xinkai River station. The width of Bunidddwall is ~17.5m. This floodwall is functioned
as sight-seeing platform and parking area besided frevention. From the cross section (see Fig.2.
19), it can be seen that the ramp way connectignea and sightseeing platform, which are 1-2m
higher than the average elevation in the city (F3.3Pedestrian path and carriage way are located to
inner side of the river without elevation heighteni

(i) (ii) (iii)

Fig.2. 18 Field observation of floodwall along tHaangpu River in 2013 (i) floodwall with revetment
(if) Bund sight-seeing floodwall (iii) small floogate in glass
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The material of floodwall varies based on differamictions. Most of the floodwall are constructed
in steel and concrete, while parts of them (arol@@m) along south Bund are built in glass with
thickness of 18mm and height of 1m above 75cm @taawall in order to improve sight view of the
Huangpu River (see Fig.2. 18 (iii)); and otherlip floodwall in steel are designed for traffic\lo
(for pedestrian and vehicles) while they can bseadiooff when the water levels exceeds the warning
water levels (People’s daily, 2012).

The Huangpu Park locates at the beginning of thedBua the west side of the Huangpu River,
which also includes a hydrological gauge staticgreéh namely Huangpu park hydrological station.
The water level of this station is a reference aesign basis for the crest height of floodwalthe
middle stream of the Huangpu River.

[
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- Huangpu River

Underground parking area

Fig.2. 19 Cross section of waterfront area in Bah8hanghai (Xi and Xu, 2011)

2.6.2 Typical floodwall failures

As limited information on the structure failuwefloodwall in Shanghai is available, a represgwnga
case of New Orleans during Hurricane Katrina in2@@ll be introduced to show the typical flood-
wall failures. A large part of the flood defencesNew Orleans are floodwalls, of which a humber
failed and consequently breached during this désast

In the flood defence system of New Orleans gldli&e ring areas are there: Central Orleans, Gslea
East, and St. Bernard. Four areas with failurethénsystem of dike rings are circled as" Btreet
Canal, London Avenue Canal, Lower Ninth Ward, dmsl éarthen embankments of St. Bernard. The
failure in 17" Street Canal and London Avenue Canal might hausezhup 80% of flooding in the
Central Orleans dike ring (ILIT 2006). The floodWaliled although the water level did not reach the
design level, which showed that the geotechnicialirtss have contributed to a large degree to the
flooding. The failure mechanisms of New Orleansemmainly overflow/overtopping and a combina-
tion of overflow and insufficient stability of th&ructure and its foundation in St. Bernard dikeg;ri
and overflow/overtopping, transition around struetuand failures of floodwall in Orleans Eashd
piping, sliding, uplift and instability of floodwafoundation and non-closure of structure in Cdntra
Orleans (more details in (Kanning, 2012)). Thesseolations in New Orleans also implies that the
floodwall may fail in other cities, e.g. in Shanghaith similar failure mechanisms under an extreme
event like Hurricane Katrina.

During a site visit in Shanghai, leakage from timelarground was observed under the floodwall,
which is regarded as a potential threat of geoteehfailure (see Fig.2. 20(i)). And it was also-no
ticed that the buildings and other infrastructuses closely connected to/behind the floodwall (see
Fig.2. 20(ii)), which poses a potential threat he tocal people and property assets if flood defenc
fails.
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(i) (ii)
Fig.2. 20 Field observations on the vulnerabilifyfloodwall along the Huangpu River in 2013: (i)
leakage and (ii) the close connection between fliefénce system and buildings

2.6.3 Water gates

The Suzhou Creek gate (see Fig.2. 21 (i) is thge# tide gate along the Huangpu River, which
was built to prevent storm surge after the flood984. This gate closes when the water level intfro
of the gate exceeds 4.55m (SIDRI 2011). Duringtyploon season, the barrier will be closed once or
twice a month for maintenance and to flush silta#ons from the sill. During Typhoon Wennie in
1997, this water gate successfully prevented states entering Suzhou Creek.

() ' (i
Fig.2. 21 (i) Suzhou Creek gate and (ii) typicabfiigates in Shanghai

A large number of gates are present in the floddrd® system along the Huangpu River (see Fig.2.
21 (ii)), which is floodgate. All these floodgatae required to be closed when water level reatthes
warning level during the flood events. They areasately controlled by the nearby private industries
hence the performance of these floodgates durimagdfhg is a big concern. Moreover, it was also
noticed that many buildings and infrastructuresmesent behind the floodgates. The failure oféhes
floodgates, either by human error or structurdufai could pose threats to the adjacent buildanys
infrastructures.

In Shanghai, there are 18 ferry lines acrossHin@ngpu River, which is regarded as a public trans-
portation system. It commutes the people every 8aye these floodgates are usually related to the
ferry lines, it is concerned that the suspendethefferry system due to flooding can lead to huge i
convenience to the people.
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2.7 Discussion

The main flood threat is the occurrence of a typhowuced storm surge in combination with a
high astronomic tide in the Huangpu River. Basedhmvious study on the correlation analysis of
storm tide in the Huangpu River and torrential fairin Tai Lake and in Shanghai (Lin and Li 2000),
the joint probability of the simultaneous occurrernd torrential rainfall and high storm tide is ited.

It means the water level in the upstream (Mishidwominated by the storm tide at the mouth of the
Huangpu River. The heavy precipitation mainly ingsigvater logging in the urban city while not sig-
nificantly increase river runoff in the Huangpu &ivThis might be argued that the high runoff will
also be caused by the drainage from Tai Lake. Heweccording to ‘Flood Control Plan in Tai Lake
Basin’, flood water in Tai Lake can be releaseth® Yangtze River to the North and the Hangzhou
Bay to the South through the new canals and pumpgel, which can reduce the drainage pressure in
the Huangpu River especially during storm surgeneven addition, it has been regulated that the
drainage runoff need to be reduced when the watet Is predicated to reach at WD 3.7m at Mishidu
in the upstream of the Huangpu River in order tsuea safety of Shanghai (MWR 1999). Shanghai as
one of the important cities in Tai Lake Basin diédity has higher priority to ensure safety thaneoth
cities.

Historical flood events have already shown thatfibedwall may fail due to potential overtopping
and breaching along the Huangpu River and its Im@sd=urthermore, the current protection level of
floodwall is only based on the exceedance of tlestdneight of the floodwall by the water level and
does not directly take into account the other meigmas. First, the floodwall might not be high
enough due to land subsidence, which could eawilyde overtopping at the weak points; second, it is
hard to assess the soil characteristics of thalfladl only by the observations and the foundatibn o
the floodwall is critical for the safety of the sy81. One of the lessons from New Orleans is that
floodwall systems can fail before water levels extéhe crest height; third, the floodwalls are ryain
vertical concrete wall; on the inside of the flo@Wsome of them are with armouring infrastructure
while some are not. Such kind of structure coutw &lause potential failure due to geotechnical prob
lems (see also Section 2.6.2) when hydrologicaldaaustain a long period. Lastly, all the floodgate
need to be closed on time when water level reathé¢ke pre-defined warning level or during an
emergency. On one hand, the failure to close dowrilbodgates could directly induce floods in adja-
cent area; on the other hand, the structural faitfifloodgate could lead to floods as well.

In the next chapter, the flood hazards caused thgreit failure mechanisms of the floodwall and
its infrastructures will be examined by scenarioalygsis.
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Chapter 3

Shanghai: Flood hazard analysis for the
Huangpu River

Flood hazard is related to the exceedance proltghilf design level of hydraulic load and the extent
of inundation characteristics. In order to identifipod hazard in the extreme events, a frequency
analysis of annual maximum water level was perfartaeproduce different return periods of water
levels at three typical gauge stations along thamfipu River. With the aid of the 1D hydraulic mod-
el, water levels in each cross section of the HpanBiver were derived; the potential overtopping
points were systematically identified by a compariso the crest height of floodwall. In addition,
potential breaching points and failure of floodgateere also hypothesized on the both sides of the
floodwall based on synthetic judgement. Subseqguentindation maps were produced by 1D2D hy-
drodynamic modelling (SOBEK) under different flaagnarios along the Huangpu River. The results
can be visualized on the map with information orximam inundation depth and the inundation ex-
tent. It firstly demonstrates the significant nexzgg of the floodwall and infrastructures (e.g.ofib
gate) along the Huangpu River to protect Shanglgaiiast river flooding. Secondly, it is found that
the inundation would occur merely adjacent to thesnine area due to limited flood volume under
overtopping scenarios. Thirdly, as breach scenaviese developed to explore the worst—case flood-
ing in Shanghai it turned out that breaching woblel the most serious flooding along the Huangpu
River as parts of the city centre would get inurdawith maximum inundation depth of more than 3m.
Lastly, the simulations of failure of floodgatesreveonducted at three selected locations. It showed
the inundation depth was averagely 39cm-82cm irh e@nario, which would pose threat to the
buildings and infrastructures adjacent to the flgatks. These results could provide as a basisxfor e
ante assessment of flood risk and serve as ratioh@mation for the decision makers in urban plan-
ning or emergency management.
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3.1 Introduction
3.1.1 Background

In China, central government pays great attersiomddressing flood disasters, such as adjustment
of safety standards for the important cities (MW#03), the improvements on early-warning system
and enhancement of emergency management in timésodt (Liu and Li 2003; SCIO 2009). The
Chinese Ministry of Water Resource regards floas#t rhapping as an important project in order to
make rational decisions regarding evacuation plarisn planning and emergency management, etc.
(MWR 2010). One of the important steps is to predficod hazard maps based on various scenarios
(different occurrences of flood with related prottitibs), in order to assess potential flood damage
optimize traffic routes during floods in the netes, with information on inundation characteristics

3.1.2 Inundation modelling

Basically, there are two methods to develop tlomdation characteristics due to different floot pa
terns, namely prediction and observation. Invesiom on site, the analysis of remote sensing by sa
ellite or aerial images and hydrodynamic modellietg, can provide inundation information with var-
ious accuracy requirements and objectives. Hydraohio modelling is a widely used method, which
can simulate flood process by 2D overflow modelpted with 1D flow model imposed with geo-
information system. The flood process can be visedldynamically in a set flood period, and also in
a projection of a flood scenario (e.g. the hypathesk breaching location or the low probability of
extreme event). The EU Directive project gave alguce on proper application of multiple inunda-
tion models with 1D2D SOBEK, SV2D, RFSM, SVID, eicthe Netherlands, UK and Italy based on
various input data and topography of study areas¢hnan, Bates et al. 2009). Vanderkimpen et al.
(2009) compared MIKE FLOOD and 1D2D SOBEK packageflood simulation in eastern part of
Belgian coast plain, and stated that the choich®fmodelling package is in no way predominant in
flood risk evaluation. In this study, 1D2D SOBEKselected as this package software has been used
and tested in many cases in various countries (MX0®5; Shaviraachin 2005; Asselman, Bates et al.
2009; Li 2011). In Shanghai, MIKE21 has been usedvaluate the overtopping risk to identify the
risky seawalls and floodwalls along Huangpu Rivepiiojection of future years (2030&2050) (Wang,
Xu et al. 2012). Yin et. al (2012) applied an inatiodh model (FloodMap) along the Huangpu River
with multiple scenarios to produce flood hazard saprresponding to different return periods, but
the flood hazard in this model is limited in resuitom overtopping of floodwall along the Huangpu,
the potential breaching locations were excludethénstudy and this may lead to incomplete results.
As limited data is available regarding topography &ydrological/hydraulic boundary conditions in
Shanghai, the results remain limited from scenbased inundation modelling along the Huangpu
River. Therefore, the study of the inundation mbaglin Shanghai deserves more attention for vari-
ous objectives of decision making on flood risk anggment.

3.1.3 Objective and structure

The objective of this chapter is to produce fldradard maps due to different scenarios of the flood
walls along the Huangpu River. The information be flood hazard map includes maximum inunda-
tion depth and inundation extent under scenariasveftopping, breaching at weak points and failure
of floodgates. These results can provide as a ladi®nly for flood risk analysis, but also for the
optimization of traffic routes during floods andan planning in the future. Three main questiorik wi
be answered in this chapter:

* What are the water levels with extreme return prio the river?
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« What are the inundation characteristics with sdesasf overtopping and breaching and
failure of floodgates?

* What are the inundation characteristics under iffeflood scenarios?

The structure of the remaining sections will bgamized as below. The answer of the first question
is in Section 3.2, which will plot water level-fregncy curves for three typical gauge stations én th
Huangpu River. Section 3.3 will answer the secardithird questions with 1D2D SOBEK modelling.
A brief discussion on inundation characteristicShranghai due to different scenarios will be giwen
Section 3.4 in the end.

3.2 Flood frequency analysis

The magnitude of flood event is inversely relatedts frequency of occurrence, very severe events
occurring less frequently than more moderate evdrte objective of frequency analysis of hydro-
logic data is to relate the magnitude of extremenés/to their frequency of occurrence through & u
of probability distributions (Westen, Alkema et 2011). The long term hydrological data should be
independent and identically distributed. A serief@quency—water level curves would be derived by
the hypothesized PDF or CDF is fitted to the datee standard procedure is first to determine the
homogeneity of datasets, and then estimate theapililp distribution of the datasets according to
criteria selection; subsequently, the parametén(she specific probability distribution are esti®a
by the mathematical procedure.

3.2.1 Data requirement — Hydrological condition

There are three hydrological stations locatedgtie Huangpu River in upstream, midstream and
downstream, respectively (See Fig. 3. 1 in reahgyi@): Mishidu, Huangpu Park and Wusongkou. The
annual maxima long-term water levels are used is fiequency analysis. The general data infor-
mation including the names of gauge stations atal pieriods are shown in Tab. 3. 1:
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Fig. 3. 1 Locations of hydrological stations in tHeangpu River: Wusongkou, Huangpu park and
Mishidu
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Tab. 3. 1 Data description in flood frequency asialy

Datasets

Gauging station periods Length Type
Wusong 1921-2012 101 years Annual maxima

Huangpu Park 1913-2012 100 years water level
Mishidu 1948-2012 65 years

Due to land subsidence and human activitiespteasured water levels before 1981 are revised to
reach consistency by a method of correlation amalyg Hohai University (2001). According to the
results of correlation analysis, it is concludedttpauge stations along the Huangpu River are-influ
enced mainly by storm tide from East China Seajrtfleence from Yangtze River and Tai Lake are
comparatively insignificant. The differences of amahmaxima water levels between revised and orig-
inal data are between 19cm-64cm. The annual averegégmum water level are 5.01m, 4.75m and
4.14m at downstream, middle stream and upstreatmeofluangpu River, respectively. For the water
levels after 1981 the observed data were used witlewision.

3.2.2 Probability distribution functions

Since the occurrence of high water levels isatststic phenomenon it is the engineering prattice
describe them with a statistical analysis. Thismdais not possible to say exactly when whichhig
water level will occur but it is described in termisthe high water level with a return period of so
many years. As an example the high water level withturn period of 1,000 year is the water level
that in average once in thousand years will be edeg. The relation between the return periods and
the corresponding water levels is a statistic deton of high water level. Based on the systematic
and reliable years of historical observed datagctigracteristics of distribution of stochastic aates,

e.g. extreme water level, can be determined inthenaatical way. Probabilistic distribution functon
and the correspondent parameters can describeastackariables well. Usually the form is adopted
as below:

P(X2x,) =1~ F(}=[ f(3 dx 3.9)

Where: F(X) - cumulative distribution functionf (X) - probability density function.

When making a flood frequency analysis, it ésessary to compare the assumed population with
the sample data. Generally, the sample valueslattegin a figure by assigning each of them an ex-
ceed probability based on the plotting positiomfola. Since the concept of probability was intro-
duced by Hazen (1913), many discussions on plofiogitions have been given by statistics and hy-
drologists. Most of these researches can be desciily a general formula as below (Gringorten
1963):

m-—a

= 3.2
n+1-2a 3.2)

m

Where: B,, are ordered probability valu®s <P, < ... <B, , m denotes thei, value of n or-
dered records) denotes the sample length, aads defined as a constant depends upon the distribu
tion. Normally, a ranges from 0 to 0.5; In this chapteis adopted as 0.44, which is determined
whenn > 20 (Gringorten 1963).
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Different region or countries adopt an apprdpriarobability distribution differently. For inste,
the log Pearson type Il distribution is commonged in the United States (Water Resources Council,
1981), the general extreme value (GEV) distributiorecommended by the United Kingdom (Natural
Environment Research Council, 1975), while the swartype Il distribution with a curve fitting
method is widely applied in China (Ministry of watesources, 1980). Based on the characteristics of
the datasets, two probability distributions wertected to analyse the frequency of maxima water
levels in the Huangpu River, namely Pearson-11l &#f/ distribution.

3.2.2.1 Pearson-Ill Distribution

Followed by the “Chinese standards of desigodlcalculation in hydraulic engineering” (MWR
2002), the frequency distributions of hydrologistichastic variables are adopted as Pearson Tiype |l
in general. The Pearson Type Il distribution isoatalled three-parameter gamma distribution, since
it can be obtained from the two-parameter gammailgigion by introducing so-called location pa-
rametela,. The density of Pearson Type Il distributionli®an as below:

1. BY Ly gBxa)
f(x|a0,a,ﬂ) F(a)(x g )P teftra X>g (3. 3)

Where: constant variab®,a , 3>0 ; I (a) is gamma function.

The PDF of the gamma distribution is shown elew:

1 )6_1 X

f(x]ab)= T (@) e’ (3. 4)

Where: the gamma parameerb equals to P-llI parametetzs,i. Parameter, is the lower

bound for this distributiond > «,). The Pearson type Il distribution is very flebdglsince it has three
parameters which can produce a wide variety of eha density function. Parameteis governing
the skewness of the distribution, and when it tetedsfinity, the Pearson type Il distribution be-
comes normal distribution.

The relations of original parameters to thedparameters are as below:

— _ZCV
a, = E(X)(1 c )
4
=5 (3. 5)
_ 2
pe E(X)C,C

Where:E(X) is mean valueG, is kurtosi§, C; is skewness

¢ Kurtosis is a measure of how outlier-prone a itistion is. The larger the kurosis, the more outlie
prone the distribution is.
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The Pearson Il distribution of X is:

F(X)=P(X2 x)= r[(;;) f (= g)7™ &7 dx (3. 6)

If we can determine the parameters of E(X),& in Pearson type Il distribution, the water level-
frequency in the Huangpu River could be deducedomly represented in a form of water levels as a
function of return periodsT() in years.

_1
T=s (3.7)

Where: P is probability of flooding per yedr [-

Probability density distribution of P-1ll at Wangkou, Huangpu Park and Mishidu is shown in (i),
(if) and (iii) in Fig. 3. 2.
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Fig. 3. 2 PDF of P-lll at Wusongkou (i), Huangpuhe@i) and Mishidu (iii)

3.2.2.2 GEV distribution

Generalized extreme value (GEV) distributiomsed as an approximation to model the maxima of
long sequences of random variables. In this paperavailable datasets are annual maxima water
levels in each gauge stations; therefore, it i®menended to use GEV distribution to calculate the
water levels as a function of return period. Thasity function and cumulative function of GEV dis-
tribution is shown as below:

f(x|kvﬂ"7):(§)exp —(1+ kMJi (1+ kMJ‘l‘i

g g (3.8)

for 1+kM>O
ag

The CDF (cumulative distribution function) fGEV distribution is given by Jenkinson (1969) as

" Skewness is a measure of the asymmetry of theadatad the sample mean. If skewness is negative,
the data are spread out more to the left of thenntfe@n to the right. If skewness is positive, thagad
are spread out more to the right.
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1

exp —[1+ k(ﬂﬂ_k fork#0
F(X|k,u,0) = g (3.9)

exp[ - exp{—ﬂﬂ fork=0
o

The generalized extreme value combines three smtstributions into a single form, allowing a
continuous range of possible shapes that incluliésree of the simpler distributions. Types |, ahd
IIl are sometimes also referred to as the Gumbrelghet, and Weibull types, though this terminology
can be slightly confusing > 0 corresponds to the Type |l case, wkile O corresponds to the Type
Il case; fork = 0, it's corresponding to the Type | case. Hétés shape parametey; is location
parameter an@ is scale parameter.

Probability density distribution of GEV at Wugkou, Huangpu Park and Mishidu is shown in (i),
(i) and (iii) in Fig. 3. 3.

GEV pdf at Wusongkou GEV pdf at Huangpu Park
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0) (ii) (iii)
Fig. 3. 3 PDF of GEV at Wusongkou (i), Huangpu R@jkand Mishidu (iii)

3.2.3 Parameter estimation

Each probability distribution contains a numbéparameters that must be determined to make fu-
ture analysis. These parameters are generally fnoento five, with the most common distributions
having two to three free parameters. Several appesaof estimating the best values of these parame-
ters are in circulation, including, most frequentlye methods of least-square estimation (LSE),-max
imum likelihood method (MLM), and linear moments). The methods discussed here are limited
to point-site estimates. The three parameter esdmanethods for P-1lIl and GEV are described in
Appendix 3-2. The results of fitting curves in GEvid P-III distribution at three typical gauge sta-
tions (Wusongkou, Huangpu Park and Mishidu) arevshim Fig. 3. 4, Fig. 3. 5, Fig. 3. 6, respective-
ly.
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GEV frequecy curves at Wusongkou by three estiamtion methods P-lll frequecy curves at Wusongkou by three estiamtion methods
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Fig. 3. 4 Fitting curves by three parameter esimnamethods (LSE, MLM and L-M) in GEV4{t)
and P-1ll distribution fight) at Wusongkou
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Fig. 3. 5 Fitting curves by three parameter esimnamethods (LSE, MLM and L-M) in GEMd(ft)
and P-Ill distribution fight) at Huangpu Park

T T —— - Pl frequecy curves at Mishidu by three estiamtion methods
% T = = = o T . ——n
LMM i i —LMM 1 7.1
7?:# L : ——MLM i
— ——LSM T
|7 cmprical data 52+ © empricaldata| .
5 F L s
X E ol /
o = — T 48 ey Pk
£ 2 : ey P
i fas L] .
E g a4 E J
® R
g A g 42| A
4
PO N R 5 Lllore b Ll doad!
3.5 ! : 16 i : ;
1 50 100 200 500 1000 10000 1 50 100 200 500 1000 10000
Return period[years] Return period[years]

Fig. 3. 6 Fit curves by three parameter estimat@thods (LSE, MLM and L-M) in GEMéft) and
P-III distribution ¢ight) at Mishidu

3.2.4 Statistical performance indicator

In order to specify the distribution, an approgiform of the distribution must be selected from
among the large number of candidate forms foundide use. For comparison estimation methods
with empirical data sets, the correlation coeffiti€¢ R ), Kolmogorov-Smirnov (K-S) test, Mean
square deviatiofMSD) are taken into account.
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a) Correlation coefficient

The correlation coefficientR ) is used to determine whether there is a sigmifidifference between
the expected frequency and theoretic frequency.

> 4=y - )
R=__% @)1

\/i(x —Wﬁ(y-_y)2

Where: X is the theoretic frequency for each observatigms the prediction frequency in the corre-
sponding observation.

b) K-S test

The K-S test performs a Kolmogorov-Smirnov testéonpare the expected frequency to theoretic
frequency.

D =max|P )~ S(X) .@)

Where: P(x) is the empirical cumulative frequenog S(x) is the prediction cumulative frequency.

Dagnelie (1968) indicated that the critical valaa de approximated numerically. The critical value
C = (N,a) can obtained as a function of level of significeaa and the sample siZé with an ex-
pression of the form:

a(a)
VN +1.5

Where: a(a) is a function ofx; for the usual alpha levels @{0.05) = 0.886.

C(N,a) = (3. 12)

The hypothesis regarding to the distributional fommould be rejected if the test statistic is greater
than the critical value obtained.

c) Mean square deviation
The Mean square deviation (MSD) or Mean squame ¢MSE) of an estimator is a way to quantify
the difference between values implied by the dgresitimator and the true value of the quantity gein

estimated. The MSD of an estimator with respetihéoestimated paramet® is usually defined as:

MSD= H( x- ¥)?] {Z(:—__l)o} (3.13)

Where: X is the theoretical frequency for the observatiod S;n's the corresponding empirical fre-
quency.

In a summary, the larger the correlation coeffiti(R ) is, and the smaller the KS and MSD are, the
distribution is statistically better fit. In Tab23.the criteria for GEV distribution shows bettérré-
sults than P-III distribution. The R are all mohan 0.99 in GEV distribution at three stations tngé
estimation methods, while the R in P-III distrilmutiare only more than 0.99 at Wusongkou by meth-
ods of LMM and MLM. The KS and MSD are all smalierGEV than in P-Ill. Moreover, the critical
values of K-S test are calculated as 0.0875, 0.G8%9 0.109 at Wusongkou, Huangpu Park and
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Mishidu, respectively. Compared with the test stits at each station by three methods, it shows th
P-IIl distribution is rejected at three stationdyoexcept for P-lll distribution by MLM at Huangpu
Park. Therefore, GEV is recommended as the prabadiktribution for datasets at gauge stations in
the Huangpu River at the first step.

However, the fit curves in GEV distribution aidWlidu remain flat compares to the curves in P-lll
(see Fig. 3. 6). It shows the water levels as atfon of return periods in GEV distribution at Wu-
songkou have no big difference (no more than 5dta) eeturn period of 100 years; the water level at
10,000 years return period is only no more tham4kly the three parameter estimation methods.
While during Typhoon Fitow in October 2013, the maxm water level at Mishidu was measured as
4.61m, which directly rejected the GEV results. iBfiere, as a conservative estimation, P-III distrib
tion is taken as probability distribution at Mishid

Tab. 3. 2 Results of statistical performance inicéR, K-S test and MSD) with three parameter es-
timation methods (LMM, MLM, LSM) for GEV and P-Idistributions at Wusongkou, Huangpu Park
and Mishidu

Probability distribution GEV P-Ill
Gauge stations —oumation g K-S MSD R K-S  MSD
methods

LMM 0.9976  0.0493 0.0442 0.9918 0.1493  4.5059
Wusongkou MLM 0.9975 0.051 0.0348 0.9959  0.0906  4.4145
LSM 0.9976  0.0462 0.0357 0.9664 0.3396  4.6066

LMM 0.9985  0.0484 0.0436 0.995 0.1086  4.3303
Huangpu park ~ MLM 0.9983  0.0465 0.0253 0.9976 0.0676  4.3114
LSM 0.9985  0.0461 0.0373 0.9705 0.2800  4.4100

LMM 0.9945 0.0732 0.0186 0.9236  0.3536  3.7254
Mishidu MLM 0.993 0.0925 0.0207 0.937 0.3116  3.7071
LSM 0.9954  0.0657 0.0221 0.9761 0.1335 3.6170

Critical value of KS: 0.0875, 0.0879 and 0.109 atsdéhgkou, Huangpu Park and Mishidu

3.2.5 Results and discussion

New frequency curves of water level as a fumctid return periods were derived at three gauge
stations of Wusongkou, Huangpu Park and Mishidaglhe Huangpu River, which is shown in Fig.
3. 7, respectively. Tab. 3. 3 summarized the wheels correspond to the frequency of 1/10000,
1/1000, 1/500, 1/200, 1/100 and 1/50 at each ggugfimtion. The water level between return periods
with 10 factors differences (e.g. 1,000&100 and &80 at Wusongkou and Huangpu Park are
52.5cm and 54.5 cm, respectively, while only 23 differences at Mishidu. Furthermore, Fig. 3. 7
also shows the gradient of frequency curve at Mislis much slower than the previous two stations.

GEV was selected as a suggested probabilityiloligiion for the datasets of annual maximum water
level at Wusongkou and Huangpu Park instead of. F-hie new results produced higher water levels
under different return periods than the previouslstin 1984; while lower results than the reseanch
2004 (~6cm and ~15cm lower at Wusongkou and Hualgplk at different return periods, respective-
ly). The main reason of the different results wtshated to the different datasets. The new result
employed the most updated data (till 2012) on ahmaximum water level at each gauge station than
the other two studies. Based on the additionalsdtéa(the year of 2003-2012), it is noted that the
annual maximum water level after 2002 (see red ithoEsg. 3. 8) are relatively lower compared with
the previous datasets before 2002.
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Fig. 3. 7 Results of water level-frequency curvéhate gauge stations
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Fig. 3. 8 Annual maximum water level at gaugeiatstof the Huangpu River till 2012

Furthermore, it can be seen that the water leataituangpu Park station are significantly influeshc
by storm surge, which thus represents the identieguency curve to the Wusongkou in the figure;
and apparently the water level at Huangpu Par&vigl than the one at Wusongkou. While the water
level at upstream of the Huangpu River (i.e. Mishighows different curve from the other two since
the runoff in the upstream coming from the Tai Laketrol more than storm surge to the water vol-
ume in the upstream.

A comparison with the official reports in yeafsl®84 and 2004 was conducted, see Fig. 3. 9. New
results are averagely 24cm higher than 1984 whitamllower than 2004, while at Mishidu station the
current results is ~20cm higher than 2004 results~865cm than 1984 results. Firstly, the resutisfr
1984 and 2004 are both retrieved from Person-Htriiution according to Chinese hydraulic engi-
neering standards (MWR 2002). Secondly, the origilasa till 1981 in report of 1984 were not ho-
mogeneously revised, which led to lower result tB884 and also new results. Thirdly, the new re-
sults are followed by GEV distribution, which idiest application in the Huangpu River and the up-
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dated water levels at three gauge stations fronb-2002 are averagely 18cm lower than the data
before 2004.

Tab. 3. 3 Results of water level frequency analgsid/usongkou, Huangpu Park and Mishidu

Parameters in GEV/P-III Return Period [Years]

Gauge stationNo.
k sigma mu | 10,0001,000 500 200 100 50

Water
level

Wusongkou

(1912-2012) A | 0.0136 0.2254 4.8810 7.09 6.51 6.8412 5.95 5.78

[m]
Huangpu Park
(1913-2012) B | 0.0377 0.1832 4.6326 6.65 6.08 5.9271 5.55 5.40
Mishidu Cs Cv
C 4.1378| 4.9 4.7 4.69.60 4. 4.4
(1948-2012) 5.0138 00063 +13 6 476 60 4.53 4.46
Wusongkou Huangpu park
7.2 T T 7 ] i
s A —+—1984 results
T r Current results (2012) | L T ._%_2004 results L
6.8 /,/" A 6.6 —& -(_.'Zurrent results (2012)
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Fig. 3. 9 Water levels at Wusongkou (i), HuangptkRa) and Mishidu (iii) in the results of 1984,
2004 and current research (data updated to 22 arrow means shift direction of the results.
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3.3 Hydrodynamic modelling: using the 1D2D SOBEK
model

In SOBEK, there are seven program modiNesrk together to give a comprehensive view of wate
system. 1DFlow and Overland Flow (2D) are seleadomputation modules in this study. 1DFlow
is equipped with the user shell and which is capalblsolving the equations that describe unsteady
water movement, salt intrusion, sediment transport, morphology and water quality. In this case,
only the water movement module will be used. The@wnd Flow (2D) module is designed to calcu-
late two-dimensional flooding scenarios. The modsifelly integrated with the 1DFLOW module for
accurate flooding simulation. It is especially desid to simulate breaching of flood defence system.
The hydrodynamic simulation engine underneath setaipon the complete Saint Venant Equations.
It can simulate steep fronts, wetting and dryingcpsses and sub critical and supercritical flow.

3.3.1 1D Flow modelling

3.3.1.1 Principle of 1D Flow

The water flow is described with the Saint Vangguations for open channel flow. SOBEK use
finite difference method (FDM) solves these equeginumerically.

Continuity equation:

—t+—==q, (3.14)

Where: A - total cross section area; fm
q. - lateral discharge per unit length?/g]
Q - discharge; [ifs]

Momentum equation:

0Q,0 @y, a0, 994 | n
6t+6X(Af)+ Af6x+CZRA vvpr—O (3. 15)

Where: the first term describes the inertia; the sec@nohtdescribes the convection; the third term
describes the water level gradient; the fourth tdescribes the bed friction; the fifth term desesib
the wind friction.

Q - discharge [ris]; t -time [s];X -distance[m]B -boussineeq constaiit 4 -cross section flow
area [m]; g -gravity acceleration [Afs]; h -water level [m] (with respect to the referereeel);C -
chez coefficient [H¥s]; R -hydraulic radius[-lw, -flow width[m]r,, -wind sheastress [H7s]; o, -
water density [kg/r.

In SOBEK, 1DFlow is related to open-channel dynawséter networks, consisting of reaches, cross
sections and structures. The boundary conditioeslafined in the upstream and downstream of the
Huangpu River in terms of time series of water leasred river discharge, respectively. As the river
networks can be superimposed over a map of the st by geo-information system, the river net-

8 1DFLOW (Rural, Urban, River), Overland flow-2D, RRainfall-runoff), 1DWAQ (Water quality),
RTC (Real- time Control)
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works are visualized at a glance by drawing andsdiljg in 1DFlow. In reality, the schematization is
fairly complicated, including all creeks and sndidhinage canals. In this case, only the macro water
management system is considered, which considtsedfluangpu River, Suzhou Creek and Yunzao
Bang. The model schematization is presented in FiglO. The model datum is Wusong Datum
(WSD) and all the levels are related to this refeeedatum.

In this study, 1DFlow of the Huangpu River is tmglate the water levels (in different return peri-
ods) in each cross section, and then coupled vidt®erland Flow due to the failure of the floodwall
along the river.

Boundary conditions

e Upstream boundary. time series of discharges are set at this logatichich represent the
runoff from the upper part and the water volumeetdited creeks;

« Downstream boundary (Wusongkou) time series of water level are set at this |argti
which represent the effect of the storm surge haditlal fluctuation

e Suzhou Creek it is a narrow (averagely width 58.6m) and shali@veragely depth 3.4m)
river with an annual average discharge of 10-2§nthe discharge is not significant and main-
ly depends on the downstream tide levels. Hencepatant discharge of 26w is set in this
model.

* Yunzhao Bang constant discharge of 26

Upstream regulation

* To improve this model, a storage area is set (gpe3F10) at the upstream of Huangpu River
in order to control the water volume of Mishidu aaldo represent the extension of upstream
branches of the Huangpu River. By numerous trial arror, the storage area is set as
1.19E+09 rmwith lateral flow of 750r¥s

Cross section and friction

e According to the official survey of river channéh Shanghai, 80% of cross sections are in
shape of trapezium or approximate trapezium; aaddtio of slope is 1:1.5 to 1:2 (Li 2011).
Hence, in 1DFlow the overall cross sections argtibas trapezium (See Fig. 3. 11), with
slope of 1:1.5 in branches and 1:2 in the HuangparRThe bed level of river channel in this
model is set as Om widely refers to the datum. Siméace level (the embankment of cross
section) conforms to the crest height of floodwéth safety standards of 1,000 return periods
currently in Shanghai.

* The friction of manning coefficient is set betwe@015-0.035 for different reaches in this
model.
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Schematizion of 1DFlow of Huangpu River
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Fig. 3. 10 Schematization of 1DFlow of macro watgstem of Huangpu River
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Fig. 3. 11 Trapezoidal cross section in the chaoh#le Huangpu River

3.3.1.2 Calibration & Validation

Two typhoon periods were selected to calibeatte validate the 1D model in the Huangpu River.
The first period of typhoon Winnie during:22" August, 1997 is chosen as calibration, which lasts
7 days in total. The second period is Typhoon Makhiéng 3-9™, August, 2005 lasting 4 days. In a
summary, nearly 2/3 of the available data were use¢le calibration and around 1/3 data were used

in the validation.

e Calibration

The parameters of the calibration in the 1DFlow et@te shown in Tab. 3. 4.
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Tab. 3. 4 Parameters of calibration in 1DFlow model

Parameters Value
Simulation period 1522 August,1997
Time step in computation 1 hour
Simulation mode unsteady calculation
Initial channel depth 298 m
Bed resistance Variable(0.015-0.035)
“Node” distance 1000m

Output parameter  water level[m];volume[rf;discharge[nT/s];

Typhoon Winnie (1997-August?)8
* Results

1) TheMAE?® between the measured and simulated water lev¢liangpu Park gauge station is
41.62cm. As the simulation period is during Typh&@imnie, the flood tide level is supposed
to be more fit to the measured data. Hence, theneldér levels are the main contributor of the
discrepancy, which also can be explained thatdbghmess of the river bed in inflow and out-
flow direction should be used differently. If welpeompare the flood levelsWAE is merely
~1.6cm, which shows the flood levels are much bétteng the measured ones.

2) The highest water level in record at Huangpu Psu& 72m observed on 19th, August, 1997,
which is simulated at 5.78m at 8:00am, 19th, Augl@97 in this model.

3) This flood event is determined as 100-return pefiodd event (Chen 2000), which is also in
line with the calibration results.

4) In SOBEK, the negative discharge means the oppfisitedirection set in the channel. Since
the negative discharge Huangpu Park are more mtfalehan the positive discharges, which
reflects that the effect of the downstream boundaryditions are more important and domi-
nant than the upstream one.

——Simulation data
——Observation data

Water level at Huangpu Park[m]

| | | | | | |
08/16/97  08/17/97  08/18/97  08/19/97  08/20/97  08/21/97  08/22/97
Flood duration

Fig. 3. 12 Simulated water levels at Huangpu parkalibration period (OveraMAE =41.62cm and
MAE for flood level =~1.6cm)

® Mean Absolute ErrotMAE = E(|x; — &,|) where:x; is the observation dat&; is the simulation
value;
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Fig. 3. 13 Simulated water level at Wusong, Huan8puk and Mishidu during Typhoon Winnie,
1997

--Huangpu Park
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Fig. 3. 14 Simulated discharges at Huangpu Pafkpghoon Winnie

« Validation Results

The period of Typhoon Masha in 2005{@", Aug.) is selected based on the data availatalitg
typical typhoon weather in August of Shanghai.
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——Simulation data
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Fig. 3. 15 Simulated water levels at Huangpu parkperiod of %-9" Aug., 2005 (Overall

MAE=41.29cm and MAE for flood points =5cm)

1) The difference could be due to the different rowg®in inflow and outflow direction which
should be used. By lowering the roughness factahéninflow direction, the peak discharge
will be increased.

2) As the biggest concern in this case is Huangpu Btation, there are no more improvements
on the upstream part of Huangpu River.

3) Considering the scale and scant/limited data availahis 1D flow model can reasonably rep-
resent the water-flowing process in the HuangpeRiv

3.3.1.3 Identification of weak points of the floodwall

The overtopping scenarios were built up by upsaate downscale of the boundary condition at the
mouth of Huangpu River in August 1997 (see Figl@. 1997 is set as a base year as a historical
highest water level (5.72m) at Huangpu Park washead in August 1997 due to the coincidence of
high astronomical tide with storm surge caused ypphbon Winnie.

—10000RP
—1000RP
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—200RP
—100RP
—50Rp
1997

w >
L N R

Water level [m]
oo oo e ¢

N

o -
o oA ¢

0 20 40 60 80 100 120 140 160 180
Time step [hour]

Fig. 3. 16 Amplification and abbreviation of boungdaondition of water level at Wusongkou based
on August 1997
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The water levels along the Huangpu River werévddrby 1D flow model as a function of return
period, which are compared to the crest heightanfdfvalls® (Li, Wang et al. 2011) on the both side
of the Huangpu River. The surface level in the nhigleet at the low point of floodwall. As the high
economic exposure in the downtown than the newldpie area, the crest height of floodwall in the
east side (developing area) is lower than the wiel (downtown area). These crest height infor-
mation were updated to 2008.

The potential overtopping points of floodwall anarked in Fig. 3. 17 in alphabetical order based o
the occurrence possibilities of overtopping. It whahat the current floodwall cannot protect from
flood event with 200 return periods already; ovepiog (A) would happen in a distance of around
45km to the mouth of Huangpu River. Besides, maertopping points would occur if flood events
with return period of 500yrg, C, D) and 1000yrE, F, G, B happen in the Huangpu River. Lastly,
floodwall would be out of function almost complstainder the return period of 10,000yr flood.
Therefore, overtopping scenarios of floodwall aldhg Huangpu River will be set as 200yr, 500yr,
1000yr and 10,000yr return periods of flooding. §deesults are in line with the previous work by
(Li, Wang et al. 2011), they plot water level oétHuangpu River with return period of 1,000yr based
on Typhoon Winnie (1997) and Typhoon Papain (208@ilar results were retrieved with compari-
son of crest height of floodwall and water levelsheir studies.

8.5

---10000 1000 ---500 ---200 ---100 50 —West_Crest Height —East_Crest Height

8

Water Level [m]
fdl N 5!
W N W el wn

n

-
tn

0 10 20 30 40 50 60 70
Distance to the mouth of the Huangpu River [km]

Fig. 3. 17 Crest height of floodwall on both sidésng the Huangpu River compares to the water lev-
els as a function of return period of 10000,1000,800,100 and 50 years

3.3.2 Flood scenario analysis - 2D flood simulation

Four types of scenarios were identified in teohdifferent types of flooding. The no-embankment
were just a hypothesized scenario to show if tiere floodwall system along the river what would
happen, which can also imply the significance efftbod defence system for Shanghai city; the over-
topping scenarios were setup to testify the curneight of the floodwall would fulfil the safetyastd-
ards or not; since the floodwall could fail evernhié water levels have not exceed the crest hdiggt
to the structural reasons (e.g. piping, erosiadjng etc.), breaching scenarios were proposeddbase
on the potential weak points along the river ad;viastly, based on the observations from the flood
wall system along the Huangpu River (see Sectidr2p.the scenarios of the failure of the selected
floodgates along the river were also considerdtérsection.

10 Data source: IWHR (Institute of Water Resources ldydropower Research), Beijing, China
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3.3.2.1 Digital Elevation Model

The so-called Digital Elevation Model (DEM) weetrieved from (INTERMAP 2012) with floating
value in the grid size of 30m. It can be easilyedathat the high value in the downtown and southeas
of Shanghai (yellow cluster 10-20m) could be theuls of high-rise buildings and other high infra-
structures (flyover or crossover, etc.) in the ,aithich implies the data has not fully filtered.ride, a
modification needs to be done before importing thi2D model. Firstly, based on a general explora-
tion on elevations of Shanghai (See details in @rap Section 2.2.1), the average value is 3-5m
(Wusong Datum: red dot in (ii) Fig. 3. 18) in théale city; considering the land subsidence, it is
recommend to adopt generally 3.5m. Due to lacknfidrimation on the height of the buildings, the
ground elevations were manually adjusted on a tiondif the value is higher than 8m it is set as
3.5m instead; and the values less than 8m remaildbrce value in Intermap2012. The manual ad-
justment was performed by ‘Raster Calculator’ it@IS. Secondly, since Shanghai is a relatively flat
area without much differences of elevation gengiiallthe city, the grid value was resampled to 300m
by a command of ‘Aggregate’ in ArcGIS in order thigeve a more manageable data system (see (i)
in Fig. 3. 18). In addition, less resolution isu&gd when only water depth is to be predictedood
characteristics.

(i) ) (ii

Fig. 3. 18 (i) Digital Elevation Model (DEM) of Shghai city (INTERMAP 2012) and (ii) new DEM
after aggregation

3.3.2.2 Surface roughness

Land use map could be supported as geo-datetéomine the surface roughness for each land use
type in the model. However, due to lack of inforimatShanghai is taken as an urban area being full
of industry and commercial units with manning vatii®.06 widely.

3.3.2.3 Scenarios set-up
* No protection scenario

First, 1D2D hydrodynamic model was undertakeiS@BEK under the no protection (no embank-
ments) scenario in Shanghai. The boundary conditainNVusongkou are based on Fig. 3. 16. The
overflowing period was taken between 8:00am, Auditst 1997 to 7:00am, August 22, 1997. The
results of inundation maps were shown in Appends Bhe inundation results under the scenarios of
no embankments are shown in Tab. 3. 5. The inumdatrcentages in the mainland Shanghai (except
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three islands) are 9.55%, 9.92%, 10.35%, 11.07%{1%4, 13.43% under the return periods of
50yr,100yr,200yr,500yr,1,000yr,10,000yr. The inummais mostly occurred at the mouth and in the
upstream of the Huangpu River. Since the stormiiddescending from the mouth to the upstream,
the area closed to the mouth would be the mostilpggssffected. The upstream area would be the
lowest area in Shanghai. Due to the low elevatib8.5m), it would be easily inundated with average
depth of 1.29m with standard deviation of 0.84me Bimulations do not show much difference of
average depths under different return periods; ogyesent the increment of the inundation area in
the results. Due to the relief of the water voluimehe upstream and downstream of the Huangpu
River, the city centre which is located in the niéddgtream was not affected too much by the inunda-
tion. The results shows the riverine area in Baosirad Pudong district in the downstream and in
Qingpu and Jinshan district in the upstream areghigiundated most. The maximum inundation depth
is more than 2.6m in each return period, which @@aluse serious economic damage and also threat-
en people’s lives.

Tab. 3. 5 Results of inundation extent under noakinents scenarios along the Huangpu River

Return Period

50 100 200 500 1,000 10,000
[Years]

Inundation Area (k) 494.63 514.02 535.84 573.36 606.4 695.40
Inundation Percentage*9.55% 9.92% 10.35%11.07% 11.71% 13.43%

* The area of Shanghai except the three islandkintas 5179.23km
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Fig. 3. 19 Simulated flood inundation under no getibn scenario in 1/1,000yr probability of floogin
in the Huangpu River of Shanghai
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» Overtopping

The overtopping occurs when the water level sspsthe floodwall crest at a certain point. Fig. 3
20 shows six potential overtopping points were fified based on the information in Fig. 3. 17. As
seen from Fig. 3. 17, the potential overtoppingnmiwere identified along the floodwall of the
Huangpu River. These weak points were identifieddayparing the occurred highest water level with
floodwall crest.

Ovcrto_pping Alopl]it:el:it Distance to C rest
point Fig.3.19 the mouth height

01 E 4.5km 6.5m

02 C-D 20km 6.3m

03 B 28km 5.7m

04 A 45km 4.8m

o5 F 50km 4.7m

06 G 65km 4.7m

Legend
>
3 = Potential Overtopping Points

0153 6 9
Kilometers

Fig. 3. 20 General information on potential ovepiog points along the floodwall of the Huangpu
River

The overtopping scenarios were simulated at ézgdtion under the water levels as a function of
different return periods. The inundation is largégpendent upon the water volume overtopped from
the crest level. In this model, the flooding wapened between 7:00-13:00 19-Auguest, 1997, which
only lasts a few hours. Under the scenarios ofyb@nd 1/1,000yr at O2, the flooding only laste on
hour; and the other scenarios last 2-6 hours. heige, the inundation mainly distributes within 1km
of the riverine. As seen from Tab. 3. 6, the oygping point O1, O2, O3 generally have higher max-
imum inundation depth>@m) than O4, O5, O6<(.87m) at different return periods.

There are several results from the flood sinnutescenarios:

1) The adjacent area to the floodwall would be sufdrem the flooding.

2) At O1, the inundation depth is averagely 1.76mhwirea of 16.7kfas a function of
10,000yr return period, which is also the worstecasenario among all in this case.

3) The overtopping at 02, O4, O5, O6 under the differeturn periods (200yr, 500yr, 1,000yr,
10,000yr) gradually expanded in north-south diettithe inundation are mainly limited on
the both sides of the river.

4) At O3, the inundation area increased up to 1.5 &meturn period of 10,000 yr) away from
the river side with inundation depth larger than 3m

5) An example of inundation maps at different retuenigds (200yr, 500yr, 1000yr and 1000yr)
at overtopping point O4 were shown in Fig. 3. 2%. iAcreased of the return period of the
flooding, the inundation area increased as welbatingly. The mean value of inundation
depth increased 14cm as return period increased #00yr to 500yr and from 500yr to
1000yr;
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(i) - (i)
Fig. 3. 21 Inundation map of overtopping at O4 @5kway from the mouth) due to water levels as a
function of return period of 200yr (i), 500yr (i,000yr (iii) and 10,000yr (iiii)
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Tab. 3. 6 The percentile of maximum inundation beptnder different scenarios of overtopping in the
Huangpu River

Return Mean Max. Maximum inundation depth Inundation area
Overtopping  Period depth depth in percentile* [m] [k
[Years] [m] [m] 15% 25% 50% 75% 85%
o1 10000 1.76 3 0.4 1 1.8 26 3 16.7
500 1.07 2 0.14 04 08 17 2 3.86
02 1,000 11 2 0.155 04 1 1.8 2 3.94
10,000 1.31 2.4 01 045 13 2 2.4 7.72
500 1.36 2.6 002 02 14 26 26 2.01
03 1,000 1.08 3 002 01 03 28 3 4.03
10,000 0.83 3 002 01 03 1.2 3 7.13
200 0.65 1 03 04 07 09 1 3.27
04 500 0.79 1.2 03 05 09 11 1.2 3.53
1,000 0.93 1.3 04 063 11 128 1.3 4.28
10,000 1.17 1.7 03 08 14 17 1.7 7.21
05 1,000 1.03 1.6 01 04 13 15 16 3.44
10,000 1.05 1.6 03 05 12 16 16 5.46
06 1,000 0.89 1.87 02 03 08 15 1.87 2.69
10,000 0.94 1.64 026 05 09 13 164 3.53

*: Note that the maximum inundation depth is undspaitial distribution of the affected area; For
example, the value in percentile of 85% means 8b68fid cells are smaller or equal to this value

» Breaching
- Determination of potential breaching locations

The potential breaching locations in the east sidiae Huangpu river are identified based on an in-
vestigation of floodwall examined by the Shangmaiektigation, Design and Research Institute (Li,
Wang et al. 2011). 48 weak points were identifiexh@ the Huangpu River based on the information
on the building year, fundamental and geometryctiine and historical records, etc. Unfortunately,
not all of these potential breaching locationsaailable. Only 4 weak points were determined @n th
map which can potentially affect New Pudong distiicey are marked as BE1, BE2, BE3, and BE4
and shown in Fig. 3. 2Zhese sections are all identified as structureizatiie to weathering, crack-
ing and washing-out by the front water wave, dii.\/ang et al. 2011).

* BE1- Embankment of East China Sea Branch of Staéafic Administration
« BE2- Embankment of Shanghai Offshore Petroleum Ggxipal Corporation
« BE3- Embankment of 4805 Factory

e BE4- Embankment of Xinhua Harbour Company

On the other hand, the potential breaching pamthe west side of the Huangpu River are all as-
sumed in the city centre of Shanghai, specificallBaoshan district, Hongkou district, Huangpu dis-
trict and Xuhui district (also see Fig. 3. 22).

The assumed breach locations are selected based on:

1- Low terrain around ( e.g. BW1)
2- Lower crest height of floodwall (e.g. BW3 and BW4)
3- Historical failure location(e.g. BW2, BW3)
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Fig. 3. 22 General information on potential breaghpoints on the both sides of the Huangpu River

- Breach growth

In 2D flood-simulation model, the geo-data, sashtopography and roughness of the terrain are
coupled with 1D model. SOBEK can compute the dgwaknt of a flood in time in each breach loca-
tion. It gives a direct overview of what could goowg and how a flood develops. In 1D2D SOBEK,
the results of dynamic flood process can be vigedliby animations, which can provide as discus-
sions on dealing with the danger of floods andpteparation for an unexpected flood afterwards.

The breaching initiation and growth rate detena large extent to the volume of water into the
flood area. Due to the complex mechanisms invobsed the difficulties to retrieve data, the breach-
ing was simplified to a sudden collapse on a camdiof water level at a certain level, lasting 24
hours. Based on the information on the schematiymtal cross section of floodwall in the down-
stream and middle stream of the Huangpu Riverptheadefined warning water level is around ~5m.
Hence, it is assumed that when the water leveheghat ~5m or more the breach occurred. This en-
gineering technique was applied in (Apel et al,40@h which a breach condition is defined as the
exceedance of a load factor over a resistancerféetg. maximum discharge > critical discharge).
The spatial variability of the floodwall geometrgdathe length effect of different long river stiets
on the failure probability are not considered iis ttesearch. The boundary condition in the down-
stream of river was set as return period of 1,0@Qying 15-22 August, 1997. An example of breach-
ing on the condition of water level reaching to werning level is shown in Fig. 3. 23. This example
shows that the breach immediately occurs basedaamdition of water level reached to the warning
level; the starting time and time series of waésels at BE3 is shown in Fig. 3. 24. The waterlleve
exceeds ~5m at 8:00am on 18-Aug-1997, which ieia breaching and lasts 24 hours. The breach
volume is then determined as approximately ~26onilir® in total.



55 Chayite

River side Crest height Protected side
Design water level < 7.0
v 6.0

53 o

]
3000mm !

| NANANANI NAN

E < -12.35 Unit: m

Fig. 3. 23 Schematic cross section of a typiaaddivall under breaching when water level exceeds
the warning level of 5m (location: BE3)
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Fig. 3. 24 An example of the flood water (shadeped location of BE3 after breaching under a flood
with 1/1,000p.y

In SOBEK, the breach growth can be specifiedigirtical and horizontal direction, as a functidn o
time based on formula of vdKnaap (2000) or Verkdiknaap (2002). The breach is simulated in two
phases. First, the gap crest level is going dowth wiconstant gap width (see Fig. 3. 25 pHaSe
When a certain maximum depth of the gap is reackeehnd, the width of the gap starts increasing
horizontally (see Fig. 3. 25 phadeb). A number of parameters are required to inputha breach

model, such as initial breach width, maximum bredepth, start time of breach and maximum breach
width, etc.
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Fig. 3. 25 Different stages of breach growth irticaf profile for earth embankment (SOBEK 2001)

As limited data is available on breaching predeshe floodwall of the Huangpu River, the parame
ter value of breach growth is based on the assompfrom the similar cases. In New Orleans during
2005 of Hurricane Katrina, several sections ofd@hrdankment failed (e.g. 17th Street Canal, London
Avenue Canal and Lower Ninth Ward, etc.). In Neve@ns, the typical breach width were observed
at between 70m-150m due to geotechnical failurgs (mder-seepage, erosion, sliding or piping) and
between 150-250m due to overtopping/overflow iriedént locations (Grossi and Muir-Wood 2006).
Besides, an empirical formula to determine the dveaidth based on the river width was recom-

mended in ‘Guideline of Flood Risk Mapping’ in CaifMWR 2006)8, =1.9(logB. J*+ 2C, in
which B, is final breach widthB is river width. Since the river width of the HuamgRiver in the
downstream and middle stream is approximately ~608), it is then calculated that the possible

breach widthB, could be ~276m. Based on the above informatiom bileach width was thus set as
300m uniformly in the model to explore the worsse€acenario along the Huangpu River.

Overall, the parameters in the breach model@BEK are summarized in Tab. 3. 7. They are all
taken as the deterministic parameters in the model.

Tab. 3. 7 Summary of parameters in the breach model

Parameters in breach model Value

initial breach width 10m
depends on floodwall crest at

maximum breach depth . . :
P potential breaching locations

start time of breach a time of water leyeddm WD
time to reach maximum breach depth 1s
maximum breach width 300m

- Breaching results

The results of maximum inundation depths undeathing scenarios on the east and west side were
generally shown in Tab. 3. 8. Regarding to inurtdtairea and average inundation depth, the breach-
ing at west side of the floodwall caused largemuhation area than the east side, while the average
inundation depth is lower than the east side. Wldtde explained that the relatively higher elesati
(~4m-4.5m) in the east side could blocked the flogdhence the water volume fill up the inundation
area with deeper water. The largest inundation ere€aused by breach location at west side 23km
away from the mouth (BW3), which leads to 40.7kmundation area with average depth at BW3 is
0.63m in city centre. An example of inundation naareaching location of BW3 is shown in Fig. 3.
27. While all the breach scenarios in the east gdeh more than 1m inundation depth averagely. In
the west side, BW2, BW3 and BW4 all affect the cigntre area, which will be used as input to esti-
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mate flood damage further in the next step. Theratiundation maps of the breaching scenarios are
shown in Appendix 3-5.

Tab. 3. 8 Results of maximum inundation depths,medue of inundation depth and inundation area
under breaching scenarios on the east and wesbfside Huangpu River

Inundation Maximum inundation depth
Breach depth in percentile* [m] Inundation
point Me?;]va'“e 15% 25% 50% 75% 85% e [kl
BE1 1.09 01 03 08 18 23 7.22
BE2 1.09 02 04 07 16 2 6.13
BE3 1.25 02 03 0.9 2 3 11.33
BE4 1.28 0.1 0.3 1 2 3 6.55
BwW1 1.07 0.1 03 08 17 2 10.49
BW2 0.73 0.02 002 03 13 17 20.73
BW3 0.63 01 02 04 07 1 40.71
BW4 0.44 002 01 02 05 07 26.02

*: Note that the maximum inundation depth is undspatial distribution of the affected area; For
example, the value in percentile of 85% means 8b§fid cells are smaller or equal to this value

Daye River

ot
.....

|

A ’\ Value,_ 3m
0 15 3 ) 9 \ .
- 1Kil N :

Inunadtion depth
5‘ 0 5 10 20 30 |
) [ w—— Kilometers

Fig. 3. 26 An example of inundation map due to tineeg at BW3 on the east side of the Huangpu
River

» Failure of floodgate

As observed from the flood defence system ofthangpu River, the performance of the floodgate
is essential in the flooding since the failure lobtigate (e.g. non-closure and structural failume)y
lead to flooding as well. It could be regarded aspacial case of the instantaneous breaching with
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breach width of ~ 10m (the width of the floodgatdjen the water level reaches at 4.7m or Atore
historical failure of floodgate occurred in Septemii981, which led to an inundation and a subse-
gquent 3-days close of a shipment factory (Yuan.et@99). Since numerous floodgates function as a
section of flood defence along the Huangpu Rives, failure of floodgate could lead to a flood.
Based on the observations in the fieldwork, thiemtions of floodgates along the Huangpu River
were selected to explore the flood simulation (Bémodgate 01 (Fgl), Floodgate 02 (Fg2) and
Floodgate_03 (Fg3) in Fig. 3. 27). The simulatiovese based on 1/ 1,000p.y flood which was up-
scaled by 1997 Typhoon Winnie. The last periodoistimlled as 24 hours, which is also in line with
the breaching scenarios. The time of water levedatm at Fgl, Fg2 and Fg3 were determined in the
1D model.

P
3 Flood gate _D1

*
BE2

=

/ Flood gate _02
BE3

=

<K BW2

Flood gate _03

}’\ pizszs 5 18

| [ — Kilometers

Fig. 3. 27 Location of the selected floodgateshenEast side of the Huangpu River (Floodgate loca-
tions are Blue circle; Breach locations are red sta

The final results of the failure of floodgatensilation are shown in Tab. 3. 9. It is noted tln t
inundation area are limited with size of 4.78%k@8 knt and 10.41 krfunder scenarios of Fgl, Fg2
and Fg3, respectively, which is also shown on tlap mof Fig. 3. 28. The expected mean values of
inundation depth are 0.82m, 0.39m and 0.42m, réispéc

Tab. 3. 9 Results of maximum inundation depths wtitke selected scenarios of the failures of flood-
gates on the east side of the Huangpu River

Inundation depth Maximum inundation depth .
\ . Inundation area
Floodgate [m] in percentile* [m] (k]
Mean value 15% 25% 50% 75% 85%
Fgl 0.82 0.02 0.02 0.2 1.25 2.38 4,78
Fg2 0.39 0.02 0.02 0.1 0.43 0.74 6.80
Fg3 0.42 0.02 0.02 0.2 0.45 0.8 10.41

*. Note that the maximum inundation depth is undspatial distribution of the affected area; For
example, the value in percentile of 85% means 868tid cells are smaller or equal to this value

Y“According to ‘Emergency Plan for Flood PreventiorBhanghai’ www.shanghaiwater.gov.jrit is
regulated that the floodgates should be close detwwen the water level reaches at warning level
(4.7m) or more in the downstream of the HuangpleRiv
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Fig. 3. 28 Inundation map due to the failure obflgate on the East side the Huangpu River under
three selected scenarios (the red ellipses shomtinelation area)

3.4 Discussion

In this chapter, three steps were followed talpo@ inundation map along the Huangpu River. First,
water levels as a function of different return pds (50yr, 100yr, 200yr, 500r, 1000yr, 10000yr) at
gauge stations of the Huangpu River were derivesédban probabilistic methods, which were also
represented as water level-frequency curves. Timeodithe water level- frequency analysis was to
provide the water levels as changed with differeturn periods at Wusongkou as a boundary condi-
tion in 1D hydraulic modelling. Second, 1D riveydnaulic modelling was built to compute water
levels at each cross section of the Huangpu Rimdeudifferent return periods. The results of water
level were used to compare with the correspondimgdivall crest in order to identify the potential
overtopping points along the river. Third, 2D hyadia modelling coupled with 1D model was devel-
oped by SOBEK to simulate flood scenarios. Bes@m&stopping, scenarios with no protection along
the river were analysed to show the significancéneffloodwall in Shanghai. In addition, the hypo-
thetic breaching scenarios and the failure of figdds scenarios were developed to explore worst cas
of river flood in Shanghai. The results were alsovjgled as an input for next step of flood risklgna
sis.

3.4.1 Frequency analysis

New frequency curves of water level as a fumctié return periods were derived at Wusongkou,
Huangpu Park and Mishidu along the Huangpu Riv&V@vas adopted as probabilistic distribution
at Wusongkou and Huangpu Park, which is differemtnf previous work in the Huangpu River. The
updated datasets to the year of 2012 (10 more \cdis@n data than the analysis in 2004) led to lower
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estimation on the water levels as a function afrreperiods, which means either the 10 more histori
cal records or the new probabilistic distributi@HV ) influenced the final results or both did.

3.4.2 1D Hydraulic modelling of the Huangpu River

In 1D hydraulic model, two factors are crucialthe final results, namely boundary condition and
hydraulic roughness. The boundary conditions inrtiuglel are usually either time series of water
level or water discharge, or constant value. Tiputirdata need to be collected based on the actual
flood period. It is inevitably effort-consuming, h is regarded as a high requirement in the hydrau
lic model. Another critical factor is hydraulic rgliness in the river bed; since limited data andrinf
mation collected in the river, the roughness waglgierently range from 0.015-0.035 after numerous
tries and errors in the calibration. As seen frbmn ¢alibration and validation results, the wateele
during floods were more closed to the observatiata ¢han the ones during ebb period. It is noticed
that the differences of roughness in the inflow antflow direction should be used, which could re-
duce the discrepancy between the ebb water lewglsttee observations in this case. Thus, further
detailed investigation on the river bed should édgymed in the future.

3.4.3 2D Hydraulic modelling of overland flood

In 2D hydraulic model, the elevation data is thest critical factor to determine the inundation
depth and inundation extent. Since the raw dateceownas not fully filtered by the building heigint i
the city, a modification of ground elevation hagtelone in a GIS Environment. Since Shanghai is a
flat region with average elevation of 3.5m, it malfyichanged the elevation above 8m into 3.5m in
the city of Shanghai. Since the inundation deptthésmain output in the inundation map in this re-
search, 300m resolution of the ground elevatiogriscell in the GIS environment could be enough.
If the velocity is also required as the flood claéeastics, finer resolution should be taken intocunt
to compute more accurate results. Therefore,htghly recommend collecting high quality of eleva-
tion data in the future. Regarding surface rougbnesnsidering Shanghai is a highly developing city
with various industrial and commercial buildingse tsurface roughness was widely taken as the man-
ning value of 0.06. It is equivalent to the valdeuban area being full with industrial and comniairc
buildings. In reality, the intricate network of theads and streets in the city could block the wigzte
the flooding, so the inundation extent would bereagimated.

A number of assumptions were made during theagtes analysis especially the breach scenarios; it
was assumed that the breaching were all suddesipsel$ with a large breach width in the model. This
is aimed to explore the worst-case scenarios afdffay in the Huangpu River. Further study on the
breach modelling in a probabilistic method is stigrrecommended in order to identify the flood risk
of the Huangpu River. Therefore, the current resoiithe flood hazards analysis in Shanghai coald b
regarded as a preliminary analysis or the firstragmation of the inundation depth due to different
scenarios.
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Appendix 3-1: Ranking of probability distribution at

gauge stations in best-fit software

Tab. 3- 1 Ranking of selected probability distribntat Wusongkou

Kolmggorov Anderson .
Distribution _ Smirov Darling Chi-Squared
(Critical value=0.109
Statistic Rank | Statistic Rank| Statistic| Rank
Gen. Extreme Valug 0.0543 1 0.27357 1 0.74808 1
Gamma (3P) 0.0706 4 0.39937 4 5.9599 4
Gumbel Max 0.06057 2 0.30008 2 1.1559 3
Log-Pearson 3 0.0647 3 0.34152 3 1.0962 2
Weibull (3P) 0.09106 5 0.80614 5 7.7683 5
Tab. 3- 2 Ranking of selected probability disttibn at Huangpu Park
Kolmggorov Anderson .
Distribution _ Smimov Dar?ing Chi-Squared
(Critical value = 0.0879
Statistic Rank Statistic Rank | Statistic| Rank
Gen. Extreme Valug¢ 0.05251 1 0.1723 1 3.633 1
Gumbel 0.05755 2 0.21167 2 5.0524
Peason Type 3 0.06077 3 0.24Q013 49164
Log-Pearson 3 0.06254 4 0.3361 4 4.071pb 2
Weibull (3P) 0.07684 5 0.50072 5 5.7829
Tab. 3- 3 Ranking of selected probability distribatat Mishidu
Kolmggorov Anderson .
Distribution _ Smirnov Darling Chi-Squared
(Critical value =0.0875
Statistic Rank | Statistic Rank| Statistic| Rank
Gamma (3P) 0.13679 4 0.9743 3 8.995pP 3
Gen. Extreme Value 0.08142 1 4.2615 5 N/A
Gumbel Max 0.18956 5 3.9023 4 15.778 4
Log-Pearson 3 0.08664 3 0.33172 2 2.3868
Weibull (3P) 0.08143 2 0.29913 1 2.4001
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Appendix 3-2: Parameters Estimation Method

1 Maximum likelihood method (MLM)
The Maximum Likelihood Estimation (MLM) is a genkead typical statistical principle for fitting a
mathematical model to the observed data. MLM isdiasnfor its sufficiency, consistency, efficiency
and parameterization invariance (Myung, 2003).
MLM starts with the likelihood function. Considersat of random value{sxl, X, )(3,....,)51} , the cor-
responding probability density function is denote f{X% |8). f(X |8) is parameterized by un-

known parameter§@} . The likelihood function in terms g} with X, %, X, ...., X, is expressed as
(Akaike, 1971):

n
L@ =] f@1x)
1=1
MLM estimated by seeking the parameter valuebdhat maximizes the Bj. In conclusion, MLM is

a principle to find the probability distributionahmakes the observational data occurs in maximum
possible.

« GEV distribution

If the sel{)g} are independent and identically distributed fronGBV distribution, then the log-

likelihood function for a sample of n observatic{r)g, X, X5, ....,)g} IS

I[L(6] )] = =nin(4) + [ - n( y) - (1)"]

Where 8=(K, 11,0)and Y, =[1—(0/ t)(X—K)] (Hosking et al 1985a). The MLE &, 14,0 can be
identified by solving the following system of edqioais, which correspond to setting to zero the first
derivations ofln[L(&] X)] with respect to each parameter (Hosking,1985). Thus

13-

M= Yi
n 1&1-0-(y)" % -
H Mz Yi H

—%i{'”wi)[l—a—(y.)”“]+1“"(yi) oA 5}] -0
0 = Y, U

The Newton-Raphson method was used to solve teéindod equations above following Hosking
1985 and Macleod 1989.Tigevfitin Matlab is used to produce the results in thisig

¢ P-lll distribution
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If the set{)g} are independent and identically distributed fronP-dll distribution, then the log-

likelihood function for a sample of observation:{ Xio %oy Xgyennny )g} is

(L0190 =[] (5~ 2)7

Since P-III distribution is also a three-parameg@mma distribution, the sample dataset can be con-
verted to gamma distribution, the parameter cardtenated by the maximum likelihood method by
gamfitfunction in Matlab.

2 Least square method (LSM)

The method of least squares assumes that theibestyfe of a given type is the curve that has the
minimal sum of the deviations squared (least sqaam@) from a given set of data. Suppose that the

data points aréx ¥;), (X, ¥,) ..., (X,¥,). Wherex is the independent variable aryds the de-
pendent variable. The fitting curvé(@ | X)has the deviation (errol from each data point, i.e.,

d=y-f@|x),d=y,-1(@|%) .., d =y,—f(@]%). According to the method of least
squares, the best fitting curve has the propesy th

M=di+dz+ord=Y =3[y~ (6] x))°=min

Where @is the parameter in the objective functionl,2,...n.

The objective function in LSM for GEV and P-IlI digkution are their CDF cumulative distribution
function see Equation 3.4 and Equation 3.6.

The main disadvantage of least-squares fittingsisensitivity to outliers. Outliers have a largéu-
ence on the fit because squaring the residuals ifiegythe effects of these extreme data points. To
minimize the influence of outliers, you can fit yalata using robust least-squares regression.

Thelsqcurvefitfunction in Matlab is used to produce the results.
3 Linear moments method (LMM)

L-moments method (LMM) are certain linear combioasi of probability weighted moments
(Hosking 1990). The L-moment estimators are dedaechuse of their notable advantage, including
fast, small biases, easy to understand, and alderyged feasible estimators. LMM can often be used
when MLM is unavailable, is difficult to compute;, lsas undesirable properties.

Let X be a random ordered samdl@ln < in < X3n <..< meollows the cumulative distribution

function F(X). The L-moments of a populatioh,(F),r =1,2,3,.., are emphasized as certain linear
combinations of the expected order statistics.

Definition of Linear moment:
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r-1 . _1
A(F)=r*> (-1 (rj jEXr_,-;r r=123.......
j=0

The first L-moment is a measure of location; theosel L-moment is a measure of spread. Other

shape features can be obtained by dividing highagrd_-moments bﬂz, which is also called higher

order L-moment ratiosl, are dimensionless analogies of L-moment. In palei¢c 7yand?, are plau-
sible measures of skewness and kurtosis, resplsctive
AZ

L-Cv: 1=—=
/11

High-order L-moment ratios 7, A r=3,4,. ...
2

It has been proved that the L-moments has conmetdithe probability weighted moments which was
put forward in 1979 by (Greenwood, Landwehr et al.)

S ()T +))!
/]r+1:z iN2(r —i |M1,j,0
i (1D°(r —j)!
Probability weighted Moments can be estimated lnadom sample with descend order.

R 13
Moo :Hz %
i=1

A 1& n—i
Mhao =g &g
i=1
~ A& (n-i)(n-i-1)
Ml,Z,O__ i

niz (n-1)(n-2)

« GEV distribution

According to (Hosking and Wallis 1997), the paraenetof GEV, k (shape parameter)/ (location
parameter) andr (scale parameter) can be estimated with the faligw-moments equations:

A = p+ofl-T(@+k)]/k

A =o@-2%) (1+k)k

r,=21-3%)y @-2*) 3
r,=[5(1-4%)-10(1- 3" W 6( 2} & 2¢

Since there is no obvious solution for the pararseté —0.5< I, < 0.5 the location parameter can
be estimated as below:
k=7.859@+ 2.955¢
_ 2 _log2
3+7, log3
Then, the other two parameters can be estimatéx ifollowing equations:

pu=A—-o{1-T (1+k} /K
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Ak
g =
(1- 27 (1+k)

*  P-lll distribution

In the probability distribution of 1 , E,,C,, and C,can be estimated with the following L-moments
equations:

E. =/
C = NmT (a)A,
A
r(a+§)/11

_2
C. == sigr(r)

1+ 0.290& 1
0<|r. k=z= 3.2
z+0.18827 + 0.044% % K 3 3
0.3606%Z- 0.5956Z + 0.2538
1-2.7886%+ 2.56098 - 0.7704%5

S, Klz=% f,

Then the parameter of P-1ll can be derived by tilewing equations:

2C
= 1- v
a8, = E( Cs)
4
H_F
2
ﬂ_ECC
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Appendix 3-3: Results of inundation maps due to
embankments under different return periods
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Fig.3- 1 Inundation map under the scenarios ofmbankment along the river in Shanghai as a func-
tion of return periods of 50yr, 100yr, 200yr,50Qy®00yr and 10,000yr at Wusongkou boundary con-
dition

Appendix 3-4. Results of inundation maps at potendl
overtopping points
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Fig.3- 2 Maximum inundation depth on the overtogmienarios of 4.5km away from the mouth



Shanghai: Flood hazard analysis 68

9
Kilometers
2 P
3 v N

Gl

(RT=1,00yr)

Fig.3- 3 Maximum inundation depth on the overioggscenarios of 28km away from the mouth due
to return periods of 500yr, 1,000 yr and 10,000yr
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Fig.3- 4 Maximum inundation depth on the overtogpseenarios of 50km away from the mouth as a
function of return periods of 1,000yr and 10,000yr
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Fig.3- 5 Maximum inundation depth on the overtogpseenarios of 65km away from the mouth as a
function of return periods of 1,000yr and 10,000yr
Appendix 3-5: Results of inundation maps due to pential
breaching in east and west side of the Huangpu Rive
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Fig.3- 6 Maximum inundation depth due to breachiognarios on the west side of the Huangpu Riv-
er at BW1, BW2, BW3 and BW4
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Fig.3- 7 Maximum inundation depth due to breaching undenages on the East side of the Huang-
pu River at BE1, BE2, BE3 and BE4



71 Chapter

Chapter 4

Shanghai: Flood damage estimation

Flood damage assessment plays an increasingly irapiorole in flood risk management. Potential
flood damage in metropolitan cities like Shanghamn be massive due to large extent of flooding and
the high rate of socio-economic development andahpil urbanization in the future. Different flood
scenarios result in the associated damage to @iffedegrees. In Shanghai, the damage estimation for
a series of building-categories at an individuall@ing level under different flood scenarios hag no
been studied yet. In addition, an estimation ofiserinterruption of subway system and other ailtic
infrastructures could supplement the estimatioflaid damage in a complete way although numer-
ous researches have emphasized the vulnerabilimpaérground space to floods in Shanghai. There-
fore, the objective of this chapter is to estintagedirect and indirect potential economic damagye]

to highlight the inconvenience of service interiaptduring flood events in a selected area of Shang
hai city. In the estimation of maximum potentiaimd@e to the buildings, floor area ratio (FAR) was
used to estimate market value of buildings, whiabided the lack of data on the number of stories at
an individual level of buildings in an urban areaubsequently, the new damage functions to the dam-
age categories were suggested in Shanghai; wittapipdication of these functions, it was calculated
that the potential damage under three scenarioevitdd, 560 and 328 million $USD, which account
for 1.98%, 10.39% and 5.68% of the maximum potedaanage (5.77 billion $USD), respectively.
On the other hand, flood would also cause servisaugdtion in the subway, schools and hospitals,, etc
which is regarded as a great loss on the tourisputation and revenue. Furthermore, in the discus-
sion of the effects of components on the flood dem@amage function has greatest influence on the
final results, which deserves priority of studyéduce the uncertainty of flood damage estimaton i
the future.
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4.1 Introduction

Flood damage draws increasingly attentions aeme years in the field of flood risk management
(Wind et al., 1999; Kreibich et al. 2004; Thiekdrak, 2005; Jonkman, Kok et al. 2008; Merz Bubeck,
de Moel et al. 2011), A widely accepted methodlodd damage estimation is the assessment based
on stage-damage function, which considers theioaktips of flood characteristics (such as water
depth, flow velocity, flood duration, etc.) and dege extent (either by the absolute damage values or
the relative damage rates) in the elements at Tis&.absolute damage value could be regarded as the
cost to recover the originality of the elementsisit; the relative damage rate refers to the foactf
the amount of damage (i.e. repair cost) to the mam economic damage of the elements at risk. The
stage-damage function can be derived based onrib@t@empirical data or expert judgement, as a
fundamental element in the estimation of flood dgeaesides, the maximum economic damage is
also crucial in flood damage estimation, whichssally calculated on a basis of market value of the
elements at risk. All the information related te tttamage can be represented on ground grid cell via
geo-information system and the results of flood agencan be shown on the map under a specific
flood event/scenario. This approach is regarded ssndard method in the Netherlands, which has
been represented in a software tool of HIS-SSMatoutate physical, economic, and social impacts of
disasters (Kok, Huizinga et al. 2004; CDC 2005has$ been widely applied in south and west part of
the Netherlands. Likewise, HaAMH is a U.S standardized methodology to calculbte gotential
loss in terms of economic losses, structural dametge from multi-hazards (e.g. flood, earthquake
and storm surge) based on GIS environment, whexh r@lates the hazard and exposure in the form of
damage curves to calculate the losses (Scawthtais, & al. 2006; Wagemaker, Leenders et al. 2008;
Cummings, Todhunter et al. 2012; Dierauer, Pinteal.e2012). The approach of stage-damage func-
tion mainly estimates tangible direct damage, wthitre are numbers of models which can be used to
estimate intangible (environmental impacts, losdife] or indirect damage (business interruption),
e.g. contingent valuation method and input-outpatieh (Hasegawa, Tamura et al. 2009). The contin-
gent valuation method depends on the people’'sngitiess to pay specific environmental services,
which has been applicable in the developing coansiach as Vietnam, Brazil, and Nigeria (Fuks and
Chatterjee 2008). B#arjova (2007) applied input-output models to asd@e indirect loss by using
the interconnectedness of economic sectors (likiewdture, manufacturing and construction), and to
determine the amount of production loss after thed. Besides, Vilier (2013) applied ARIO (Adap-
tive Regional Input-Output) model to estimate tlwstcof business interruption due to hypothetic
breach scenarios in the Netherlands. It showededts were in line with the actual figures ofoiiis
and the losses due to business interruption ardimear with material damage. Another intangible
flood damage is loss of life, Jonkman (2007) edtdidhe (expected) casualties under the considera-
tion of evacuation schemes in New Orleans and uttSblolland. Since flood damage includes eco-
nomic, social, cultural and environmental impatis, aforementioned methods in ex-ante and ex-post
flood events could provide valuable informationtbe flood damage estimation in the field of flood
risk management for the policy makers or decisi@kens.

In addition, the estimation of flood damage vafiresn different spatial scales, which can be classi-
fied into micro-scale, meso-scale and macro-sd¢althe micro-scale estimation, the specific objects
such as buildings and infrastructures, would bernakto account in the estimation of economic value
that is represented as replacement value or depedcvalue, in which the latter is recommended as
the maximum damage value in the process of floodagg estimation (Merz, Kreibich et al. 2010); In
the meso-scale estimation, land use data is emplay¢he exposure of economic assets in a region or
a city; larger units would be adopted in the maswale to estimate flood damage, such as in a gountr
or the worldwide range. Furthermore, flood damagey ralso vary in different temporal scales in
terms of economic development and climate chandpchwaffect the ultimate results of flood risk.
The projection of flood damage may provide moreuahle information for decision-makers in risk-
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based approach of flood risk management, whiclpjidicable in cost-benefit analysis of a flood pre-
vention project, an evaluation of risk-reductionasigres or the determination of insurance premium.

In Shanghai, limited work has been done in theredton of flood damage. Wang et al. (2001) de-
veloped the depth-damage functions for the buiklingd infrastructures under water depth varied
from <0.5m to >3m at an interval of 0.5m based msurance records, which is also an initiative of
damage estimation in Shanghai. Chen (2002) estilrthte flood damage by depth-damage function
method in different industry sectors under the &gl water depth of 0.5m, 1m, 1.5m and 2m in
downtown of Shanghai to weigh the cost and the fitesfethe construction of a storm surge barrier at
the mouth of the Huangpu River, whereas the stageade functions were all taken from other
coastal cities in China. Shi (2010) assessed tivel ftlamage on the floors, decorations and invesgori
in the residential buildings based on three incgmaips in a selected area of Shanghai during Ty-
phoon Matsa in 2005. It pointed out the damagesfateeach category of contents in the buildings ar
more or less the same under the corresponding atiemddepths for different income groups. Howev-
er, these damage estimations were limited eitherrough way or in a particular sector; the damage
estimation at an individual building-level undeffelient flood scenarios have not been studiedlget.
addition, a qualitative analysis of service intetron of subway system and other critical infrastru
tures could supplement flood damage estimation ¢goraplete way in Shanghai although numerous
researches have been emphasized the vulneraliliyderground space to flood events. Therefore,
the objective of this chapter is to estimate threaliand indirect potential economic damage, and to
highlight the inconvenience of service interrupturing flood events in a selected area of Shanghai
city. A list of research questions will be addresas below:

« What can be the impacts by river flood in Shanghai?
« What factors can affect the results? Which onectdfmost? How to determine damage?

« How much damage could result under different séesarf flooding? What are the uncer-
tainties of results?

¢ What could be the impacts of service interruptitiardloods in Shanghai?

The structure of the remaining sections will beamiged as below. Section 4.2 is going to study the
damage model of tangible direct damage, espediaiyage damage function method, and to analyse
the impacts of tangible indirect damage after flod8ection 4.3 is a case study in part of downtown
area of Shanghai in terms of direct and indirechaige estimation. In the end, Section 4.4 is a discu
sion of the results on flood damage in Shanghai.

4.2 Economic damage modelling

Regarding to the flood damage, it is necessadjerify the flood damage types, especially thepsc
of damage being used in this research. Flood darsagemarily categorized into two types by ad-
dressing two questions: 1) whether the loss isethby (direct) contact of flood water and 2) whethe
the damage items can be expressed in a monetary Tae answer ‘Yes' to the first question is direct
damage, such as structural damage to buildingsert: transportation infrastructures (e.g. roadl an
railways), lifeline systems (e.g. gasoline pipefedommunications and electricity infrastructuesds,)
and vehicles, or damage to crops and livestoclrial mrea and the answer of “No’ is indirect damage
which mainly reflects on disruption of transportwerk and then results in service and business-inte
ruption. The second question is principally addzdssn monetary representation, which is expressed
on tangible and intangible damage, respectivelgither hardly expressed (e.qg. loss of lives) amgu
tified (e.g. psychological trauma) by marketed ealA summary of types of loss from flood in this
research is shown in Tab.4. 1. In this sectionptlh@é focus is on the tangible direct damage add in
rect damage; other categories of flood damagenwtlbe discussed and addressed.
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Tab.4. 1 Types of flood damage (Handmer 2002; damk Bockarjova et al. 2008; Merz, Kreibich et
al. 2010)

Whether the damage  Whether the damage is caused by (direct) contatbad water?
items can be expressed

in a monetary term? Direct (Yes) Indirect (NO)
damage to building,contents, service interruption,
. transportation infrastructures, business interruption,
Tangible (Yes) . . .
lifeline systems, vehicles, temporary evacuation,
crops, livestock, etc. clean cost, etc.

injuries, loss of lives,
Intangible (No) damage to cultural heritage,
ecological damage, etc.

inconvenience of social life,
psychological trauma, etc.

Note: The bold text of damage category would beeskid in this section

4.2.1 Tangible direct damage

Direct economic damage is the largest compookedamages in floods. The standardized method to
assess the direct economic damage can be divitedhiree steps. First, the elements at risk should
be classified into different categories based greeudgement. For example, in Dutch flood damage
model, the potential damage assets are consigirimfuliure and recreation, roads and railway, elec-
tricity and communication, cars, industry, and eli#int types of buildings, which are either représen
ed by land use categories (Klijn, Baan et al. 2@07t an individual object level (Kok, Huizingaadt
2004). In China, the categories of direct damageatd include agriculture, engineering structures,
residential inventories, industrial and commerassets, lifelines, medical cost and relocation, cost
etc. (WRM 1998). Second, the maximum economic danmegds to be evaluated based on the dam-
age categories and their (market) values. It cbaldiewed as an exposure assessment to the flooding
In the Netherlands, the maximum damage value isidered before damage calculation, which is
based on the ‘Financial Numbers Damage causeddnd&l (NEI 2002) in $USD/for $USD/units.
Third, the stage-damage functions for the elemaniisk need to be developed and applied to produce
the flood damage.

4.2.1.1 Damage model

In this research, a simple model can describe tuogalculate the tangible direct damage due to
flood:

F=8xf(dtvr...) (4.1)

Where:F, - flood damage in monetary terms [$ USE];- maximum potential values of elements-

at-riski [$ USD]; d- inundation depth [m]t- flood duration [h];v- flow velocity [m s]; r- rising rate
[ms]; f(d,t,v,r..) - damage function [0, 1], in other words which Icolbe regarded as damage rate
[0,1] related to flood characteristics.

This model is a widely accepted way of flood damesgEmnation. A crucial component in this model
is stage-damage functigifd, t, v, r, ....), which is concerned with a relationship betweengbverity
of the flood hazard and the extent of damage thagresented either by absolute damage in monetary
unit ($ USD) or by relative damage in proportiot@lmaximum damage (%). Maximum potential
value of elements at risl§;] is an estimation of economic value for exposegédaib in the study area,
i stands for the number of the categories of theetas at risk. Flood hazard, which are mostly repre
sented by hydrological characteristics under aredance probability of flooding, such as inundation
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depth d), flood duration ), flow velocity @) and rising rater(), etc., reflects the severity of flood
event, which is explicitly or implicitly connected damage degree. Fig. 4. 1 shows the method of the
economic estimation of tangible direct damage spatial distribution on the map. Flooded area can
be represented with information of inundation degoid maximum damage value in ground grid cells;
the application of stage-damage function on theaggntategories can compute the end results; in the
results, each grid cell is assigned a value ofdfldamage and shown on the map accordingly.

Geo-information Map

Stage-damage Curves Damage Intensity

>
Inundation Map
x o g
&
¢ 1 .
o EE: - it = | water depthirmy
S Al e =
:;-l-' : o |
B i §iom.
" ‘l -
— -

Fig. 4. 1 Tangible direct damage model in thisisact

4.2.1.2 Depth-damage functions

Depth-damage functions relate flood characterigtind damage extent in the flood events. ‘Depth’
refers to water depth or inundation depth in amdng a flood event, which incurred the associated
damage to the buildings or infrastructures, etcil®\ither flood characteristics, such as flow véigc
rising rate of the water, flood duration and coritation in the water, etc., are also the criticadtbrs
to the flood damage in specific regions or on djeobjects. Hence, ‘depth’ in depth damage funrctio
should not be limited to the inundation depth. Fielocity and rising rate of the water would becon
sidered as the most critical factors to the dantegg/of life in steep catchments or near breaches.
Flood duration matters largely in the damage/ldgdsamsportation infrastructure or business intefru
tion. Flood induced contamination with heatingrody lead to the completely damage to the inundat-
ed buildings (Merz, Thieken et al. 2007). Neveris| the inundation depth is commonly selected as
a main indicator to determine the flood damage amyncases (Wind, Nierop et al. 1999; Merz,
Thieken et al. 2007; de Moel and Aerts 2011). Firsindation depth is an obvious indicator, which
has the biggest influence on flood damage. Sedbedn be computed by either 1D or 2D hydraulic
model, less efforts (e.g. data and CPU time) ayeired in the computation of hydrodynamic model
compared to other characterises. For example, ritiend roughness, breaching growth and drainage
capacity would be the added information for the potation of flow velocity, rising rate of the water
and flood duration in the model, respectively.

In general, depth-damage functions can be prodbgetivo methods. The empirical function is
based on the data and information from one or rh@@rical events in an area, which can be used to
estimate flood damage for the subsequent floodtés)eim the same area or applied in other similar
area. Synthetic depth-damage function is largebetiaon expert judgment on the flood surveys from
insurance companies or loss adjuster. Synthetictifums are hypothetic curves developed inde-
pendently from historical flood data for a specdiea (Middelmann-Fernandes 2010). The empirical
curves usually conveys rich information on floocuccteristics including inundation depth, flow ve-
locity, flood duration, water quality, rising rabé water, etc., as a result the surveys requirgelaf-
forts and are usually time-consuming. Synthetiacfioms could be extrapolated in other areas due to
its integrated consideration on the relationshifiaifd characteristics and flooded objects fronfiedif
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ent perspectives of experts. For example in UK, hymothetic damage for buildings and contents at
different water depths was appraised by What-lfiv8yrexecuted by flood damage experts and ex-
perts in other disciplines (e.g. architects). Exespf empirical function could be found in the &pp
cations of German HOWAS damage database (Merzbireet al. 2004) , urban flood loss in Bang-
kok (Dutta and Tingsanchali 2003) and a Braziliasec(Nascimento, Baptista et al. 2006). The syn-
thetic functions, on the other hand, are widely leygd in UK (Penning-Rowsell et al.,2005), the
Netherlands (Kok, Huizinga et al. 2004) and otlemdries (Smith 1994).

In China, depth-damage functions were developddrdifitly based on the data availability in areas
or cities. Wang et al. (2001) generated depth-danfiagctions based on the historical data of flood
events to estimate urban flood damage in GuangeitpSee Fig. 4. 2). The depth-damage curves in
coastal area of Tianjin city and Tan district of tviellow river basin were derived by (Feng and Cui
2001). Kang et al. (2006) showed inventories areemalnerable to flooding than the structural dam-
age of buildings (Fig. 4. 3). These are all valeatdta for flood damage assessment in Chiness.citie
Shi et al. (2009) investigated the flood damagatyrban flood in summer 2008 on residential build-
ings and inventories. She formulated the empidegith-damage functions in Shenzhen city (see right
figure in Fig. 4. 2). It is noted that the scatlets show large uncertainties of the depth-damage-f
tions on the buildings and inventories in the stadga. The logarithm fit curves need to be further
calibrated to enable the application in the subsegfioods in Shenzhen or other cities. In a sugmar
the Chinese depth-damage functions are commondtecklto inundation depth, which also shows
inundation depth is the most influential indicaiorthe estimation of flood damage. Based on these
existing functions, it is noticed that the floodntlege occurs when the inundation depth is no more
than 0.5m and the maximum damage could be reachikediamage rate of 40%-60% under 3-3.5m or

more.
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4.2.2 Tangible indirect damage

Indirect flood damage can cause substantial ecanamd social disruptions that may last over long
periods of time. An illustration is the interruptiof lifeline utilities and infrastructure, whictoald
potentially lead to widespread economic and saejpércussions due to the damage to critical links
within their networks (Veerbeek 2007). The same lvarsaid for business interruption of production
facilities that provide vital goods or services. dancretely point out, the interruption of enerdg-|
lines (electricity, gas and water, etc.), transgosh infrastructures, urban facilities, and comian
tion facilities (landlines, cell phone, radio amdernet, etc.) significantly impair the economio/ele
opment (e.g. production and service), and peoplacsal lives. For example, Hurricane Sandy in 2012
raised a great impact on US and also other affemtedtries. The total damage in US is estimated at
over 63 billion $USD. Hurricane Sandy not only flieal streets, tunnels and subway lines, but also
indirectly pushed the shops, schools and hospifalsed, several flights cancelled, and even New
York stock exchange closed for two days. The seténgpact of Sandy is electricity power outages
for two days, leaving 8.7 million customers withguawer (Kunz and Gunturi 2012), which also re-
sulted in the industry lost two business days &figcaveragely 27% of the U.S. manufacturing sec-
tors. Moreover, the evacuation & relocating atitég, health services and repair, etc. would cost
overwhelmingly large as well due to huge storm sufgeavy rainfall and strong wind brought togeth-
er by Sandy. In the end, it should keep in mind timhan failures due to the hit of disasters h&srin
actions of each element in the system (e.g. liéelinconomy) besides direct (physical) damage.

To reach a rough estimate, tinelirect damageis usually taken as a constant percentage oftdirec
loss in many countries (see Tab.4. 2). In Chinegmilation of calculation of economic benefit of
flood-control projects (WRM 1998), it is recommetadapply empirical percentage of direct loss for
indirect economic loss. And previous Chinese reteas also pointed out 15%~28% and 16%~35%
of direct loss in agriculture and industrial fieleéspectively. In Pakistan, the indirect loss msgen-
eral, 12.7% of direct loss when the inundation depched to 1m (Tariq 2011); in Australia AN-
UFLOOD model (NR&M 2002), 55% and 15% of directdds indirect loss in commercial and resi-
dential area, respectively, such as clean-up aostral and urban area, the indirect loss is 20& a
45% of direct loss in Australia (DRE 2000).

Tab.4. 2 Empirical ratio of indirect to direct fldalamage in some counties

Country Indirect/direct Source
_ Agriculture 15%~28% _
China _ (Chen 2002; Xiao, Chen et al. 2009)
Industrial 16%~35%
Pakistan 12.7% (1m Depth) (Tarig 2011)
Commercial 55%
. Residence 15% (NR&M 2002)
Australia
Rural area 20% (DRE 2000)
Urban area 45%

Business interruption would be a main aspect of indirect economic dantageng flood events.
Basically, there are two sources for businessrmpgion due to flooding. One is industries themeslv
get flooded, which causes production sector beuigoborder and then not able to meet the suppliers
and customers’ requirements; another one is thglisup or the customers cannot easily get access to
the industries due to traffic network interruptiovhich affect the production capacity of the indiest
indirectly. If a producer is affected during a ftb(See Fig. 4. 4) then both those who supply that p
ducer and those who consume the products fronptbducer will be affected. The ripple effect led to
huge loss in a region if the economic boundarynmtéd within in an area. That's because there are
other options for suppliers and customers to seghlibrium on their productions, they may quit or
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defer the original choice and divert resources fiathrer users. In Figure 4, the suppliers have two
options: to defer production until the flooded Imgsis bounce back to buy their production; or seek
another outlet for their product. The consumershefflooded business of production have three op-
tions. The first is to defer their purchases utid business is back in production. The seconal g1y

an identical product from another producer; andthin@ is to buy a near substitute product from an-
other producer. In the latter two cases, the comssiexperience some loss and there is a natiossl lo
if they shift their purchases to a company abrdde: behaviours of varying adaptations for suppliers
and customers show that if any single firm is fleddthe effects to all its suppliers and consumers
need to be followed forwards and backwards, whieeeatdjustments they make will mean that their
consumers and suppliers, respectively, will havenédke adjustments. This is extremely difficult and
very data-intensive (Messner, Penning-Rowsell e2@06). A real case of flooding in Thailand in
2011 can demonstrate the business interruptiors @agrucial role in flood losses. In 2011, the doo
occurred due to dam failures in Chao Prapa Rivendwa heavy rainfall period. The flood starts from
late July in north of Thailand and gradually spréadhe south. In mid-November, large parts of
Bangkok got inundation. The flooding persists umtitl-January of 2012. Owing to the long period of
the flooding in the area, business interruptiotaiger than the property damage, which accounts for
~125% of the latter one. Among the 1,43 billion to@®.5 billion $ USD) in economic damages and
losses due to flooding, most was attribute to th@ufacturing industry, as six major industrial e=ta
were inundated by as much as 3 meters (10 feet)gtire floods (World bank 2012). Disruptions to
manufacturing supply chains affected regional aofuite production and caused a global shortage of
hard disk drives which lasted throughout 2012.akes nearly one year for the supply to recover.
Business interruption in Thailand is the largesttdbutor to the total loss of the floods, mainlg-b
cause the flood lasts for a long time (a couplmohths) (AON 2012).

Suppliers

Delay supply

Customers

Delay
consumption

Affected producer
Buy from another
producer
Sell to another
producer
Buy a near

substitute from
another producer

Fig. 4. 4 Options for suppliers and customers tiecadéd producer during business interruption
(Messner, Penning-Rowsell et al. 2006)

Another significant effect of indirect damagetheservice interruption due to breakdown of the
subway stations or other underground space uneéecities. In recent years, many cases of subway
inundation were reported in the world due to flewdfrom the river or due to the heavy rainfall. On
15 April 2012 at around 13:00, a heavy rainfall igalidown in Tehran; and then a break in the chan-
nel wall of Kan River caused a flash flood in thehfan metro tunnels. Consequently, line 4 of the
metro went out of operation for about two weeksisTlash flood caused property damage of about
$21 million to the metro especially in the eledtisystem (Taghizadeh, Soleimani et al. 2013). The
damaged stations were repaired and got back t@tpern 12 days with the efforts of 2,500 people
worked every day. Likewise, during Hurricane SaimdyDctober of 2012 in New York, the subway
service was disrupted for days due to flooding. fibeding water flowed through the streets of lower
Manhattan and poured into the subway entrancesadimg) into ventilation grates and pooling inside
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tunnels. Seven tunnels were flooded, subway statisere battered and switches and signal system
were mostly likely damaged. It is reportéthat the entire system, all 660 miles (1,050 km) 468
stations of it, is shut down, much of it is inurethivith corrosive salt water.

In last decades, a number of cases on the floddisgbway system in the cities of Prague, Taipei,
Seoul and Boston were discussed in the report (Gmmgaber et al. 2009). It was summarized that
most direct losses in subways were caused by datogmmver supply systems, signalling equipment,
communication system, ventilation system, tracks egcalators that were out of operation for weeks
to months after a flood in the subway. The commause of the flooding was the overflow/ breaching
water from the river; or was heavy rainfall casogdnto the tunnel or the stations. In the cas€aif
pei in 2001, the floodwater partly flowed throughrh a 6 M hole in a basement of station to another
station nearby. The attempts to close the hole satidbags were unsuccessful. The subway flooding
lasted several days and weeks to get back to theatipn. These cases of the flooding caused subway
system cease from several days to months, beingfageration or at reduced capacity with tempo-
rary measures like manual control singling systenthe case of Seoul in 1998, the metro line suf-
fered large decline in ridership of approximate@f#las a result of the reduced capacity of the line
system, which lasts 35 days. These real casesleeli@ negative consequence to the subway system
in cities in terms of direct damage and the subsegservice interruption has a great impact on peo-
ple’s social life.

4.3 Case study
4.3.1 Study area

The study area (see the red box in Fig. 4. B)cdated in the “Puxi” area, which is the most |pers
ous economic centre in Shanghai city with famouwsiso spots of “Nanjing Road”, “People’s Square”,
“Bund” and “Yuyuan Garden” etc. This is a fairlyrdely-populated area (>15000Rmwith different
functions of buildings: commercial buildings, pubbuildings, residential buildings and industrial
buildings, and (underground) infrastructures. Tieaas approximately 17.2 Krimcluding parts of six
districts: Huangpu district, Jing’an district, Zleldistrict, Hongkou district, Luwan district, New
Pudong district; and water bodies of Huangpu Rarat Suzhou Creek. The average elevation in this
area is WD ~3.0m. The flood threats are largelyiognrom typhoon weather. The storm surge and
high astronomic tides pushes up the water levéheatmouth of Huangpu River, which increase the
water levels subsequently in the Huangpu River;nhigh discharges comes from the upstream of
the Huangpu River coincidently, water level came up to 5.72m during Typhoon Winnie in 1997 at
Huangpu Park gauge station, which is equivaler@-return periods of a flood event. The main
reason to select this part of area as study cadatésavailability of geo-information on all theillod
ings, which facilitates the individual level of 8d damage estimation on the buildings in urban,area
and also makes spatial distribution of damage tesqdssible. In later studies, it is highly recom-
mended to expand or scaled the research to largas at a micro level.

12 http://science.time.com/2012/10/30/the-lessons-frmw-yorks-flooded-subways/#ixzz2pzKjuzbE
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Fig. 4. 5 Map of Shanghai city (left) and studysawath red box (right)

4.3.2 Estimation of tangible direct damage

In the case study, the method of stage-damageidunstapplied in the estimation of tangible direct
economic damage. Eight hypothetic breaching scemaiong the floodwall of the Huangpu River
were simulated by 1D2D SOBEK (see more detailshag@er 3), among which three scenarios (BW2,
BW3 and BW4) which are adjacent to or within in 8tady area were selected. They are located at
the west side of the Huangpu River to the estu3B&m, 26.6km and 33.7km, respectively. These
scenarios can potentially affect the downtown Shanglhe breaching are the hypothetic scenarios
with a condition that when the water level reachesor more the sudden collapse of floodwall occur
at the certain points. In order to pursue worsecssenarios, the assumed breaching width of flood-
wall is set as 300m with flood duration of 24 houker the study area, the mean value, 5% and 95%
percentile of inundation depth under the distritmitof grid cell area at scenarios of Bw2, Bw3 and
Bw4 are shown in Tab.4. 3. The breaching locat®n3) in the study area led to inundation depth of
1m averagely with deepest depth of more than 3 &% percent of the inundated grid cells were
more than 35cm. It could be a flood disaster ferstudy area under this scenario. In scenario &,Bw
no more than 1/3 of area were inundated; while wBEBind Bw4, more than 2/3 and 1/2 area were
flooded according to the map Fig. 4. 6.

Tab.4. 3 Mean value, 5% and 95% percentile ofdation depth under the distribution of inundated
grid cell area at scenarios of BW2, BW3, BW4 in shedy area

Inundation depth [m]

Scenarios : — Inundation extent [-]
5% percentile mean valued5% percentile
Bw2 0.02 0.43 2.00 29.5%
Bw3 0.35 1.00 3.00 76.2%

Bw4 0.02 0.52 3.00 56.7%
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4.3.2.1 Classification of elements at risk

The raw data of buildings in the study area is showAppendix 4-1. All the buildings were further
classified into residential building, industrialiloing, commercial building, and public building dan
inventory in the residential building, which is shoin Tab.4. 4.

Tab.4. 4Classification of buildings in study case

Category

Residential building
Industrial building
Building Commercial building
Public building
Inventory

4.3.2.2 Maximum potential damage

Of the physical assets to be found in an arely, fome proportion will be exposed to the risk of
flooding. It could be regarded that the exposedevalf assets under extreme events (worst cad® is t
maximum potential damage in the estimation of flaladnage. In study area, large portion of build-
ings are high-rise constructions. Due to limitefbimation on the vertical distribution of these Idui
ings (e.g. stories), the estimation of the valueluildings will be based on the floor area times-c
struction cost [$USD/A}, the result of which is market value of the birilgs. The floor area is a re-
sult of floor area ratio (FAR) times total areaao$ite. Based on Pan, Zhao et al. (2008) research o
FAR of typical sites in Shanghai city by high ragan satellite imagery, the FAR in Huangpu and
Pudong districts are 2.96 and 3.27, respectivaly;other FARs in districts are adopted as 2.0 m ge
eral. As a result, the floor area in each distsatalculated according to Eq. (4.4). The econoralae
for the buildings in each district is calculatec®a on 1) construction cost [$USDB]n®) the percent-
age of each category in each district and 3) feyea in each district, which is shown Eq. (4.3)eTh
total economic value of elements at risk is thdowated based on Eq. (4.2). The calculation of-mar
ket value for the buildings in the study area isvaf in Appendix 4-2 in detail.

S=2.2.§ (4.2)
i
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Where:S- market value of all the categories at risk [$USQJ - market value of categoiyin

district j [$USD]; n - number of categories at risk [#lp- number of districts in study area [-].
SJ =Gx |I.3>< F (4.3)
Where:C, - Construction cost for each category$USD/nf];
P, - Percentage of categoryn district i [

F, - Floor area in distric [m?].
F =A xFAR (4.4)

Where: A, - Site area in district [m?];
FAR - Floor area ratio in distric{ [-].

Since only proportion of economic assets are esgh¢s floods, especially in the high-rise building
area, it's necessary to take an exposure assessuigquently. In order to find out the proporidn
assets value at risk, there is a recommended asisuntyased on population density in a developed
urban area (Green 2010). Green (2010) identifieelationship between population density and de-
velopment intensity in terms of high rise buildiagea, and recommended 1/6 of assets is taken as the
exposed value if the population density is abov@A®knt (see Tab.4. 5). Overall, the summarized
results are listed in Tab.4. 6. The total exposadesof buildings and residential inventories arér5
billion $USD, which approximately equals to 341lmit $USD/kntin the studyrea. In addition, it is
noted that commercial, public, industrial and resiihl (including inventory) buildings account for
30.3%, 28.6%, 18.7% and 22.4% of the total valubénstudy area, respectively.

Tab.4. 5Recommended assumptions for proportion of net sisgetisk by population density in a
developed area

Urban population density
<1000/kn? 1000-8000/krh  8000-15,000/krh >15,000/knd

Ratio of as-
sets at risk to 1:1 1:2 1:4 1:6
net assets

Tab.4. 6Summary of market value and exposed value of mgklat risk in the study area

Exposed value

(1/6 of MV) Share of the total value

Market Value
Category

[billion $USD] -\ &0 susD] ]
Commercial building 10.5 1.75 30.3%
Public building 9.9 1.65 28.6%
Industrial building 6.5 1.08 18.7%
Residential building 7.7 1.28 22.2%
Inventory 0.063 0.0105 0.2%

Total 34.66 5.77 100%
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Legend
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Hongkou

Fig. 4. 7 Spatial distribution of potential maximutamage in part of the downtown area of Shanghai
city (grid cell 300mx300m)

The spatial distribution of maximum potential daya of buildings in the study area is shown in Fig.
4. 7. It shows the Huangpu district concentraterlnegd% of value of buildings in the study area.
People square, Yuyuan and Nanjing Road are in Huaxgstrict. These are popular tourist sites in
Shanghai; hence, numerous hotels, restaurantss,sétp are located. Due to relatively low elevatio
(~3.5m WD) and high economic assets value in thentlmvn area, the potential damage would be
huge if the area would get inundated.

4.3.2.3 Depth-damage functions in Shanghai

The potential flood damage is calculated basedemiepth-damage curves, which represents the re-
lationship between flood characteristics and dammatge There are two alternatives of depth-damage
functions for Shanghai (See Fig. 4. 8). One wald@ed by (Wang 2001), which were largely based
on the observations of historical flood eventseaxittd by insurance company in Shanghai; another
one was developed based on investigation of thaanse records and survey data after 1999 flood
event in Tai Lake Basin (Yua, Cheng et al. 201 Tirieg-Rowsell, Wang et al. 2013). It is noted that
both of the depth-damage functions were formulated synthetic way. These data reflect the rela-
tionship between inundation depth below 0.5m tovab®.0m at an interval of 50cm (<0.5m, 0.5-
1.0m, 1.0m-1.5m, 1.5m-2.0m,2.0m-2.5m, 2.5m-3.0m0Om3 and damage rates on public, residential,
industry and commercial buildings, inventories amfdastructures. The expected damage rate under
the same inundation class under the functions ah@fmai is much higher than the corresponding rate
in Tai Lake Basin. Since Tai Lake Basin includesardy Shanghai city but also other cities of China
it would underestimate the flood damage if we dlyeapplied the depth-damage functions for Shang-
hai. On the other hand, Yu, Hall et al. (2013) &apthe depth-damage functions to validate theitang
ble direct flood damage in 1999 flood event in Take Basin, which is equivalent to a 150-200yr
return periods of flood event with a cause of Itergn heavy rainfall. They made a close estimation o
11.97 billion Yuan (~1.9 billion $USD) comparesthe reported damage of 14.1 billion Yuan (~2.24
billion $USD). It further demonstrated the reliatyilof these depth-damage functions in Tai Lake
Basin.
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Therefore, in order to generate a new depth-darageions for Shanghai, two function sources
(see Fig. 4. 8(i) previous Shanghai functions (ii) Tai Lake Basinfunctions) were compared and
discussed specifically on the buildings (publigustry, commercial and residential) and inventories
First, the damage rate miventory in (i) is much higher than in (ii). It is mainlyebause the investiga-
tion in the flood of Tai Lake Basin was in both anband rural area. The inventory goods in urban
area are more diverse than in rural area, so iagheciated economic value; and in urban areag ther
should be higher popularity of electrical equipmtran in rural area. Hence, the damage rate of in-
ventory is considered to taken as the higher aoa f{ii) in Fig. 4. 8 and so does ttesidential build-
ing. Second, the damage ratesrafustry and commercial building in the two function sources are
far more in line with each other. In (i), the damagtes of industry and commercial building areneve
six times higher than the rates of (ii), especiatiyhe shallow depth (<0.5m). The difference gty
reduced as the inundation depth increases. It dmikeixplained that the local characteristics ofigad
try and commercial buildings in Shanghai attribtdea large damage due to flooding than in other
cities of Tai Lake Basin, or the insured in indigdtand commercial sector claimed higher value than
the actual damage after floods. Moreover, compéneddamage rates of industry and commercial
buildings to other cities in China (see Fig. 4f3@njin city and Tan district of Yellow River Bam,
the damage rates of industrial and commercial mgjléh Tai Lake basin is relatively lower than the
value in other cities. Therefore, as a conservagisttmate, the new damage rates for commercial
building at different inundation depths are gengriédken as the values between in (i) and in (i),
which are 7% less than (i) and 2%-6% higher thenThe new depth-damage function for industrial
building is 2% less than the new one of commetmiglding at each inundation depth class, which is
also in line with the study in (i) in these two s®s. Third, the damage rate mifiblic building was
directly used from (i) since there is no categdrypuablic building in (ii). As a result, the new dap
damage functions for Shanghai were developed, wkishown in Tab.4. 7.

In the suggested depth-damage functions for byjfdand inventory in Shanghai (see Tab.4. 7), the
primary damage at inundation depth of <0.5m arenipattributed to the floor damage; thanks to
people’s relatively easier mobility (move contetdshe higher places) general damage at this level
can be avoided to a large degree. Second, the @aoragontents and properties increases largely
when inundation depth increases to 1.0m to 3.0peasally in industry and commercial sectors; the
damage rates are higher than other sectors (ekoegrttory) owing to large proportion of immovable
assets at these levels; third, when the water tigegove 3.0m, contents such as air-conditiofens,
and hanging-light (chandelier) would be damagedcliontributes to the damage of this level sub-
stantially. Because strong and water-proof constmenaterials (such as brick and concrete steel) a
widely used in urban Shanghai, physical damageiiidibg itself would not be large (low probability
of collapse); therefore, the damage rate would staynore than 58% as a whole, which is also the
highest damage rate of inventory.
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Fig. 4. 8 Stage-damage functions for elementsktimi Shanghai city (i) by Wang et. al (2001) amnd
Tai Lake Basin (i) by Yu, Cheng et.al (2011)
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Tab.4. 7 Suggested stage-damage functions fatibgd and inventory in Shanghai

Inundation depth [m]

Cat
ategory <05 05-1.0 1.0-1.5 15-2.0 2.025 2530 >3.0

Public building 3% 7% 12% 14% 18% 20% 25%
Commercial building 5% 9% 13% 18% 22% 27% 31%
Industry building 3% 8% 11% 15% 19% 22%  25%
Residential building 3% 6% 9% 12% 16% 19% 22%
Inventory 9% 19% 26% 33% 38% 46% 58%

4.3.2.4 Damage results

With the application of the Eq. 4.1, the flood @aym due to inundation of Bw2, Bw3 and Bw4 sce-
narios in the study area were calculated. Thd tatemage of a scenario amounts to the sum of the
damages of all inundated grid cells. The maximunempial damags;; for each categoryi)in each

district (j)) multiply the damage rate of a specific categ@)y under a certain inundation depth pro-
duces the flood damage of a category in a distits. can derive either the flood damage for each
category or in each district. In a summary, theeptidl damage under three scenarios were 114, 560
and 328 million $USD, which account for 1.98%, B¥8and 5.68% of the maximum potential dam-
age (5.77 billion $USD) (see in Tab.4. 8). The igpaistribution of potential damage to buildingsa
residential inventories in the study area were peced by ArcGIS and shown in Fig. 4. 9. It is ob-
served that the damage is mainly concentrated mgkimu, Huangpu and Luwan districts, which are
also adjacent to the breach location BW2, BW3 aW#Brespectively. Huangpu district which is in
the centre of the study area could be mostly aftebly the potential flood events. In terms of dagnag
categories, as seen from of Fig. 4. 10, the shadresilding damage in each category under the seena
ios represent similar dividends. Among this, theoeercial buildings take great share (35.5%, 38.4%
and 43.4 % in scenario BW2, BW3 and BW4, respelsiivef the total damage compared to other
buildings, while the residential buildings merelycaunt for 15%-16% of the total damage in all the
scenarios. The industrial buildings take the slo&i25%-27% in the damage results. The public build-
ings (24.5%) account for nearly the same sharédasndustrial buildings (25%) in scenario BW2,
while in scenario BW3 the share of damage in thiggory drops down to no more than 20% and
even less than the share of residential buildinBW. In a summary, the commercial and industrial
buildings are attributed to a large degree of tinectd damage under the breaching scenarios in the
study area. It is noted that the building damagdsighly related to the depth-damage functions as th
suggested function in commercial and industrialdigs has higher damage rates under the same
inundation condition compares to other buildings.
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Fig. 4. 9 Potential economic damage to publicding, industrial building, commercial building,
residential building and its inventory due to bigag at BW2, BW3 and BW4 in part of downtown

Shanghai (grid cell: 300m x300m)
Tab.4. 8 Summary of potential damage under BW2, BBY¥84 flood scenarios

Scenarios Total Potential damage Percentage of
[million $USD] the maximum damage [-]
Bw2 114.3 1.98%
Bw3 559.77 10.39%

Bw4 327.71 5.68%
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4.3.3 Service interruption

It can be imagined that Shanghai would be saffex lot if super storm slashed it one day, but the
indirect loss is hardly estimated since complextitiinensions (economy, social aspect, healthcare,
environment, etc.) need to be considered. In tiidys service interruption due to flood inundatton
nodal points of traffic network and public facéisi (schools and hospitals) will be discussed.

Shanghai subway is a speedy transit system, witcbuats for 35% of total public transportation
utilities till 2011 (Quan, Liu et al. 2011). It ieported there are 12 lines with 285 station®ial tof
444km length till the end of 2012, which mainlytdisutes in city centre (SSW 2013). As Shanghai is
a tide-effected estuary city with flood threatssef level rise, land subsidence and frequentlydfits
typhoon weather, if flooding occurs the subway elystnay not easily spared. Historical flood events
indicate that the subway system in Shanghai issddelnerable. In August of 2005, heavy rainstorm
led to flood water flow back into Station Rd. Chahg of line 1, which results in out of function for
long time (Zheng 2007); in September of 2005, Typhdanu hit Shanghai which led to St.
Zhongshan Park get inundated (Lou, Liu et al. 20itDJune of 2011, several stations of line 10 suf-
fered from leakage due to lower elevation at groand insufficient drainage and pumping capacities
during rainstorm weather, which led to further lagd in carriages as well (Shi 2011). Moreover, a
preliminarily research (Quan, Liu et al. 2011) arnerability of subway system (based on selected
line of 1,2,4,7,8,9,11) in Shanghai indicated v 8 and 4 are mostly need to be safeguardekin t
future. In conclusion, Shanghai subway system cbelihundated during flooding. For instance, the
streets in Shanghai may get flooded by river floanat] water level continues to rise above the side-
walks; flood water then directly flows into subwayation if the entrance is without protection
measures. Hence, the inundation and leakage may sgbsequently.

In Shanghai, the indirect damage to subways catthbuted to extra cost of emergency on leakage
or inundation and service interruption. A simpletinoel to calculate damage to subway system is to
presume a relationship between the lengths of frackdated and direct damage, which is carried out
by Neukirchen (1993). In order to obtain rough orafemagnitude estimate of indirect effect on sub-
ways, Compton et al. (2009) assumed service imggomi is also a function of length of track inundat
ed, in which 2 million euro/km flooded is takenrasenue loss in a case study of Vienna, in which 2
euro per ridership and 5 days per km of track fembds assumed based upon empirical data. In
Shanghai, service interruption is taken as 1 daykpeof track being inundation by flood; hence, it
can come out the loss of revenue could be apprazoha 300 million euro/km of track, based on 4
RMB per ride (0.63 $USD per ride) and 600mIn daitjership on average (Zhu 2012) as a whole.
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This is a worst case of Shanghai subway being bfiirction as a whole, which considers all the
tracks being inundated in 5 days and all the pagssrbeing disrupted in a daily life. Statisticatad
directly shows passengers intensity per km in sytlime 1,2,3,4,5 of Shanghai in Tab.4. 9, which can
be further taken into account in revenue loss ddod inundation for each line.

Tab.4. 9 Passengers intensity per km per day iwayline 1,2,3,4,5 of Shanghai city in 2007 (Wang,
Li et al. 2007)

Fare/ride Revenue loss Revenue loss

Line #Passengers/km [RMB] [RMB/km] [$USD/km]

1 24,000 4 96,000 15,238
2 26,400 4 105,600 16,762
3 11,000 4 44,000 6,984
4 14,670 4 58,680 9,314
5 4,100 3 12,300 1,952

Note: currency rate of RMB to $USD equals to 6(B:1.

In the EU FLOODsite study (FHRC, 2008), a recomneehdlgorithm for rail disruption suggests
calculating the number of people traveling throtig floodplain, and then divides losses per passen-
ger into costs for either delays (40-45% of totiatuption costs) or cancelations (55-60% of total
disruption costs). This calculation is an averafy€0037 per hour, per passenger for commuter train
services, which equals 0.37 RMB per hour, per pagse or 8.88 RMB per day, per passenger in the
application of Shanghai. This method assumed allpthssengers are affected during a flood event,
which could estimate the indirect damage to subiway period of flood events (e.g. a few hours or a
few days). There are two typical stations in linand 2 being selected in this research. Firsy, dne
located close to Huangpu River. St. People squaateSa Lujiazui is within 1.8km and 500m distance
to the River, respectively, which means if rivesaitl occurs; these stations are likely to be aftecte
due to short distance to the river. Second, baseahanvestigation of subways stations in Shanghai
(Lou, Liu et al. 2010), only limited number of thatrance and exit has flood barrier although mbst o
them have drainage system. In People square 3. 500ut of 20 entrances were installed portable
flood barrier as emergency equipment. St. Peoplareqg(see in Fig. 4. 11) and St. Lujiazui (see Fig.
4. 11) are both located in a prosperous commecaicle and a popular tourist site, which have daily
passenger intensity of 82,000/day and 78,000/dzspectively (Zan and Shi 2012). The passenger
intensity during rush hour (7:00-9:00 and 17:00009:is estimated at 14-%15% (Wang, Li et al.
2007) more than average value, so the indirectdassto out of function of St. People square and St
Lujiazui can be approximated with results showita.4. 10. At St. People square, the minimum and
maximum ticket loss is 118,800 $USD and 136,6203U8spectively if the station is closed for one
day; at St. Lujiazui, which is located in the Puglothe minimum and maximum ticket loss is estimat-
ed as 113,004 $USD and 129,955 $USD during oneldag of this station. A conservative assump-
tion of the flooding in these subway stations wag jgoint of the track line would be inundated.

Tab.4. 10 Indirect loss of service interruptiorSat People Square and St. Lujiazui in Shanghai sub-
way

Stations  People square(#1) Lujiazui(#2)

Minimum Maximum Minimum Maximum
[$USD] [$USD] [$USD] [$USD]

#Rides 110,700 127,305 105,300 121,095
1 day 118,800 136,620 113,004 129,955

7 days 831,600 956,340 791,034 909,689
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Fig. 4. 11 Map of subway stations at People sqoan@ecting Line 1, 2 and 8 and Lujiazui at Line 2
in Shanghai subway system

The service interruption is taken into accounmidiiect damage, while the extra cost of emergency,
which can be significantly determined to the oVdralirect loss, is not addressed in this studyeréh
fore, the estimation on indirect damage to Shanghaivay in this case is assumed at the lowest
bound of estimated value.

Moreover, based on the geo-information analysigecu few POI (e.g. schools, healthcare centre
and shops) are close (<500m) to the Huangpu Ree® Fig. 4. 12). In total, there are 58 shops, 87
schools and 50 healthcare sites. The schoolsdacharious schools, namely kindergartens, primary
schools, middle schools, high schools and univessietc. The healthcare sites are hospitals, emer-
gency rooms, dentist rooms and general healthcamge; etc. The shops mainly include 24-hours
grocery shops and supermarkets. They would beyhlikdly to be affected when the river flood oc-
curs in the city centre. In that case, schoolspshtend healthcare centre are force to be suspended
during a period, which may cause huge inconveniemuk significantly affect people’s social lives
then. Besides, they are mainly clustered in thedBarea of west side of the Huangpu River according
to Fig. 4. 12, the occurrence of river flood maguiein huge loss of tourism reputation and revenue
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4.4 Uncertainty analysis

In the case study, as seen from the inundatiap m Fig. 4. 6, the study area is not fully flodde
under BW2, BW3 and BW4 scenario, especially in B@/y north part of the area is flooded. A
question of how much flood damage would be if th®le area is flooded is brought up. The associat-
ed uncertainty of flood damage is also a big camaethe process of flood damage estimation. Is thi
section, the flood damage with associated uncéytaifil be estimated based on an assumption that
the study area would be widely inundated with thkeie of water depth induced by breaching scenario
of BW2, BW3 and BWA4.

Uncertainties in decision and risk analysis aseally divided into two categories (van Gelder
1999): inherent uncertainties stems from the nat@@ability of a system under study. The maximum
water level in a river at a certain cross sectiamnot be deterministically estimated in the nexryss
this is a property of water pattern itself. Thiadiof the uncertainty is irreducible, which meawere
with long period of historical records the uncartgicannot be removed. Another category is epistem-
ic uncertainty, which results from incomplete knedde or insufficient data in a system, such as the
errors in the collected samples. It can be imprag#nowledge increases. A way to show the uncer-
tainty in a system is applying probabilistic distriion for the variants based on the statisticagpri
ples. The results can also be represented in aabiltic way to show the uncertainties. In flood
damage estimation, uncertainties arise from sewenaices (Beard 1997; Merz, Kreibich et al. 2004;
Egorova, van Noortwijk et al. 2008; de Moel andt8€2011).

1). Inundation depth

The inundation depth is estimated based onltioel f(hypothetic breaching) scenarios in the hydro-
dynamic model. The results vary depend on thelitia of the hydraulic model and the quality of
input data. Moreover, the inherent uncertainty ydrblogical data as boundary conditions in the hy-
drodynamic model led to uncertainty of the end ltessiwell.

2). Valuation of maximum potential damage

The estimation of maximum potential damage emtailcertainty due to the estimation methods and
data availability. It usually represents the maximeconomic damage in $USD/mor $USD/units. In
the Netherlands, the Dutch finance department gesva mean value for the maximum damage per
unit object with 90% of confidence interval in fibalamage estimation (Briene, Koppert et al. 2002);
and Egorova, van Noortwijk et al. (2008) appligdrtgular distribution to describe the uncertainty o
the maximum damage amount per object under flooding

3). Depth-damage function

The primary source of uncertainty in flood damagémation stems from depth-damage function as
it depends on empirical data or expert judgmenichvis challengeable to exactly estimate the flood
damage in the next flood events. de Moel and A@@41) also highlighted depth-damage functions
need higher priority in the process of flood damagémation. Various factors could lead to flood
damage to different degrees. For example, therdiftestructures of the buildings (e.g. wood & con-
crete) to the same type of building may resultiffecent damage; the buildings under the same inun-
dation but more adjacent to the breaches may sfiffer more damage. Different categories of ele-
ments at risk would result in different flood dareatye to their different endurance capacities.

Since these factors in the damage model weresepted in uncertain forms with probability distri-
butions, a Monte Carlo analysis could be employedddress the uncertainty in the procedure of the
direct damage estimation in this section. The Mdéelo analysis was conducted as the following
steps: 1) identify probability distribution and imrameters for each variable; 2) generation of the
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samples base on PDF information and model itseléxecution; 3) statistical analysis on model out-
put, which is also shown in Fig. 4. 13.

Inundation depthi and maximum potential damage per each categadoyitifings S are independ-

ent variablesS was set as a triangular distribution followed hyoEbva, et al. (2008). In order to

avoid negative value, triangular distribution isathosen to describe the inundation depth insiéad
normal distribution. Moreover, the advantage afrigular distribution is its simple form. It is assd
that the study area is fully inundated with thebadaility distribution of inundation depth in sceiuar

of BW2, BW3 and BW4. The minimum and maximum deptire taken as 5% percentile and 95%
percentile of inundation depth in a spatial disttibn of grid cell area at each scenario (BW2, BW3
and BW4) with mean value of 0.43m, 1.0m, 0.52mpeesvely. Hence, the triangular form for the
inundation depth is then shown &s (0.02,0.43,2.0)T [1 (0.35,1.0,3.0) T [ (0.02,0.52,3.0) Subse-
quently, the mean values of maximum potential danfag each category of buildings and inventory
were taken as the calculated exposed value showah. 6. And 50% and 200% of the maximum
potential damage were taken as the lowest boundhighest bound in triangular distribution, respec-
tively. So the triangular form of maximum potentddmage for each category could be shown as

T0(05S,S,29).
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Triangular distribution
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Fig. 4. 13 Monte Carlo analysis of flood damageestion

Based on the depth-damage function for each category of building and inventory in Shanghai (see
Tab.4. 3, three alternatives of algorithm were selectedttd=frst, polynomial function allows a sim-
ple adaptation to individual damage symptoms of different types of objects. Second, power function
has represented desirable results with an application to the HOWAS database in Germany (Buchele,
Kreibich et al. 2006) from a practical point of view. Third, the exponential function was chosen as it
avoided the negative result of damage rate undediation depth. They are shown as below in Equa-
tion (4.5), (4.6) and (4.7)
Polynomial function

Dr=a [@*+b 0+ g (4.5)
Power function
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Dr =a,[d” +¢, (4.6)

Exponential function

Dr =a, [exq R J (4.7

Where:d - inundation depth [m]Dr - damage rate [-B h C - the parameters in the equations,

which depend on the fitting functionss1, 2, 3 .

By using of the curve fitting tool, the Shangtiepth-damage functions of the buildings and irven
tory were fit in three functions (see Eq. (4.5), E46), Eq. (4.7)) to produce the fitting curve &ach
category, which is shown in Fig. 4. 13. All of thiing curves are good to fit with R-square value
above 0.93.

After 10,000 sampling in the Monte Carlo gs@, flood damage results were derived under three
different functions, which is shown in Tab.4. Itishows the expected direct damage to buildings and
inventory ranges from 411-536 million $USD undesridation depth in scenario BW2, 733-738 mil-
lion $USD under inundation depth in scenario BW8 &94-655 million $USD under inundation
depth in scenario BW4, respectively, which accdan?.11% ~13.6% of maximum potential damage
in the study area. Power function led to smallestiits compares to other functions in this case. Th
histograms of direct economic damage by Monte Carlalysis under three damage functions are

shown in Fig. 4. 14.

Tab.4. 11 Damage results with expected valarid standard deviatiow Y under three alternative
functions: polynomial, power and exponential

Damage Function

Scenarios [billion $USD]
S Polynomial Power Exponential
(IJ" 0-) (lJ'l O-) (IJ_’ 0_)

BW2  (0.41,0.23) (0.41,0.23)(0.54,0.14)
BW3  (0.74,0.31) (0.73,0.30) (0.73,0.23)
BW4  (0.60,0.35) (0.59,0.34) (0.66,0.24)
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Fig. 4. 14 Histogram of the direct economic damageer scenarios BW2, BW3 and BW4, in which
depth damage functions were represented by pohaidimnction, power function and exponential
function

The results show the direct flood damage reptesstightly right-skewed non-Gaussian distribution
in Fig. 4. 14. The right tails shows the poteni@ate flood damage could be caused by various uncer
tainties. In addition, the exponential function gextes larger damage results in all scenariosciedpe
ly under scenario BW2. It is attributed to unreddigi.e. higher) results at the shallow water dept
produced by the exponential function.

4.5 Effects of components on flood damage

The basic model to calculate the flood damage sed@n damage functions which relate the inun-
dation depth in a grid cell to a fraction of thexinaum potential damage value of the damage catego-
ry at risk. Then the fraction is multiplied withelmaximum potential damage to derive a flood dam-
age estimate. Three components determine the damagely the maximum potential damage, the
inundation depth and damage functions. In thisiaectt will be specifically focus on the effect§ o
components which determine the estimation of pakfbod damage.
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The parameters of the maximum potential damageiramtation depth would be,, 8;,y; and
a,, B2, v, respectively in triangular distribution. Additidha the parameters in three damage func-
tions, namely a4, by, c; in the polynomial function,a,, b,, c,, in the power function ang;, b5 in
the exponential function will also be taken inte@mt to observe the effects on the results ofdfloo
damage. This was done by manually varying onenpeter in a component at a time with value of
+10%. The effect of each parameter on the damageatiin is presented as a factor, which is calcu-
lated by dividing the high (with variance of +10%) the low (with variance of -10%) damage esti-
mate, while keeping the others equal. The effettsomponents on flood damage are then derived
from the average value of the parameter factoemgh component.

The reference case is flood scenarios of BW3 witindation depth of [J (0.35,1.0,3.0) and the

maximum potential damage would be taken as the ativeconomic value in the study area
T (2.885,5.77,11.54) The damage function would take the median ratéhe damage categories

under the same inundation depth in general witketfiunctions, in which the parameters of the poly-
nomial, power and exponential function are therwshim Tab.4. 12.

Tab.4. 12 Parameters in the components of the fliaonage estimation

Components Parameters Value
Maximum potential damage (a4, 1, ¥1) (2.885,5.77,11.54)
Inundation depth (2, B2, V2) (0.35,1.0,3.0)
Polynomial function ai, by, cq 9.5E-4, 8.5E-2, 0.01
Power function a,, b,,c, 85E-2,1.025, 1.052E-1
Exponential function as, bs 0.066, 0.46

Fig. 4. 15 shows the effects of the three camepts on the results of flood damage. It indicHias
the damage function has greatest influence ondhelts of flood damage among the three compo-
nents, and the maximum potential damage is thensleone; the inundation depth has the least effect
on the flood damage. Damage function has critifaceon damage estimation; it thus deserves more
attention in the further study. This can be obtdibg, for example an updated field survey, for vul-
nerability investigation of flood damage categarisd, a detailed classification of properties,isas
the ages of buildings or the construction matexfduildings, is also required.

Affecting factor

Damage Function I |

Valuation l ]

Inundation depth l |

1.02 1.04 1.06 1.08 1.1 1.12 1.14

Fig. 4. 15 Effects of three components on thedldamage with variation d@f10%, the factor is
calculated by dividing the high (with variance dfGf6) by the low (with variance of -10%) damage
estimate, while keeping others equal.
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4.6 Discussion

This section will discuss the uncertainties & domponents which determine the damage results in
ex-ante flood events in this study. The DEM datd ground roughness would affect the inundation
extent and inundation depth to a large degree,wtias been discussed in 2D hydraulic modelling of
overland flood along the Huangpu River (See Sec®idn3). Hence, the uncertainties of the inunda-
tion depth and inundation extent can also affeefflitod damage results. Besides, the classificatfon
damage categories, the determination of potentedimum damage for each category, the suggested
depth-damage functions are significant for floodndge estimation in Shanghai. A small area in
downtown as a case study on potential flood danesgimation was conducted, yet it still gives indi-
cations for larger scale estimation in metropolitaty in the future. In indirect damage estimation,
although service interruption due to the halt dfvgay system was taken into account in Shanghai,
business interruption by flooding will also be exaed by other real cases occurred worldwide as an
implication. However, our method on flood damagtneion is relatively simple with several as-
sumptions, which needs to be discussed as below.

4.6.1 Tangible direct damage estimation
 Damage category

The classification of the potential damage aatggs critical to the process of damage estimation
this case, the buildings were classified basedhenfiinctions in general. Different function of the
buildings has different potential damage degreessHanghai city, commercial building has highest
damage percentage among all the building categdr®% of total amounts of the buildings are com-
mercial building in the study area, which also agte for large portion of damage percentage in the
final results. Even though the material of building significant to the damage percentage, the con-
crete buildings are widely built in Shanghai. Henoe further classification of the materials of Idui
ing was conducted. But the detailed constructicary®f each category of buildings are necessary to
further collected as it is influential to the daraggates). The direct damage to the buildings &nd i
contents are only a limited share of the variabtlitat is observed in damage data. Other categories
such as transportation infrastructures were ndudez in this study. Nevertheless, these results ca
provide as a basis for insurance companies whiehirderested in the building damage. In light of
this, it seems the more detailed classificationlahage categories the more accurate the resujts are
while a comprehensive classification of the damezagegories are time-consuming and effortful, espe-
cially in a large city. Hence, problem-oriented @dam estimation is recommended for the ex-ante
flood events.

e Potential maximum damage

In the estimation of maximum potential damage thhildings, floor area ratio (FAR) was used to
estimate market value of buildings, which avoideel lack of data on the number of stories at an indi
vidual level of buildings in an urban area, esgécim Shanghai which has hundreds of high-rise
buildings widely. The FAR can produce flood arealad buildings; hence, the market value of the
buildings can be estimated by multiplying the flaoéa (M) and construction cost ($USD)mBased
on a relationship of population density and develept intensity, the exposed value of the buildings
to floods was calculated as 1/6 of the market valugowntown of Shanghai. It could be questioned
that the stage damage function has already takeimuen potential damage into account, which is
regarded as 100% of the market value. While inresely developed area with numbers of high-rise
buildings, a large proportion of high-rise buildingre simply above the foreseeable inundation depth
Regarding to the high rise constructions, the exgamlue of damage should not be the total value of
the whole buildings. That's why based on the papuiadensity in a developed area (no slums being
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considered), the values of buildings at risk weméy @ proportion of market value. Besides, the as-
sumption of one residential area has 8 buildings@re building has 24 households is only based on
general information on the internet of real esgagents (http://shanghai.anjuke.com/) in the estonat

of the maximum potential damage. It could undemestiz the number of households in a residential
area with such rapid development in Shanghai, whegds to be determined further.

« Depth-damage function

A series of new depth-damage functions were toacted for different category of buildings and
inventory, which was based on pervious works innghai and other cities. Although it is hard to
validate the final results, which is a common atragje in the field of flood damage estimation curren
ly, the application of Monte Carlo analysis canphiel address uncertainties in depth-damage function
during the estimation of flood damage. Therefdne,grobabilistic analysis could provide the rationa
results for the decision maker. The damage regsatige from millions of dollars even if the studgar
gets fully inundated with mean value of no morentlhen depth. Considering the study area is 1722km
(only 6% of downtown area) with limited number bétbuildings as compared to the whole Shanghai,
the damage results are reasonable; moreover, #pply the damage results in the study area to the
overall downtown of Shanghai (exclude Pudong aigirthen the damage ranges from 6.851( mil-
lion $USD / 6%)-12.3 (738 million $USD / 6%)billion $USD averagely, which is comparable te th
results in south Holland of the Netherlands dukyjoothetic breaches of flooding. However, it should
be noted that the depth-damage functions usedsimebearch is only regional appropriate in Shangha
it is still difficult to transfer these functions bther cities due to different situations. Morepwie to
the fast growing pace in Shanghai the current fanstcannot represent the future potential vulnera-
bilities of the property assets; there is abseri@method scaling the depth-damage functionspe re
resent future scenarios (Penning-Rowsell, Wandy @04.3).

* Study area

The study area which is located in the downtoWwartghai was chosen mainly because of data avail-
ability. As it is part of the most prosperous aire&hanghai, it has instructive information for fhe-
ther overall damage estimation under different dl@zenarios. The results in the study area could
provide a basis for rapid damage estimation and tloed risk analysis in the next step. Based @n th
regionalization of social-economic status in difetrr districts of Shanghai, direct damage to bugdin
under flood scenarios could be roughly estimatezhabirds (see in Chapter 5).

4.6.2 Tangible indirect damage estimation

In recent years, the metropolitan cities lika@yhai drastically expand underground space for pub
lic infrastructures and utilize more urbanized arearder to save surface ground in the city. Iasre
ingly more underground systems were developedevthiése underground systems are susceptible to
flooding. In Shanghai, the municipal government &lagady paid great attention on these vulnerable
ground facilities, which includes subway systenmniels, underground shopping centres, parking gar-
ages and other underground infrastructures. Iregienation of indirect flood damage on service in-
terruption, two typical subway stations were s@dainder the hypothetical inundation case for one
day and one week, mainly on revenue loss, whichi@mphat huge practical inconvenience would be
induced for the inhabitants during such unexpeetgzhts. The estimated indirect loss was based on
passenger volume at a specific subway station,wisionly the lower bound of indirect loss in case
of flooding. In addition to the repair cost to takectrical equipment, signal controls and escagator
etc., the cleaning cost for removing debris and fnoich tracks and stations and additional emergency
cost would be added up as indirect damage as well.
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Besides the service interruption, it should btced that the business interruption would be itaev
ble in such an economically developing city. Thergption of transportation infrastructures and othe
lifeline systems (e.g. electricity and water) woiduce business suspending and cause substantial
indirect economic loss. A few examples on indirdatmage due to business interruption in recent
flood disasters indicates 1) the indirect flood dgm due to business interruption ranges to a large
degree; 2) the amount of loss mainly depends orfltoel duration and its recovery time; 3) urban
area has larger impact on business sectors. Ditimgcane Katrina in New Orleans, the indirect
damage was estimated at around 39% of the direchge (Hallegate 2008). In 2011 Japanese Great
Northeast Earthquake and Tsunami, the businessnassapproximately 50% of the direct damage
caused by flood. During Thailand 2011 flood, théiract loss due to business interruption was rough-
ly 125% of direct damage. During 2012 Sandy in Néwk and New Jersey, the total losses due to
business interruption were approximately betwees 20d 25.3 billion $USD, or between 33% and
42% of the direct damagén a summaryTab.4. 13gives examples of flood disasters worldwide on
the share of the direct and indirect damage. ltvshthat the indirect damage could range from 28% to
55% of total damage in the flood events. In Newe@nk, Japan and New York (and New Jersey), the
indirect damage accounts for more or less one tifitdtal damage in general; while in Thailand the
indirect damage took over more than half of thaltdamage. The costly indirect damage in Thailand
could be explained that 1) averagely 19% of theufaoturing firms (e.g. memory chips, hard disk
drives and automobile components) in Thailand avelved in global production networks (Chongvi-
laivan 2012); 2). the halt of the global productisetwork intensified the indirect damage. 3). long
period of flood, lasting several weeks even moirirsome regions, impacted the manufactory sectors
to a large degree.

Tab.4. 13 Share of direct and indirect damageaantlarge-scale floods worldwide [-] based on Vil
ier 2013)

Share of Flood Damage [-]  Ratio of

Disasters Affected Region

Direct Indirect Indirect/Direct
. 2005 . New Orleans 72% 28% ~39%

Hurricane Katrina

2011 . Northeast Japan 67% 33% ~50%
Japanese Tsunami

2011 Massive Thailand 45% 55% ~125%

Thailand flood 0 0 0
2012
New York and New Jersey  70%-75% 25%-30% ~33%-~42%

Hurricane Sandy

Furthermore, other sources of indirect losserms of intangible damage in an urban city could be
the loss of city attractiveness or government trast example, a number of people chose to abandon
their houses in New Orleans after Katrina everr &tgears, due to either be unwilling or unable to
return (Aljazeera Amwerica 2013). Likewise, totgisiould be reluctant to travel for and fewer resi-
dents would choose to settle down if the samet&itudappened in Shanghai. Much more uncertain-
ties need to be addressed in terms of indirect dapespecially in intangible indirect loss. It ntide
better to prevent the city dry and never to bedtxh

4.6.3 Uncertainty analysis

In addtion to flood damage estimation, we alissuksed the uncertainties of the estimates. ivsho
that the results of tangible direct damage wouldrba range with representation of expected value
and standard deviation. The uncertainty would gty £50% around the expected value under 95%
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confidence interval. While tangible indirect damage shown in Tab.4. 13, could be 33%-125% of
the tangible direct damage in different cases. Uiheertainty of indirect damage due to service
disruption and busniess interruption is much latgen the estimation of direct damage. Thus, nibis
recommended to take a constant percentage of dleaoage for indirect damage estimation, which
will propogate uncertainties significantly. Furtmere, although the intangible indirect damage after
floods such as psychological trauma or lost ofttams government are not discussed in detail in this
section it is estimated that the uncertainty oduiigfible indirect damage could be within much larger
uncertainties in different cases due to variouallsguations, such as flood experience or sotsls

of the residents. Besides, the (tangible and intda)gindirect damage would probably increase to a
large degree in a long run.



99 Chapter

Appendix 4-1 : Spatial distribution of different categories
of buildings in the study area
Tab.4- 1 Different category of buildings in thedy area

Category Amount Percentage
#Commercial point 776 25.94%
#Company 561 18.75%
#Community neighbourhoods 248 8.29%
#finance & insurance 181 6.05%
#Integrated Building 176 5.88%
#School 156 5.21%
#Restaurant 125 4.18%
#Official working place 124 4.14%
#Entertainment 99 3.31%
#Hotel 93 3.11%
#Healthcare 92 3.07%
#Industry 80 2.67%
#Legal affair point 42 1.40%
#Residential area 42 1.40%
#Others 37 1.24%
#Post office 35 1.17%
#Academic 23 0.77%
#Tourist place 19 0.64%
#Ticket point 15 0.50%
#Press 11 0.37%
#Residential street 11 0.37%
#Harbour & airport 9 0.30%
#Sports centre 9 0.30%
#Subway station 9 0.30%
#Long journey Bus station 5 0.17%
#Parking 5 0.17%
#District level government 4 0.13%
#Toilet 2 0.07%
#Bridge 1 0.03%
#City Hall 1 0.03%
#Gas station 1 0.03%

In the study area, there are different function®oifldings, which is shown in Tab.4- 1. In general,

they were classified into four categories, namelsnmercial, industrial, public and residential build
ing. A summary of each category of buildings iswshan Tab.4- 2.
e Commercial building: Company, hotel, restaurant, etc.

o Commercial points including the shops, beauty sdiast food restaurant (e.g. KFC,

McDonald) and sales department of industry, etc.
e Public building: Research institute, city hall, community neighttmod, integrated building,

governmental offices, school, post office, toupistce, etc.
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e Industrial building : Wood plant, Doll plant, Printing plant, Food plamMedical plant,
clothes, Clothes, Plastic production plant, Funeitoroduction plant. etc.

* Residential area assume 8 buildings in one residential area ared larnlding contains 24
apartments, then 336 (8*24*42) buildings in thedgtarea.

The spatial distribution of different categoriesboflding in the study area is shown in Fig.4- 1.

—

. “Zhabei

% H‘ya'nug'pux“ X

Zhabei

Jing'ah

Fig.4- 1 Spatial distribution of different categesiof Buildings in the study area: (a) Commercial
building, (b) Industrial building, (c) Public buitth, (d) Residential area

Tab.4- 2 A summary of four categories of buildingshe study area

Category Amount (Percentage %)
Buildings 3286
#Public building 930 (28.3%)
#Commercial building 1,940 (59%)
#Industrial building 80 (2.4%)
#Residential area 42
#Residential building 336 (10.2%)

Total 3,286 (100%)
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Appendix 4-2 : Exposure assessment - Maximum potgal
damage

The site area of each district and the percentdidpuildings in each district in the study aresrav
calculated in ArcGIS10.0. According to Pan, Zhaalet(2008) research on FAR of typical sites in
Shanghai city by high resolution satellite imagehg FAR in Huangpu and Pudong districts are 2.96
and 3.27, respectively; the other FARs in distrants adopted as 2.0 in general. Based on Eq.(4.4),
which shows the floor area is a result of flooraaratio (FAR) times total area of a site floor, the
sults of floor area in each district are shown abB- 3.

In order to calculate the market value of agifding categories in each district, based on HEqgna
(4.2), it requires to calculate the percentagefoof categories of buildings in the districts aihe t
results are shown in Tab.4- 4. According to Shanghaual official statistics (SSB 2010), the con-
struction cost of different categories of buildirigsthe study area in 2010 are shown in Fig.4n2. |
2010, the construction cost of commercial buildimglustrial building, public building and resideaiti
building are 784, 596,782 610 $USDB/mespectively. Consequently, the market value®wf build-
ings in each district are shown in Tab.4- 5. Theltealue of the buildings in the study area isnest-
ed at 34.62 billion $USD (3,286 buildings). Thusedbuilding equals approximately 10.5 million
$USD in general.

F, =AxFAR
Where: A, - site area in distric§ [m?]; (In this case, j = 6);
FAR -floor area ratio in distric§ [-].

F, -floor area in district] [m2].

Tab.4- 3 The site area, FAR and floor area of efisthict in the study ared-_g)

District Site area (kA) Floor area ratio Floor area (Rm
Huangpu 6.8 2.96 17.76
Zhabei 3.74 2 7.48
Hongkou 2.729 2 4.86
Jing'an 1.50 2 3.00
Luwan 1.10 2 2.20
Pudong

(Lujiazui Ared) 1.4 3.27 2.62

Total 37.92
§=GxpPxF

Where:C, - construction cost for each category$USD/nf]; (In this casej = 4)
P, - percentage of categoryin district [

S, - market value of categoiyin district j [SUSD];
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Tab.4- 4 Percentages of four categories of buiklinghe districts B, )

Category of buildings

Districts Commercial Public Industrial Residential
Huangpu 55.72% 49.46% 35.00% 50.00%
Pudong 0.36% 1.40% 3.75% 7.14%
Zhaibei 16.70% 20.86% 35.00% 16.67%
Luwan 13.04% 7.31% 1.25% 9.52%
Jing'an 5.62% 10.11% 12.50% 4.76%
Hongkou 8.56% 10.86% 12.50% 11.90%

Based on an assumption that the buildings istalmited completely in the study area and diffiere
categories of the buildings are assumed to haveaime stories in the same districts.

g

782 784

N
8 8

596 610

)
8

Constructin cost (SUSD/m?)
- 88888

Public building Commercial building Industrial building Residential building

Fig.4- 2Construction cost for each categories of buildings in Shanghai in 2009 (C,)

Tab.4- 5 Results of exposure assessment of bu#dmstudy area in 2009 [million $USDE( )

Category of buildings

Districts Commercial Public Industrial Residential Total

Huangpu 8793.7 7784.8 4200.5 6141.7 26920.7
Pudong 12.9 50.1 102.4 199.5 365.0
Zhabei 979.3 1220.0 1560.9 760.9 4521.1
Luwan 224.9 125.7 16.4 127.8 494.9
Jing'an 132.2 237.2 223.6 87.1 680.0

Hongkou 366.4 463.6 406.9 396.5 1633.4

Total 10509.5 9881.5 6510.7 7713.5 34615.1

Regarding the value of inventory in each houkkltg.4- 3 shows a list of popular household gem
in Shanghai with estimated values; the reasonglaxisthem are, firstly, they are fragile to berinu
dated, which could induce large damage consequemtly secondly, these data are available from
official report (SSB 2010). In a summary, the estion of inventory value is 7,909$USD/household.
Based on the assumption of amount of apartmentsesidential buildings (in Appendix 4-1), the
total inventory value is 63 million $USD.

Assets value per household

3500

3000
2500
3 2000
3 1500

Fig.4- 3 Assets value per household in Shanghairti2009
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Chapter 5

Shanghai: Flood risk analysis

Flood risk is calculated by the occurrence/exceedaprobability and its associated potential dam-
age. In theory, flood risk analysis is a full prdiigstic analysis, which should consider a set ©é-s
narios with all possible loads and the resistararg] the failure mechanisms in the system to compute
the predicted frequency of occurrence and theipeisged consequences. The objective of this chapter
is to quantify the (river) flood risk based on pbks flood scenarios along the Huangpu River of
Shanghai, and to identify the potential risk fastarhich can affect the future flood risk. The ptuba

ity of flooding is consisting of overtopping, breag and failure of floodgates. 26 scenarios were
simulated along the Huangpu River based on varmusdary conditions of the water level as a func-
tion of return periods of 200yr, 500yr, 1,000yr, A@yr at Wusongkou, in which 8 breaching points
and 3 floodgates points were selected on the webeast side of the floodwall. The total flood sk
calculated between 40 million $USD/yr and 112 willBUSD/yr along the Huangpu River of Shang-
hai, in which the O4 (~45km away from the mouthhast likely to be overtopped and the breaching
point at BW3 (~26km away from the mouth in west sidhe Huangpu River in the city centre) leads
to largest potential flood damage among all thensems. Furthermore, it is noticed that the econom-
ic damage due to breaching is much higher withcidiaof 10 than those caused by overtopping sce-
narios. However, in terms of the contribution te ftood risk, the failure of floodgates accounts fo
~41% of the overall flood risk due to its higheobpability of failure than breaching and parts ofeov
topping scenarios. In terms of factors affectingtlom future flood risk, the economic developmest ha
greatest effect on future flood risk, which couldlé flood risk in 2030 and increase six foldsrigk

in 2050 solely if no further measures are takemd_aubsidence is the second driver of future rigk a
the ‘absolute’ sea level rising has the least eftecthe future flood risk. The combination of etifel
factors would raise the total flood risk 4 timegdalb times in 2030 and 2050 respectively. These re-
sults provide rational insights into the potentiatal emergency response and cost-benefit of risk-
reduction measures in the future.
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5.1 Introduction

Flood risk is calculated by a combination of wcence/exceedance probability and its associated
potential damage. For example, a flood in the riesults in €1,000,000 of economic losses. If that
flood has a probability of occurrence of 4% perryélae risk contribution of that specific flood in
terms of expected annual damage is €40,000/ye&s Kirid of calculation is useful to compare differ-
ent floods. If another flood in adjacent area hdl®ad risk value of €100,000 /yr. It can be regatd
that the latter flood is 2.5 times worse than tingt one. In theory, the flood risk analysis isu#l
probabilistic analysis, which should be calculabeded on all possible loads, the resistances of the
system, the potential flood scenarios and them@agd consequences including uncertainty analysis
Therefore, the result of the flood risk analysisudtd be represented as a risk (damage-probability)
curve in the end, which shows the full distributfanction of flood consequence in an area; therfove
all) flood risk can then be calculated by integrgtthe area under the risk curve. The flood rigkngh
an estimated damage per year in a specific area.

A number of researchers have studied the fl@bdim specific areas worldwide. In South Hollarfd o
the Netherlands, the flood risk was determined umtiiéerent breaching scenarios and a multiple
combinations in terms of dike rings (Jonkman, Kolale 2008). The procedure was first to determine
the probability of floods, which was undertakenaptatistical calculation of failure probability &
dike stretch of a dike ring under various failureamanisms; the summation of the failure probaéditi
of all dike stretches or a combination of breachpngpability were taken as the overall probabitify
flood in the whole system; second, the inundatibaracteristics are further determined for all the
flood scenarios as an input for the determinatibnomsequence. Finally, the economic damage was
calculated based on the inundation characteristicthe spatial distribution of property assets; th
number of loss of life was estimated based on @djoul density and evacuation schemes under dif-
ferent scenarios. To sum up, every scenario hasrasponding result on economic damage or the loss
of life; and by considering the occurrence probabdf each scenario the total flood risk was dediv
The probability of flooding in the South Holland svaalculated as 3.99*T(/ year in total, which
approximately equalled to once in 2,500 years. 8¢sociated damage was estimated at around €99.8
billion in the first ten large contributed floodes@rios. Hence, the flood risk in the South Hollawas
calculated as €39.32 million /year (53 million $U$&ar). These results were regarded as an indica-
tive and realistic estimation of risk level in thetherlands. In New York city, the flood damage to
buildings was estimated at between 59 and 129amitiUSD/year by considering more than 200 low-
probability storm-surge events (Aerts, Lin et &13). It was regarded as a more accurate estimation
of direct flood risk in NYC than earlier studies. $hanghai, the expected annual damage was previ-
ously estimated at 70 million $USD/year (Nicholanson et al. 2007) and 63 million $USD/year
(Hallegatte et al. 2013) under an optimistic scenal maximum protection of 1/1,000/yr, which were
not very informative as only one flood scenarioraarstand for the overall flood risk. Thereforeg th
objective of this chapter is to quantify the floddk based on possible flood scenarios along the
Huangpu River, and to identify the potential fastathich can affect the future flood risk in Shangha
The results could provide as a basis for the etialuaf risk-reduction measures, specifically fbet
cost-benefit analysis in the next step. The comedmg research questions will be addressed as be-
low:

« How to determine flood risk based on the local infation on flood defence system and
flood scenarios?

* What is the current and future flood risk in Shaaigh

«  Which risk factor(s) influence future flood risk siasignificantly?

13 Currency rate: Euro : USD = 1:1.35
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The structure of the remaining sections willdoganized as below. Section 5.2 is going to shaw th
methodology of flood risk analysis. Section 5.3igsenting the results of risk quantification under
different scenarios. Section 5.4 is going to adsitee future challenge of flood risk in terms oé se
level rise, land subsidence and economic developraed to identify the most influential factor.
Lastly, it ends with discuss in Section 5.5.

5.2 Methodology

The flood risk can be determined by integrating area under risk curve, which could be seen as
expected annual damage (EAD) in monetary term $yséem. Risk curve can be shown as a curve
with relationship of different return periods oktloods and the associated damage, or calledas F-
curves; FD curve is graphical presentation of imfation on the frequency of a negative accident (e.g
flood) in a system and the distribution of economiénage in such accident, in which F narrowly
means the cumulative frequency namely F (D) offthed events and D means the associated dam-
age. It gives information on the exceedanace pitityabf flood event as a function of economic

damage and could be derived from the p.d.f of tenemic damagef,(X) (Jonkman, van Gelder et
al. 2003; Cong 2010).)

1-F, ()= F(D>x) =f £ (x)dx (5.1

E(D) = jo xOf (X dx (5.2)

Where: fD(X) is the probability density function of the ecoriordamage;F, (X) is the cumulative
distribution function of the economic damad&(D) is the expected value of the economic damage.

In the analysis of the FD curve, various hypbta¢ events shall be assessed. Each of thesesevent
will have a predicted frequency of occurrentand an expected number of economic dantag®

in this discussion will be the expected amounthef direct economic damage in the flood event. The
associated frequency of occurrentavill be expressed in events per year. FD curve@garded as a

cumulative frequency basis, which plots the cunngaprobability F in the frequencies of the all the
events where the expected economic damad @ more in y-axis. Since the amount of economic
damage and the occurrence frequency can span haultigers of magnitude, FD curve is usually
shown in log-log scale on the axis.

An estimated probabilistic model could be asalitoefit the results of economic damage at the giv-
en flood events (e.g. exponential distribution,nlogmal distribution, etc.). Vrijling and van Gelder
(1997) proposed a linear combination of the siatisioments of the FN curve, namely the expected
value of the number of deatfs N (and the standard deviatian N (in)the form of E N }+ k(& (N).

The determination of the total risk starts from #ssumption that the accidents statistics refleet t
result of a social process of cost-benefit appraasal a standard can also be derived from them
(Vrijling, van Hengel et al. 1998). Likewise, thember of death could be substitute by the economic
damage in a monetary term at a given flood; thentdkal risk of the economic damage could be re-
written as:

TR=H D+ kio( D (5.3)
The total risk TR) accounts for risk aversion, which reflects theegtance of risk in a community
or in a society. Relatively frequent flood with dh@nsequence may has an equal expected value of
damage as a rare flood with big consequence. Hmelatd deviation can reflect the difference. Hence,
the total risk can be regarded as the result ofdfiask with risk aversion. Hereafter, flood riskrep-
resented by total risk calculated by Eq. (5.3).
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An example of the FN curve and FD curve dueistohical floods in China is shown in Fig.5. 1. The
E(N) of loss of life between 1950 and 2010 was caledlas 4,508/yr with standard deviatia(N)
of 6273/yr. The total flood risk in terms of lossliée can be estimated as 23,327/yr in Chinaeimis
of economic damage, a lognormal fit curve wi(D) of 20.65 billion $USD/yr and standard devia-
tion (D) of 15.25 billion $USD/yr was found to best fit teenpirical data. The total risk could be
calculated as 66.4 billion $USD/yr when risk indexs taken as 3. This result is comparable with the

1.5% of GDP averagely every year in China duedoding in the past 19 years (1990-2008) by (Chen
2011). The FD curve shows the flooding in Chinexipected to lead to massive economic damage.

—e—1990-2010 data in China
—lognormal curve fit

\

1-Fr[per year]

1-Fr{per year)

i
F - |—®—1950-2010 data in China |
L | ——expotential fit data £}

rigel
10° 10"

1

10° 10’ 10" 10° 10" 10
No. of Fatalites Direct econmic damage [$USD]

Fig.5. 1 Empirical FN curve (1950-2010) and FD eu(¥990-2010) due to historical floods in main-
land of China (Data source: MWR 2010)

In order to establish FD curve and compute tiver) flood risk (expected annual damage) alorgg th
Huangpu River, a set of scenarios were taken iotount with predicted probability of flooding and
the associated damage. A table shows a list ofifsm@narios will be arranged in a descending order
in terms of flood damage, each of them with a mtedi probability of flooding. Cumulative probabil-
ity for each scenario will then be derived. FinayFD curve for Shanghai case could be established
and flood risk can be calculated further basedtatisical principles. Because f (D) is non-negativ
so that FD curves never rise from left to rightt &re always falling or flat. The lower an FD-cuiige
located on the FD-graph, the safer is the systeepiesents, because lower FD-curves represent low-
er frequencies of negative events (e.g. flood) thigher curves. Moreover, as seen from Tab.5.i4, it
easily to deduce the f (D) from the F(D) and coeesy, it is possible to calculate the F (D) by sum-

ming up the f (D) upward from D.

Tab.5. 1 List of flood scenarios in a descendirdpowith predictable failure probability, the assbc

ed damage and the cumulative probability
Failure Probability of flooding Associated damage Exceedance probability

Scenarios
f(D) D 1-F(D)
1 Pr1 D; (maximum) [
2 sz DZ Pfl + sz
3 Pr3 Ds Py + Pry + Pr3
N Prn Dy, (minimum) Pr1+Pry + Pz + -+ Ppy

In order to establish FD curve and computeflibad risk of river flood along the Huangpu River,
the following steps should be followed:

Step 1: Scenarios set-up
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Based on flood hazard analysis in Shanghai, thotential flooding events along the Huangpu River
could be identified 1) by overtopping of the floaaliwvithout structural failure, 2) structural faitu
due to larger hydraulic load than the defensivestasce, i.e. breaching and 3) failure closurehef t
floodgates. Subsequently, a series of flood scesavere set-up. The summary of the potential failur
points of flooding along the Huangpu River werestrated in Fig.5. 2. The orange flag sign repre-
sents the overtopping points with a sequential oofi€D1-06, which are identified as weak points
based on the comparison of the water level witktdieodwall at a certain point. The potential miea
locations were marked as red stars on the bothest and east side of the Huangpu River. Each side
was assigned 4 points respectively, namely BE1,, BBEB, BE4 and BW1, BW2, BW3, BW4. The
locations of failure close-down of floodgates weh®wn as blue circle on the east side with name of
Fgl, Fg2 and Fg3 on the map (more details in Cha&)tdt should be noted that these scenarios are
not representing the overall failure possibilitedglooding along the river; but they are represéine
flood scenarios in this schematized flood riskigsia for Shanghai.

.
-,
T,

Scenarios Serial number Number of cases
Overtopping 01-06 6
Breaching BE1-BE4 and BW1-BW4 8
Failure to close floodgate Fgl-Fg3 3

Legend
—— River system
Shanghai districts bounda
~ Potential Overtopping Points
% Potential Breach Points

05

Daye River
Selected Floodgates

9
Kilometers

Fig.5. 2 Potential failure points of flooding alotite Huangpu River on both sides (i.e. overtopping,
breaching and failure of floodgates)

Step 2: Determination of failure probability

The overall failure probability of flood defenshould take all the failure mechanisms into actoun
(see Fig.5. 3). Commonly, the fault tree is usedrtalyse the failure modes and failure probabitity
the system. It can be seen that besides the opampand overflowing, the structural failures (i.e.
breaching) like sliding, piping, instability andosion of flood defence structures, etc. are theifsig
cant failure mechanisms, in which the failure ptolig can be calculated by the method of Bayesian
probability theory and already be applied in théhddands, e.g. PC-RING model in the each dike
ring system (Allsop, Kortenhaus et al. 2007). Ie Bayesian probability theory (van Gelder 2000),
the resistance and load characteristics were nextély the stochastic variables with the associated
probability distributions; the uncertainties of thariables, namely the inherent uncertainty (e atew
levels at a given time) and empirical uncertaimtgre taken into account in the distribution of @eb
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bility and its estimated parameters. However, stheedata related to the geometry of floodwall and
its fundamental conditions (e.g. soil charactargtivere lacking, the probability of the floodingded

on scenarios was 1). the exceedance probabilitiyeoivater level in the river compared to the cofst
the floodwall at a certain point for overtopping; the probability of breaching at a certain watsel

in the floodwall 3). the failure probability of de-down the floodgates. Ideally, the fragility aesy
which express the failure probability of a defeasea function of the hydraulic load, e.g. wateelgv
can show the failure probability at a given hydgibal load (i.e. water level). Since this is noé th
focus of this research, a number of assumptions wexde for the calculation of failure probability i
the floodwall of the Huangpu River:

Inundation* System level
‘/or \
Failu‘re of Fail P L,,,‘ Structural level
- S i [ Failure of
sea dike floodwall ! ‘ floodgate
A A X
Section level
/
/ or
Overtopping Breaching
/overflowing
A /R Failure mode level
/ or
L\
[ [ [
slidin inin Instability of Erosion
e piping amour units inner side

*: Note that ‘inundation” means a fact of flooding due to the failure of flood defence

Fig.5. 3 Fault tree with basic failure mechanisagapted from Cong 2010)

1) Overtopping occurred when the water level exceeetest height of floodwall;

2) In order to explore the worst-case scenario, btiagcbccurred simultaneously when water
level reaches at the warning water level adjacerib¢ floodwall (around 5m or more); the
conditional failure probability at 5m or more wassamed as 0.01% uniformly for the overall
breach points (see Fig.5. 4). This is largely basethe local situation of the floodwall in the
downstream of the Huangpu River, in which the fleall is mainly in concrete material with
either pile foundation or armouring support systémn. the other hand, local engineers (Gu
and Yu, 2008) have pointed out the potential gdwtieal failure probability of floodwall with
the failure modes of sliding, collapse of revetmasiping and subsidence, etc. Ideally, it
needs to calculate the failure probability of e&ailure mechanism and to sum up to get the
breaching probability. Since this is not the foofishis research, the conditional failure prob-
ability of floodwall at water level of 5m or more based on expert judgement.

3) Failure to close the floodgate could be caused imaaual performance error; the conditional
failure probability of floodgate at water level 4f7m or more was assumed as typical failure
probability due to human error in a routine op@mtivhere care is required, namely 1% (Kir-
wan 1994).
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A
Py [per year]
100% —
/I
7N
’I' ‘True’ fragility
I
]
1
]
!
!
]
]
!
/
!
Assumed J
. fragility -
0.01% cum/\.r«. .......... X
SmT Water level [m]

Fig.5. 4 The simplified fragility curve of breacbemario as a function of the water level at 5m orem
in this research compared with a more realistigifitg curve

As a result, the assumed failure probabilitydeertopping, breaching and failure closure obfle
gates could be written as below:

I:)f.o = p(w|>crestr) (5-4)
P b = Pruissm DF{fanure\(wesm) 5.9
Pf-fg = p(wl24.7m) Epfailure\(wlzzt.?m) 05-6

Where: P, , - failure probability of overtoppinddscrest - OCCUIrence probability of water level ex-
ceeding the crest height of floodwal?; ,, - failure probability of breaching; Pyssm)- occurrence

probability of water level at Sm;P re(wissm - cONditional probability of floodwall when the veat
level reaches at 5mp,;.4 7my- Occurrence probability of water leved.7m; D ia(wiza7m)~ CONdi-

tional probability of close-down floodgate when thater level reaches at4.7m; Pf_fg -failure prob-

ability of floodgate.

Note that, the flood scenarios are assumeddependent with each other, which means the failure
of one scenario would not cause negative effeattber sections of the floodwall system. The over-
topping scenarios would not cause further breacbasgd on the assumptions.

Step 3: Calculation of maximum inundation depth

Flood characteristics determine the severithefadverse impacts on the elements at risk. Common-
ly, the inundation depth is a vital determinanttie direct economic damage in an urban area. Flood
simulations under the aforementioned selected somnavere subsequently conducted in the
1D2DSobek model (also see details in Chapter 32. fEsults of inundation depth for each scenario
were shown on the map with grid size of 300m*308m.example of inundation maps under different
scenarios at around ~20km East side away from théhvof the river were shown in Fig.5. 5, which
shows an increasing order of inundation extentofedld by overtopping, failure of floodgate and
breaching scenarios successively.
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Fig.5. 5 Inundation maps under different scenancan adjacent area around ~20km East side away
from the mouth of the river, which shows an incheg®rder of inundation extent followed by over-
topping, failure of floodgate and breaching scevsari

Step 4: Estimation of economic damage

Ideally, the flood damage under each flood sderan be estimated based on the inundation depth
and spatial distribution of economic assets byntiethod of stage—damage function in GIS environ-
ment. This method has been already applied ingfadbwntown Shanghai in Chapter 4, which esti-
mated the flood damage at an individual buildingelén the study area. As the information on spatia
distribution of buildings or other infrastructurae lacking in whole area of Shanghai, it is exiic
challengeable to assess potential maximum damagbdaelements at risk in a quantitative way. In
order to estimate potential flood damage in thedlegcenarios, an aggregated macro-level damage
model was developed, which could be seen as aaanitification of flood risk analysis in terms of
flood damage estimation. The aggregated macro ldagiage model includes two parts: exposure
assessment which estimates the potential maximumagk in the districts of Shanghai and stage-
damage function which shows the relationship of aigenrates of elements at risk as a function of
inundation depth.

Maximum damage assessment

1. Six criteria were selected with an aim to assessetonomic vulnerability in the districts of
Shanghai (see Appendix 5-1). The result is a rankihrisk areas (=municipal district) with de-
grees of their economic vulnerabilities. The mounerable the area is the more potential flood
damage it could be resulted. By using of the GI3, tine rankings and categorization of the areas
in terms of economic vulnerability can be showrtlmmap. In the end, three groups of districts in
terms of economic vulnerability were classified jethwas shown in Appendix 5-1.

2. Based on the previous results of the valuatiomefdconomic assets (mainly on the buildings and
residential inventories) in a small part of downto&hanghai (see the red box in (i) of Fig.5. 6),
the potential maximum damage to buildings was eg#@ohat 5.77 billion $USD in the study area
(~17.2kn%). Followed by the size of grid cell in inundatidapth produced by the flood simulation
of hydrodynamic model, the red box can be divide@#0 (15 column and 14 rows) of grid cells
with size of 300m*300m, in which only 188 grid ceiontains economic asset s and the others are
water bodies or out of the boundary. It is caladathe potential maximum damage is 30.6 million
$USD per grid cell (5.77*1USD/188 grid cells) averagely in this study area.

3. The study area represents a group of highly ecandisiricts in the city centre with each grid cell
of 30.6 million $USD, such as Huangpu, Jing’an, BawHongkou and the commercial Pudong ar-
ea. These areas usually include fancy hotels,uesits and shopping malls etc.. Based on the eco-
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nomic vulnerability assessment, Yangpu, Zhabei, ukubiPutuo, Changning and the non-
commercial Pudong districts were categorized asd¢icend group, namely less vulnerable districts
to flooding in terms of economy, the economic assetre then estimated at half of 30.6 million
$USD per grid cell. In the third group of suburistdcts, Songjiang, Baoshan, Chongming, Qing-
pu, Jiading, Jinshan, Fengxian, the economic assgtsestimated at 1/4 of 30.6 million $USD per
grid cell. As a result, the potential maximum damagere estimated 80.6, 15.3 and 7.65illion
$USD per grid cell in three groups of the districtsShanghai, which equals 885.5, 167.7, 83.8
million $USD /km?2.

4. In a summary, the spatial distribution of the eatied potential maximum damage per grid cell in
the municipal districts of Shanghai was illustratedii) of Fig.5. 6. In these districts, the darke
the colour is the more potential maximum damagegpercell is assigned.

1111111

wows 577 % 107

) 188

@ © 30.6 million $USD per grid cell

=30.6 x 10°$USD

o @: 15.3 million $USD per grid cell

@ : 7.65 million $USD per grid cell 05w 2 oo

Kilometers
7.65

(i) (ii)
Fig.5. 6 Distribution of potential maximum damager grid cell in municipal districts of Shanghai
city (the darker the colour, the more potential mmaMm damage contains) First group: Huangpu,
Jiang’an, Luwan, Hongkou, with 30.6 million $USDtgotial maximum damage per grid cell; second
group: Yangpu, Zhabei, Xuhui, Putuo, Changning,dPggd with 15.3 million $USD potential maxi-
mum damage per grid cell; third group: Songjiangpghan, Chongming, Qingpu, Jiading, Jinshan,
Fengxian, with 7.65 million $USD potential maximwaiamage per grid cell. [grid cell: 300m*300m]

Aggregated depth-damage function

In order to generate depth-damage function to dveundldings in Shanghai, the damage rate in the
category of buildings was averaged as a mediunmagtn under the same inundation depth; the
highest/lowest rate under a certain inundation lu@ptthe category of buildings were taken as the
high/low estimation. In general, an aggregatedestiaymage function including low, medium and high
estimation were derived and represented in Tab.stfich could be applied in a rapid ex-ante estima
tion of flood damage. Consequently, flood damageeureach flood scenario could be produced in a
GIS environment by the method of depth-damage fonct

Tab.5. 2 Suggested aggregated depth-damage furiietibaildings in urban Shanghai

Inundation depth [m]
<0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-25 2.5-3.0 >3.0

Low estimate 3% 6% 9% 12% 16% 19% 22%
Medium estimate 5% 10% 14% 18% 23% 27% 32%
High estimate 9% 19% 26% 33% 38% 46% 58%

Step 5: Construction of FD-curve
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Similar to the FN curve (cumulative frequenciesafities), FD-curve can be established by the con-
sideration of the flood probability under a floatkrarios with associated economic damage. In prac-
tice, there are two methods to establish FD cuiMee first is to calculate FD curve directly fromm-e
pirical frequency data in the historical eventg sfecond is to develop and use a probability mtudel
estimate the frequencies. The most practical meighot/olved a mixture of empirical data and statis
tical modelling. Maaskant, Jonkman et al. (2009 tlaveloped a FN curve due to flooding with ex-
ponential distribution in a dike ring of South Hoild in the Netherlands. Likewise, FD curve could be
developed in a country, a region or a city by a wasnber of scenario simulations. The overall flood
risk could be computed by integrating the area utie FD curve (Vrijling and Van Gelder 1997).
Based on the results of the probability of floodarmg the associated economic damage for the select-
ed scenarios, FD curve could be established andlzbilistic model can be developed to calculate
the total risk in the end. The expected value @addard deviation of the flood damage could be cal-
culated based on the Eq. (5.7) and (5.8) as below:

E(D) =2 (P(D) (5.7)
o(D) =\/ZF?EdDi - E(D))’ 5.9)

Where:E(D) - Expected value of flood damag€{D) - standard deviation of flood damade:

the estimated probability of flooding under a sfiecicenarioi ; DI - the estimated flood damage

under a specific scenarig N - number of scenarios, in this cabke= 26;

5.3 Results of flood risk analysis

26 scenarios were simulated along the Huandgper Rased on the various boundary conditions of
the water level as a function of return period0®yr, 500yr, 1,000yr, 10,000yr at Wusongkou, in
which 15 overtopping points, 8 breaching points 8nitbodgates points were selected on the West
and East side of the floodwall, respectively. Thsutts of these flood scenarios in terms of failure
probabilities and the associated damages weresemed as follows.

5.3.1 Overtopping scenario

The overtopping locations were identified bg tomparison of water level in the river and crest
height of floodwall alongside. Fig.5.7 shows a tiEbvertopping scenarios at 6 points of floodwial,
which the grey box stands for flood simulation eedopping. It means each points of overtopping
has different failure probabilities from 1/200, Qg6 1/1,000 to 1/10,000p.y based on the occurrehce
water levels as a function of return periods. Fer dvertopping point O4 with failure probability of
1/200, we also simulated the failure probabilitylé600, 1/1,000 and 1/10,000. Analogously, the othe
points were all simulated from the failure prob#ill/500, 1/1,000 to 1/10,000 as flood scenarios.
Hence, based on Eqg. (5.1), the overtopping proitiakilare regarded as exceedance probability of a
certain water level at a given cross section ofriter.

The corresponding inundation extent and inuodadiepth under each scenario was calculated by the
SOBEK model and shown on the map in Chapter 3 Aggeendix 3-4); the flood damage was then
calculated based on the aggregated macro-levelgiamadel which has been described in the meth-
odology section on the estimation of flood damaljee estimated results of damage to buildings in
each scenario are shown in Tab.5. 3; it showsadwei the probability of flooding the more damage
would be incurred. The highest damage would beroedwnder 1/10,000p.y at O1 with a distance of
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4km to the estuary, which would range from 369.Hiom $USD to 950 million $USD. The most
likely overtopping point at O4 which is 45km awagrh the estuary would incur 30-93 million $USD
economic damage under 1/200p.y.. The potential damader the pedefined standards of 1/1,000yr
would range from 32-200 million $USD at differentestopping points. Compares to the overall po-
tential maximum damage of 52- 206 billion $U8D Shanghai (excluding islands) was flooded with-
out floodwall and other infrastructure under 1/DP§, the damage was substantially smaller; which
indicates the overtopping scenarios are only expetd flood small part of the whole area. In total,
the ‘residual’ overtopping flood risk is then cdkted at 0.79-2.25 million $USD/yr in the Huangpu
River of Shanghai.

85 Identification of potential overtoping points under different return periods of flood events
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Fig.5.7 Potential overtopping scenarios at 6 panfitBoodwall with failure probabilities of 1/200p.
1/500p.y,1/1,000p.y,1/10,000p.y (grey box in tHadatands for flood simulation of overtopping)

Tab.5. 3 Failure probabilities and the associatsahemic damage to buildings under overtopping
scenarios at 6 potential points along the floodwhthe Huangpu River

Damage
Overtopping [million $USD]
points Failure Probability  Low Medium High
[-] estimation estimation estimation

o1 0.0001 370 545 950
0.0020 55 85 155

02 0.0010 56 87 160
0.0001 135 200 360

0.0020 50 75 130

03 0.0010 78 116 200
0.0001 112 170 300

0.0050 30 50 93

04 0.0020 40 64 120
0.0010 55 87 160

0.0001 110 170 320

o5 0.0010 48 75 138
0.0001 77 120 220

06 0.0010 32 51 93
0.0001 45 71 132

14Based on the inundation map under no-protectionast® with probability of 1/1,000yr (se®ec-
tion 3.3.2.3, the inundation area would be 606.4kmhich was calculated and showriliab.3. 5
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5.3.2 Breaching scenario

Breaching includes all the structural failurectm@nisms when the water levels haven't reached the
crest height of the floodwall; it needs fully arsdythe loads and resistances of the flood defentei
system. As the fully reliability analysis of floo@Wis beyond the scope of this research, the bragc
is assumed simultaneously when the water levehezhat 5m with a breach width of 300m in the
scenarios. Hence, the probability of breaching ¢dé a conditional probability of the occurrence
probability of 5m or more at each point. Based lom previous frequency analysis, GEV distribution
was recommended as the first option for annual mami water level at Wusongkou and Huangpu
park station. Hence, the occurrence probabilitiesvater level at 5m were calculated as 0.5/yr and
0.14/yr at Wusongkou and Huangpu Park, respecti&iypsequently, the occurrence probability of
5m water level at each breach point is taken asxapnential relation as a function of the distatace
the estuary, which were calculated and shown irtbFR) In addition, the failure probability of boda
ing at water level of 5m is, in general, assume®.84%. Based on Eg. (5.3), a summary of failure
probabilities at potential breach points in theoflwall was shown in Tab.5. 4. The total breaching
probability is a summation of 8 potential breachawgnarios with failure probability of 1.59*1gr.
The highest and lowest probability of breaching.310° at BW1 and 8.0*18at BW4, respectively.
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Fig.5. 8 Occurrence probability of water levebat based on an exponential relation as a function o
distance to the mouth of the river for each brgamint by means of interpolation method (East side:
BE1, BE2, BE3 and BE4 and West side: BW1,BW2, BaMd BW4)

Tab.5. 4 A summary of breaching probabilitiepatential points on the East side (BE1, BE2, BE3
and BE4) and West side (BW1, BW2, BW3 and BW4hef Huangpu river

Potential Distance to Occurrence Conditional Failure
breaching Wusongkou  Probability  probability probability
point [km] [1/yr] [1/yr] [1/yr]
BE1 10.68 0.28 0.0001 2.80E-05
East side BE2 13.5 0.24 0.0001 2.40E-05
BE3 18.5 0.18 0.0001 1.80E-05
BE4 225 0.145 0.0001 1.45E-05
BW1 3.6 0.4 0.0001 4.00E-05
W id BW2 23 0.145 0.0001 1.45E-05
estside  pws 26.5 0.12 0.0001 1.20E-05

BW4 33.7 0.08 0.0001 8.00E-06
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Tab.5. 5 Results of flood damage due to breachlimigg the Huangpu River

. Damage
Breaching  # P[r;’/bi'zgty [million $USD]
y Low Medium High
BE1 2.80E-05 193 297 533
East side BE2 2.40E-05 175 268 484
BE3  1.80E-05 350 530 943
BE4  1.45E-05 209 315 560
BW1 4.00E-05 284 436 783
West side BW2 1.45E-05 612 956 1,792
BW3  1.20E-05 1,186 1,888 3,440
BW4  8.00E-06 627 1,005 1,812

Next, the flood damage to buildings due to bingag scenarios along the Huangpu River is also
calculated by the aggregated macro level damagesim®de results are show in Tab.5. 5. The flood
damage to buildings under different breaching seesaianges from 0.17 billion $USD to 3.4 billion
$USD. It is noted that the failure probability istrrelated to the amount of economic damage, which
means it is not expected that the smaller therfauobability is the more economic damage would be
incurred. Since the simulation of breaching wastéchwithin 24 hour®, which might lead to con-
servative results on economic damage.

The breaching results indicated that the flogdin the Huangpu River would induce large amount
of economic damage to buildings. The worst-casaaste was at BW3 (28km away from the mouth
the river on the west side of the river). It coalilise economic damage at 1.19-3.44 billion $USD in
part of the city centre, which is more or less $hene as the total economic damage in 1999 flood in
Taihu Basin (~2.24 billion $USD). Since only thenthge to buildings and residential inventories are
taken into account in these scenarios, the totah@unic damage would be double or triple of these
figures due to adverse effect on business intaom@nd service interruption in the urban arealdo
shows the river flooding due to breaching alonghlu@angpu River could lead to massive damage in
Shanghai. Furthermore, compared with overtoppirmtgtaeaching scenarios, it is noticed that the eco-
nomic damage due to breaching is much higher witiceor of 10 than those caused by overtopping
scenarios.

5.3.3 Scenarios of failure of floodgates

Based on the ‘Emergency Plan for Flood PrevariticShanghai’ ww.shanghaiwater.gov.gnt is
regulated that the floodgates should close dowmwthe water level reaches at 4.7m or more along
the downstream of the Huangpu River. The failurelé@e down floodgates along the Huangpu River
could be regarded as a special case of the instmia breaching with breach width of ~ 10m (the
width of the floodgate) when the water level reach&m or more. Similar to the breaching scenarios,
the occurrence probabilities of water level at 4were calculated as 0.89/yr, 0.5/yr and 0.00004tyr
Wusongkou, Huangpu Park and Mishidu, respectivelgolynomial relation as a function of the dis-
tance to the estuary was proposed to calculat@dberrence probabilities of water level at 4.7m at
Fgl, Fg2 and Fg3, which is also shown in Fig.Ard the failure probability of close-down floodgate
at water level of 4.7m or more was assumed as l&dalbhuman errors based on Dutch experiences.
In the end, by multiplying the occurrence probapiind failure probability, the conditional failure
probability at Fg1, Fg2 and Fg3 were calculated.88*10%, 1.21*10* and 1.13*1@, respectively.

15 An assumption of quick response on flood contrittiy 24 hours for local government in Shanghai
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Fig.5. 9 Occurrence probability of water level at based on polynomial relation as a function of
distance to the mouth of the river for each floddgaoint by means of interpolation method (Fgl, Fg2
and Fg3)

Tab.5. 6 Failure probability of floodgates and #issociated flood damage at three selected losation

Damage

Occurrence Conditional . .
Failure probability [million $USD]

Floodgate Probability Probability

1 . .
[1/yr] [1/yr] [L/yr] Low  Medium High
Fgl 0.688 0.01 6.88E-03 59 90 159
Fg2 0.605 0.01 6.05E-03 51 83 149
Fg3 0.566 0.01 5.66E-03 85 135 243

Based on the damage model, the associated flaodge were estimated and shown in Tab.5. 6 ac-
cordingly. It is noticed that the economic damaaeges from 51-243 million $USD under these sce-
narios.

5.3.4 Flood risk in Shanghai

The scenario-based flood risk is shown by mexdres FD curve and the expected annual value of
flood damage. It shows the probability of exceedainoone year of a certain amount of flood damage
due to one event. Both axes are generally displaydogarithmic scale. The FD curve provides in-
formation on the probability of a flood disastetiwa certain magnitude of consequences and is used
to display the risk. The intersection with the ieat axis equals the flooding probability of the
Huangpu river, which is 3.68.02%/yr (i.e. around once in 27 years). The total dgenaf the selected
scenarios was calculated as 5.12 billion $USD, Bifiion $USD and 14.4 billion $USD under low,
medium and high estimation, respectively.

Based on the probability and the damage valuthéoselected scenarios, the expected value @ flo
damage can be determined. It was mathematicalleprthat the area under the FD curve equals the
expected damage value by Vrijling and van Geld88T)}. This yields the expected val&€¢D) rang-
es from 2.05 million $USD/yr, 3.21 million $USD/gnd 5.79 million $USD/yr and the standard devi-
ation o(D) ranges from 12.6 million $USD/yr, 19.7 million $D&r and 35.4 million $USD/yr under
low, medium and high estimation, respectively. Herthe total flood risk can be calculated based on
the Eq. (5.1) with results 9.8 million/yr, 62.2 million/yr and 112 million/yr with risk aversion
index of 3 under low, medium and high estimati@spectively.
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Fig.5. 11 Distribution of three types of flood saéns in FD curve with medium estimation

Fig.5. 11 shows breaching scenarios have ladlgaerage compares to overtopping and failure of
floodgate, except for the overtopping scenario®at(~4km away from the mouth of river) under
1/10,000p.y. Due to its adjacent location to theuthf the river and low elevation around, the high
storm surge and astronomic tide lead to high watezl under extreme events could lead to massive
damage, which is even higher than other breachiegasios. Furthermore, it is noticed that the eco-
nomic damage due to breaching is much higher wfdtior of ~10 than those caused by overtopping
and the failure of floodgate. However, in termgted contribution to the flood risk, the overtopping
and breaching scenarios account for ~33% and ~26%te total flood risk respectively while the
failure of floodgates accounts for ~41% of the allefifood risk due to its higher failure probabylit
(with a factor of ~100 even ~1,000) than breachind parts of overtopping scenarios( also can be

seen from Fig.5. 11) .

The EAD in our study was estimated at 2-6 wmillyr, which is 10 factors lower than earlier sagdi
in Nicholls et al. (2007a) and Hallegatte et ab1(2) (also shown in Tab.5. 7). This can be expthine
that 1). current research is focus on the rivending based on the simulated flood events by 2D hy-
draulic model, which considers 26 scenario-baseold by different failures. It shows floods would
not cover the overall area of Shanghai, while @lynited area adjacent to the failure points cdéd
flooded. This thus led to limited damage; 2). otth@od patterns, such as waterlogging due to imsuff
cient drainage capacity in the city, were not coasad; 3). current flood damage estimates weretdire
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economic damage to buildings. The damage woulddpéfisantly increase if other damage categories
were included, such as transportation infrastrestuHowever, our current research considered many
flood events at a local city level, which is indiga for a sophisticated flood risk analysis (Jorakm
2013). Hence, EAD in this research can be regaadeithe preliminary results in Shanghai and more
investigations would be needed for a more comgalssessment.

Tab.5. 7 A comparison of the current result of ElABhanghai with earlier studies
EAD in Shanghai

Different studies

[million $USD]
Current research 2-6
Nicholls et al. (2007a) 73
Hallegatte et al. (2013) 63

5.4 Future challenges and flood risk

Since the current protection level of the floativalong the Huangpu River is no more than 1/200p.
in Shanghai. Flood risk would be further increaseé large degree with sea level rising and land
subsidence if no further risk reduction measuresimitiated. On the other hand, the potential flood
risk would be significantly increased as well wittpid economic development in an urban developed
city. In order to find out the most influential fac which determines flood risk in the Huangpu Rjve
three scenarios were proposed to investigate tiveefdlood risk. The projection years are 2030 and
2050 with a reference year of 2010. 1) the potensk under sea level rising and land subsidence
would be identified with a comparison of flood riak1/200p.y in the river; 2) it is projected teidi-
fy potential flood risk due to economic developmedjtthe combination of the factors of sea level
rising, land subsidence and economic growth tduhee flood risk along the river is evaluated. The
results can raise awareness of future challengd®ad-risk in Shanghai. In addition, it should be
noted that the flood risk in the section is algoresented by total risk calculated in section 5.3.

5.4.1 Change of extreme events

With climate change, sea level rising is an itable phenomenon worldwide, which is seen as ‘ab-
solute ‘sea level rising purely due to global wargaiWhile with local land subsidence, it is usually
regarded the sea level rising as a summation ablake’ sea level rising and land subsidence tageth
er, which is also called at ‘relative’ sea leveing. This section is going to project the flooskrun-
der the scenarios of ‘relative’ sea level risingbasindary conditions of water level as a functién o
return periods from 200yr, 500yr and 1,000yr, refipely. It should be noted that the flood risk in
this section is based on the calculation of tdtad risk at present (reference year is 2010).

Boundary conditions

Due to climate change, the average sea levegrimte along East China Sea2dmm/yr from
1991-2010, and the predicted rising rate betwedri-2030 and 2030-2050 would Besmm/yr and
5mm/yr, respectively (Li, Qin et al. 1998; Yin, Yin et &011). Regarding land subsidence, it is re-
ported that the compaction subsidence since 20pfedicted aémm/yr along withlmm/yr of tec-
tonic subsidence (Yin, Yin et al. 2011). In gengtiaé land subsidence is predicted8a@mm/yr in
Shanghai after 2010 (Gong 2008). Therefore, withsestimated increasing rate, the ‘relative’ sea
level rising since 2011 is projected to 2-23cm by 203and47-51cmby 205Q respectively. As a
result, the projection of water level at the estusould be estimated at 6.33-6.35m (200yr) and-6.72
6.74m (1,000yr) as a function of return periodhia year of 2030, and 6.59-6.65m (200yr) and 6.98-
7.04m (1,000yr) in the year of 2050 (see Tab.5THg boundary condition of a series of water latel
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the estuary can be up-scaled based on the prajemttiannual maximum level in 2030 and 2050 under
return periods of 200yr and 1,000yr.

Tab.5. 7 Boundary conditions of annual maximum wédeel at the estuary of the Huangpu River
under return periods of 200yr and 1,000yr in 203@ 2050, respectively

Projection of annual maximum
Reference year

Return period water level at Wusongkou
2010 2030 2050
200yr 6.12m 6.35m 6.65m
1000yr 6.51m 6.74m 7.02m

Increase of flood probability

Based on the 1D hydraulic model in SOBEK, the ttesoil the projected water levels in the Huang-
pu River are illustrated in Fig.5. 12 with a compan to the crest height of the floodwall. It istex
that the floodwall would be largely out of functiamder the return period of 1,000 years in 2050 if
there are no further measures being taken. Pdtdnige flood event would occur if most of the
floodwall would be overtopped, which also increasebreaching possibilities of the floodwall ireth
river. These scenarios in the projections simpbhhght the current safety standards of 1/1,000p.y
would not fulfil the requirements in the future.rihier measures should be taken to safe-guard Shang-
hai apparently. Moreover, the water levels as atfan of 200yr of return periods in 2030 and in @05
are clearly close to the water level of 500yr af@Qyr return periods in 2010 (see Fig.5. 12). ymp
speaking, the possibilities of flooding would ingse roughly 2.4 timesand 5.2 timeswith sea
level rising and land subsidence in terms of oymiiag in 2030 and 2050, respectively.
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Fig.5. 12 Water levels as a function of return qesi 200yr with the projection of sea level risimgla
land subsidence in the Huangpu River in the ye&®080 and 2050, with a comparison of the water
level as a function of return periods of 500yr ar@D0yr in 2010

Increase of flood damage

On the other hand, the potential maximum inundatlepth in the flood would increase by 23cm
and 51cmunder the current flood scenarios in 2030 and 26&fpectively due to 'relative’ sea level
rising. The potential flood risk would increasg&.2 times and ~1.5 time®n average in 2030 and
2050 compares to current situation (2010), withaberespondent flood risk increased to 48-135 mil-
lion $USD/yr in 2030 and 60-168 million $USD/yr 2050.
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Tab.5. 8 The projection of flood risk (with increasf flood damage) under the factor of ‘relativeas
level rising in the year of 2030 and 2050 compé&wabke potential flood risk in reference year 612

Flood risk
[million $USD/yr]
2010 ) .20,30 ) . 2950
reference year relqtlye sea lev- rel.at.lve sea level
el rising~23cm rising 51cm

Low estimation 40 48 60
Medium estimation 62 74 92
High estimation 112 135 168

Increase of flood risk

The ‘relative’ sea level rising increases ndydhe occurrence probability of flooding in thee,
but also the flood damage in the flood area duewer inundation depth by land subsidence under the
same flood conditions. On average, the maximumdation depth in the potential flood area would
be lowered down 23cm and 51cm under the curreatfszenarios in 2030 and 2050, respectively. By
calculating the flood risk under ‘relative’ seadévising, the potential flood risk would increask 9
times and ~3.5 timeson average in 2030 and 2050 compares to currardtisein (2010), with the
correspondent flood risk increased to 66-189 nmillgJSD/yr in 2030 and 132-372million $USD/yr
in 2050 (see Tab.5. 9).

Tab.5. 9 The projection of flood risk (with increasf flood probability and increase of flood damage
under the factor of ‘relative’ sea level risingthe year of 2030 and 2050 compares to the potential
flood risk in reference year of 2010

Flood risk
[million $USD/yr]
2010 | .20130 ‘ . 2(?50
reference year relgtlye sea lev- relfat.lve sea level
el rising~23cm rising ~51cm
Low estimation 40 66 132
Medium estimation 62 104 203
High estimation 112 189 372

5.4.2 Economic development

Flood risk will increase as the economic groaidly, especially in an urban developed area.df w
follow the GDP rising rate of ~7.7% with inflatioate of ~2.6% in Shanghai meanwhile remain other
condition constant (e.g. flood defence and vulnétgbsince 2010, the potential flood risk would
increase to 108-304 million $USD/yr and 291-822lioml $USD/yr in 2030 and 2050, respectively.
The real economic growth rate is taken as 5.1% (@BIRg rate minus inflation rate), which is line
with the expected damage rising rate (5%) whicefined by Water Resources Ministry of China
(WRM 1998; Wang, Lu et al. 2001; Chen 2002). Howetlee rapid economic development doesn’t
imply the same increasing rate on flood risk; cosgly, the economic development may trigger the
investment on the flood defence system or reduedflttod vulnerability, flood risk then decreases
accordingly. But according to this purely econonéwelopment scenario on flood risk, it simply turns
out the economic development led to more potefitiatl risk than extreme event does. The potential
flood risk would increase2:7 times and ~7.3 timesn average in 2030 and 2050 compares to current
situation (2010).
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Tab.5. 10 The projection of flood risk under thetéa of economic growth in the year of 2030 and
2050 compares to the potential flood risk in refeeeyear of 2010

Flood risk
[million $USD/yr]
2010 2030 2050
reference year  growth rate 5.1% growth rate 5.1%
Low estimation 40 108 291
Medium estimation 62 168 456
High estimation 112 304 822

5.4.3 Combination of extreme events and economic develo@mt

In a summary, the present value of future flaekl is calculated as4-2 times and ~16 timesf the
current flood risk (reference year 2010) due téatiee’ sea level rising and economic development
both in the future (the year of 2030 and 2050) &ges. 13). The future flood risk would increase t
169, 265 and 478 million $USD/yr and 642, 1000 4B8d0 million $USD/yr in 2030 and 2050, re-
spectively, if there are no further measures b&ikgn.

Potential flood risk in the year of 2010, 2030 and 2050

High estimation
B Medium estimation

u Low estiamtion

2010 2030 2050
Year [-]

Fig.5. 13 Potential flood risk under the combinatarenarios of ‘relative’ sea level rising and eco-
nomic development in the year of 2010, 2030 and®205

5.4.4 Contribution of the affected factors to future fload risk

The ‘absolute’ sea level rising, land subsideand economic development are all contributing to
the increase of future flood risk to some exteae(Big.5. 14). As analysed before, the rising efdba
level and land subsidence would increase flood~+isk times and ~3.5 timesn average in 2030 and
2050 compares to current situation (2010), respelgti And since land subsidence accounts for 78%
and 70% in the increase of the ‘relative’ sea leigshg in 2030 and 2050, it then comes out thel lan
subsidence would increase flood risk 1.7 timesZaBdimes in 2030 and 2050, respectively. The ‘ab-
solute’ sea level rising would contribute 0.4 tingewl 1.1 times to the future flood risk in 2030 and
2050, and economic development has highest infriencthe future flood risk, which would increase
2.5 times and 7.3 times in the future (the ye&Q#0 and 2050).
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Fig.5. 14 Contributions of the effected factorghe future flood risk in year of 2030 and 2050hnat
descending order: economic development, land selbsaland ‘absolute’ sea level rising

5.5 Discussion

The results of these scenario-based risk amalypsiicate the current estimated flood risk of the
Huangpu River ranges from 40-112 million $USD/yinc® the flood risk is calculated after imple-
menting the protection system under overtoppirmocsiral and operation failure of floodwall and its
infrastructures, it could be regarded as ‘residfiatid risk of the Huangpu River as well. Due tmia
uncertainties on the limited number of scenaribs,dstimation of flood probabilities and flood dam-
age, it is difficult to precisely quantify the fldaisk. Possible uncertainties which determinefiinad
risk will be discussed in this section.

5.5.1 Flood scenarios

First, limited number of scenarios would undereatarnthe flood risk. Due to limited information,
potential breaching points along the floodwall lo¢ tHuangpu River were identified by assumptions
based on historical failure records, the cresiaidwall and economic situation of potential aféett
area. Only 8 breaching scenarios were simulatexpiore the potential flood risk; and these breach-
ing points were mainly located in the middle andttgam of the river due to higher economic value.
Since large part of rural area (lower economicasitun) and water bodies were distributed in the up-
stream of the Huangpu River, no breaching simutaitiothe upstream was performed in this study.
However, according to a recent breaching caseoofifiiall in the upstream of the Huangpu River in
the summer of 2013 (see Section 2.4), it is furthemonstrated that the weak points in the upstream
of the river deserve great attentions. Thereforiyrther reliability analysis on floodwall is strghy
recommended in the future. Second, the breachiddaalure of floodgates were assumed as a sudden
collapse or an instantaneous failure, in which fdikire of floodgate is seen as a special case of
breaching. The input parameters of breach process deterministic where the breach width is set as
300m and breach period is 24 hours. By applied wi#dse figures, it might over- or under-estimate
the flood extent and inundation depth in the ertk &xpected flood damage will definitely increase t
a large degree if the breaching lasts longer. Stheee is limited work on reliability analysis of
floodwall along the Huangpu River, the analysi®daching scenarios is indicative in this reseditch.
could be considered as a first estimate of flosld a@long with other scenarios in the Huangpu River.
Besides, the overtopping scenario was analysedilmasa 1D hydraulic modelling, which identified a
general possibilities of the (overtopping) floodifdhese analyses provide a preliminary result ef th
flooding probability and inundation characteristadsng the Huangpu River.
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5.5.2 Flood probability

Ideally, the overall flood probability shouldk&into account based on reliability analysis oa th
whole flood defence system. Since this is not timu$ of this research, the failure probability was
simplified as the probability of a failure on a daion of a certain hydraulic load. And the spatial
variability of the floodwall geometry and the lehgiffect of different long river stretches on tlad-f
ure probability are not considered in this research

First, one section of the floodwall is assummstipendent of every other one, the lower boundef t
failure probability of floodwall is then determinég the weakest section. Thus, a series of repta@sen
tive weak points were selected to estimate thenpialefailure probabilities. Apart from the overtop
ping scenarios, the breaching scenarios and thedaif floodgate were mainly located in the down-
stream and middle stream of the Huangpu riverptitoairrence probability of the warning level (~5m)
at these potential locations were based on frequanalysis of the water level in the river, which
shows the closer to the mouth of the river (dovasstr) the more likely the occurrence probability is.
However, it should be noted that this is not prbpapplied in the upstream of the floodwall since
water pattern and the resistance capacity of tdaflall are different from the sections in the nhédd
and downstream. (Structural) failure probabilitedsfloodwall in the upstream should be separately
considered in the future research. Hence, it asoeable to compare the occurrence probability of
~5m as the warning level in the middle and dowmastref the Huangpu River. Second, since the con-
ditional probability of breaching is largely depenton the expert judgement, a sensitivity analykis
variation of the conditional probabilities to thesults of flood risk in Shanghai is performed. bbT5.

4, the conditional probability of breaching is assdl as 0.01% (i.e. ¥ It is noticed that the flood
risk results are not sensitive to the decreasenditional probability in 10 and 100 factors €land
10°) while the increase of 10 and 100 factors of thiedétional probability (16 and 1) led to 2-5
factor of increase of flood risk in Shanghai (a¢&® Fig.5. 15). Moreover, the sensitivity resutts a
also shown in the form of FD curves. As we canisdgig.5. 16, the FD curve shifts up and down
with the increase and decrease of the conditiormddgbility of breaching. It also implies that thene
ditional probability of breaching affects the firrakults of flood risk. Thus further reliability @lysis
including the consideration of geometry, constauttimaterial and soil characteristics of the flood
defence system is highly recommended.
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Fig.5. 15 Sensitivity analysis of variation of tbenditional probabilities of breaching to the fimal
sults (low, medium and high estimation) of flooskrin Shanghai
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Fig.5. 16 Sensitivity analysis of variation of tbenditional probabilities of breaching (variesrro
10°,10°,10%, 103 to 10%) to the FD curve (medium estimation) in Shanghai

5.5.3 Flood damage

Large uncertainties of flood risk were causedhsy estimation of flood damage. In this study, the
associated flood damage under each scenario wadatald based on a macro-scale aggregated mod-
el. The quantification of potential maximum damagea monetary term and the suggested general
stage-damage functions were both performed in aovsmale due to large credible information on the
potential exposed values and vulnerability of elet®at risk is unknown. Since the estimated damage
is limited to buildings and residential contentthes damage categories such as infrastructures and
lifeline systems were not taken into account, whelly underestimate the potential flood damage
then flood risk. Thus, a comprehensive categorhefex-ante flood damage estimation in an individ-
ual scale is recommended in the future study, whetjuires very detailed investigations. Since the
indirect damage due to business interruption andcgedisruption could be account for around 30%
in the total damage based on empirical study indldamage estimation (see Section 4.5.2), especiall
in an urban city, it is thus recommended to takieast ~30% of indirect loss in the total damage e
timation in urban cities in further studies. Furthere, the intangible loss, like loss of life armtial
disruption, due to flood disaster should not belemgd and need to take into account in the future
study.

5.5.4 Flood risk

In this research, the proposed mathematical htodmalculate the flood risk is highly dependent o
the standard deviation of the expected economicadanon the basis of risk aversion, in which the
risk aversion index is taken as 3. Fig.5. 17 shitnvedotal flood risk under different risk attitiedeith
results of 15-41 million $USD/yr (slightly risk anggon K =1), 27-77 million $USD/yr (medium risk
aversionk =2) and 40-112 million $USD/yr (strongly risk aviers k =3) in Shanghai. If the risk
aversion index equals to zero, the flood risk tegnals to the expected value 2-6 million $USD/yr.
These results give insights into the further risédtrction measure in the future but it is highlyoree
mend to take strongly risk aversion on flood riskshanghai city due to its critical financial statno
China.
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Fig.5. 17The results of flood risk based on different riskmsion index:k =0,1,2,3

The standard deviation of expected economic danpdays an important role in the final results of
flood risk, in which the flood damage under eacénseio has one order higher effect than failure
probability (see Eg. (5.8)). It could be also ekptd that the economic development has substantial
influence on the future flood risk due to purelgrsficant growth of potential flood damage.

Besides, the ongoing sea level rising, land subsiel@nd economic development lead to drastically
increment of future flood risk in Shanghai. Therease rates of these affected factors were alt-dete
ministic based on the assumptions. Large unceigaininder these increasing rates should be further
taken into account. For example, the increasing odtland subsidence was uniformly taken as a
9mm/yr in Shanghai since 2011 while the increase of land subsidence could reached up to
20mml/yr in parts of city centre due to massive tmietion of high-rise buildings and groundwater
extraction. Likely, if the flood damage increasedla&e economic growth rate, larger flood risk would
be resulted in such a conservative estimation.
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Appendix 5-1: Vulnerability assessment in municipal
districts of Shanghai

In order to identify the magnitude and spadiatribution of the flood vulnerability, differerareas
are compared and evaluated with regard to diffecetdria by a multi-criteria approach. The general
model is shown as below:

B=Aew
a, a, aj, a, | K28
By By By e - By @,
Ao % B A % | yoe| @
8y 8p Ag e - 8y | @, |

Where: Bis the vulnerability utility between 0-1A is the normalized value of the criteria in dif-

ferent areafu is the weights of the criteriam- number of the areasy - number of criteria;
The results of vulnerability utility range bewve0-1; 0 implies least vulnerable, 1 implies most
vulnerable.

* Criteria selection

Floods cause massive damage to the econaopenpies and infrastructures, for instance the-dam
age to the floor on the ground, rotten wallpapalfamction of machine in the industrial area ang th
collapse of fragile house, etc. in urban area, Wwhscusually measured in a monetary term (e.qg.
$USD). Tab.5- 1 shows the Evaluation criteria 0bl vulnerability in Shanghai in economic dimen-
sion. Firstly, GDP/krhand GDP per capita imply the economic capacityhin municipal district;
Secondly, the unsafe residential buildings (inctgdold-style lanes and valleys, and crude shacks)
may collapse or greatly be affected in an evetftoofd; the industrial and commercial buildings stan
for the aggregation of economic assets; Thirdlgalayovernment income represent the investment
capacity for the flood defence infrastructures municipal district.

Tab.5- 1 Evaluation criteria of flood vulnerability Shanghai in economic dimension

Flood

. o Utili- . .
vulnerability Evaluated criteria tl ! Unit Description
dimension y
Industrial buildings (+) ul # Potential economic damage
Commercial buildings (+)  u2 # Potential economic damage
(unsafe) Residential
buildings (+) u3 # Potential collapsed house
Economic
GDP/knt (+) ud  $/knt  aggregation of economic assets value
. $/
GDP per capita (+) ud person Aggregation of economic assets value

Local government income . )
0 ué $ Investment of risk reduction measures
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* Criteria normalization

In order to show the criteria in a more infatime way, the standardisation method is adopted to
implicitly assume a linear relationship between ¢hteria score and its utility. The results ofteria
score would be range between 0-1, in which 0 irsgkss vulnerable while 1 implies the most vulner-
able. The criteria score is transformed by dividihg difference of each score to the minimum score
by the score range for that criterion, which isoatslled as ‘score range approach’. There are two
kinds of criteria to represent positive (+) andateg (-) correlation to the vulnerability, whiclhrcbe
transformed in following way:

e mam
31-]- ajmax_ajmin
. 31 _ _min
or 5\; =amjax—_a]a]m|n
]

min

Where: §; ' - normalized valuef; - criteria value;ajmax - maximum value in the criterip; &;

minimum value in the criteria.
The results of the normalization are shown in TaB.5

Tab.5- 2 Results of the normalized social-econasriteria in the districts of Shanghai city

Districts ul u2 u3 usd ubs u6

New Pudong 0.49 1.00 1.00 0.03 0.24 0.00
Huangpu 0.00 0.10 0.72 1.00 0.83 0.91
Luwan 0.00 0.04 0.48 0.78 0.83 0.95
Xuhui 0.10 0.11 0.14 0.25 0.46 0.86
Changning 0.06 0.05 0.13 0.23 0.44 0.88
Jing'an 0.01 0.04 0.25 0.89 1.00 0.91
Putuo 0.19 0.14 0.45 0.15 0.17 0.94
Zhabei 0.14 0.12 0.88 0.19 0.17 0.95
Hongkou 0.11 0.09 0.98 0.47 0.45 0.96
Yangpu 0.27 0.06 0.98 0.20 0.29 0.94
Minghang 0.60 0.22 0.59 0.03 0.12 0.89
Baoshan 0.40 0.13 0.24 0.02 0.07 0.78
Jiading 0.85 0.18 0.19 0.01 0.00 0.84
Jinshan 0.18 0.07 0.24 0.00 0.09 0.97
Songjiang 1.00 0.19 0.83 0.01 0.02 0.89
Qingpu 0.52 0.07 0.30 0.01 0.12 0.93
Fengxian 0.10 0.07 0.00 0.00 0.03 0.96
Chongming 0.02 0.00 0.21 0.00 0.03 1.00
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» Criteria weights

The weight given to a criterion indicates itkatwe importance compared to other criteria oryeno
precisely, the relative importance of a change afitarion from lowest to highest possible scormeo
pared to a similar change of the other criterialeawski 1999). The weight assigned to a criterion
determines the degree of influence of that critefothe overall evaluation — the criterion weigate
therefore something like the key to the aggreggpimeedure. Consequently, the weighting is perhaps
one of the most crucial and sensitive parts of wiwle MCA process, concerning its outcomes.
Hence, it is also described as the most time-comsum@nd controversial part of MCA, especially
when several decision makers are involved (RPA 2004

The Pairwise Comparison Method is another andetermining the weights for the criteria. This
method involves the comparison of the criteria alholws the comparison of only two criteria at once.
This method can convert subjective assessmentslative importance into a linear set of weights
(Heywood et al., 1993). It was developed by Saa®B80Q) in the context of a decision making process
known as the Analytical Hierarchy Process (AHP) Igdawski, 1999a; Eastman et al., 1995; Mal-
czewski, 1996). The criterion pairwise comparisaatnr takes the pairwise comparisons as an input
and produces the relative weights as output, amd\HP provides a mathematical method of translat-
ing this matrix into a vector of relative weights the criteria. Malczewski (1996) and Eastmanl.et a
(1995) have evaluated this procedure very cledite advantage of the pairwise comparison approach
is that it makes it quite easy for the decision enako express their preference structure. Onftther o
hand the effort increases significantly with thentner of criteria to be considered. WEB-HIPRE
(http://hipre.aalto.fi/) was selected to conduet AHP for weights assignment. The results of vidner
bility criteria weights is shown in Fig.5- 1, in weh GDP per capita and GDP/knwere assigned the
highest score (0.21).

® Industrial buildings (+)

m Commercial buildings (+)

» (unsafe) Residential
buildings (+)

= GDP/km2 (+)

= GDP per capita (+)

= Local government income (-)

Fig.5- 1 The distribution of vulnerability critenaeights in socio and economic dimension

*+ Results

The results of vulnerability ranking are shownFig.5- 2. Huangpu, Jing’an, Luwan and Hongkou
were grouped into the first class of vulnerablériits; the followed districts are Yangpu, Zhalsmgd
Xuhui. Putuo, Changning, Pudong, which are lessenable in terms of economic situation compares
to the first group; the districts of Minghang, Spagg, Chongming, Baoshan, Qingpu, Jiading and
Jingshan were in the third group due to the dewe¢ppconomic situation. The spatial distribution of
the classification of the vulnerability rating iscsvn in Fig.5- 2.



129 Chaper
2
Vulnerability Chongming
Districts | Normalization | Ranking
Value
Huangpu 0.743
Jing'an 0.716 - Yangtze River
ngsu Pro.
Luwan 0.679 Py
Hongkou 0.573 A N
Yangpu 0.421 Jiading w@f?.\‘ N
Zhabei 0.414 | Cr-onoxllfn
Xuhui 0.383
Putuo 0.339 East China sea
Changning 0.339
Pudong 0.303
Minghang 0.257 11
Songjiang 0.228 12
Baoshan 0.194 13
Chongming 0.174 14
Qingpu 0.174 15
Jiading 0.171 16
Jingshan 0.169 17

Zhejiang Pro.

Hangzhou Bay

036 12 18 24
O Kilometers

Fig.5- 2 Spatial distribution of classification wfilnerability rating in Shanghai city, specificafigr
natural hazards (e.g. flooding) tdarker the colour the more vulnerable of the disér
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Chapter 6

Shanghai: Evaluation of risk-reduction
measures

Flood risk analysis has shown that the extreme tsvemd economic development would substantially
increase flood risk in Shanghai, which initiatea ttliscussions on how to effectively manage the fu-
ture flood risk. The objective of this chapterasevaluate and recommend an (or a combination of)
effective risk-reduction measure(s) to mitigat@daisk along the Huangpu River of Shanghai. By a
comparison study with Rotterdam and Shanghai, pedefiood risk-reduction measures were pro-
posed and also showed that the metropolitan cd#slearn from each other under similar challeng-
ing flood threats. Regarding the cost-effective sneas, the potential (structural and non-structjiral
measures have been compared by the method of @ostitanalysis and economic optimization. The
cost-benefit analysis shows that the constructioa storm surge barrier has larger benefit/costizat
than the upgrading of floodwall. Economic optimiaatled to a preliminary result of optimal safety
level of 1/4,500p.y for the Huangpu River in Shamgtue to fast economic growth in the future
(2050). It is additionally noted that the flood bar boards also have advantages and it is recom-
mended to apply this measure at the entrance dfyp#s of buildings in case of unexpected flood
events. Regarding the flood insurance, the lessldpgd area with farmland in the upstream of the
Huangpu River is suggested to select flood insweatca damage-reduction measure to address flood
risk. These results can provide a better understandf the modern safety systems. It also showis tha
the economic optimization and cost-benefit analgais rationally support the decision making from
economic point of view.
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6.1 Introduction

As flood risk will increase significantly inéhnear future due to climate change and economic de
velopment, it undoubtedly requires further risktretibn measures to reduce to an acceptable level,
which is prevailing and challengeable in the contéxflood risk management. Since different coun-
tries or areas have different values to be weigtaadarea-tailored recommendation on the effective
solutions of risk-reduction measures would be supmand valuable for the decision makers. Since
2009 Dutch government (Rijksoverheid 2009) propasedpplication of ‘Multi-layered Safety’ aims
to ensure the safety of dike rings or to minimize tamage/loss of lives in the affected areas.iMult
layered Safety integrates different types of messurto Dutch flood management: reducing the prob-
ability and the consequences of floods both. kkdasisting of ‘prevention’ based on flood defence
system and ‘mitigation’ based on spatial planning @mergency management, which is subject to
expectation and challenge. According to the dedinibf flood risk, risk-reduction measures shoutd b
literally thinking from two directions: reducingetprobability of a flood or mitigating a flood ré&dal
to the consequence. But Vrijling (2013) observeat the effectiveness of resources spend in preven-
tion is most probably higher than on mitigationdaimage with several examples in the Netherlands;
he further pointed out mitigation becomes only effe after the disaster has occurred and at thast
economic damage has become a fact. This is fambjerstandable since damage could be totally
avoided if the flood defence is strong enough. raciice, the decisions on the flood risk reduction
measures are based on the compromise of techeaalpmic and political considerations. Economic
assessment method, especially cost-benefit anahassbeen largely influenced the flood protection
measures for yeas in the Netherlands, UK and Gerifiaterwies, Gorlach et al. 2005). Jonkman, Jak
et al. (2004) discussed a historical developmeriitoimd protection in the Netherlands and presented
the method of cost-benefit analysis is a usefutumsent in decision making, and he also pointed out
economic analysis, when applied correctly, canigeimportant rational information in the decision-
making process. Although there are some limitationsthe methodology of cost-benefit analysis,
such as availability of data, difficulties of expséng all the impacts into monetary terms and &nhit
openness to the public participation. etc., ittiis regarded as a sufficiently developed methogro-
vide rational information for the decision makers.

In Shanghai, the current flood risk was estimiae 40-112 million $USD/yr. along the Huangpu
River of Shanghai. On the basis of the previouskveor future flood risk due to climate change, land
subsidence and economic development, the potdtu@l risk will increase approximately 4 times
and 16 times in 2030 and 2050 respectively if tregeeno further measures being taken. In order to
reduce future flood risk and maintain the protactievel as 1/1,000p.y, Shanghai has initiated plans
on the construction of storm surge barrier at tloeithn the Huangpu River, reinforcement of floodwall
system, implementing early-warning system and Ingldother infrastructures, etc. (MWR 2008).
However, limited work has been discussed on thecgffeness of flood risk-reduction measures in
Shanghai. Therefore, the objective of this chajstdo evaluate and recommend a (combination of)
risk-reduction measure(s) from risk point of viewthe methods of cost-benefit analysis and econom-
ic optimization. The research questions are shanvetow:

* What would be the potential risk-reduction measdoesShanghai by a comparison study
with Rotterdam?

* How to evaluate the effectiveness of the risk-rédduaneasures?

* What can be the recommendations on (cost) effectigasure(s) to address flood risk in
Shanghai?
The structure of the remaining sections will dyganized as below. Section 6.2 is a comparison
study with Rotterdam area in terms of flood risknagement in order to propose potential risk-
reduction measures. Section 6.3 is going to ewalile risk-reduction measures based on cost-benefit
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analysis and economic optimisation with a caseystidShanghai. Lastly, it ends with discussion in
Section 6.4.

6.2 Comparison study with Rotterdam

In this section, a comparison study between ShargithRotterdam is conducted in terms of flood
risk management in order to propose potential nésliction measures under the threats of future cli-
mate change and economic growth. It also aims ¢evghat the metropolitan cities can learn from
each other under the similar challenging flood dseFirst, a general comparison in terms of geogra
phy, demographics, economics and climate betweandgbtai and South-Holland Province (including
Rotterdam area ) is shown in Tab.6. 1.

Flood risk endangers Shanghai and Rotterdam bdth.gEneral information about historical flood
events and flood threats in Shanghai has beenibdeddn Section 2.4 and Section 2.5 in detail, Wwhic
has showed Shanghai is confronted with the poldidiad risk currently and also in the future.

Rotterdam area is located where the Rhine and Menise into the North Sea at the South end of
the Randstad which is the western metropolitan aféhe Netherlands (see Fig.6. 1). Rotterdam is
the second largest city in the Netherlands withuado600,000 inhabitants. The province of South
Holland inhabits around 3.52 million people. Besidthe Rotterdam is a large city with a well-
equipped port infrastructure, favourable accessitaind considerable volumes of goods in the Neth-
erlands. Since it is located in close proximitytie North Sea, it is often referred to as the ‘@atg
to Europe.
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Fig.6. 1 Location of Randstad and the importariegiin the Netherlands: Amsterdam, Rotterdam,
Utrecht and Den Haag (Jonkhoff 2009)

Besides the low-elevation below the sea level,stioem surge (~3m-5m) coming from the North
Sea and the high river discharge in the Rhine i(v&6,000r¥s) from another direction are the domi-
nant flood pressures in Rotterdam. In the Nethddathe flood disaster in 1953 stimulated the most
sophisticated flood protection system in the wondh the protection level between 1/2,000 p.y. and
1/10,000 p.y. in various dike ring systems. Yeto# risk remains under the climate change and socio
economic development in Rotterdam. KNMI'06 scerau(iigNMI 2006) estimated a broad range of
possible future on sea level rising in Rotterdarhjciv is around 50-85cm by 2100. In a summary,
Shanghai and Rotterdam are faced with common thieaerms of floods: storm surge from the sea,
high river discharge and possible rainfall eitlreailong term or intensively occurred in a shamtnte
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Tab.6. 1 Comparison of Shanghai and South-Hol({araduding Rotterdam area) in terms of geogra-
phy, demographics, economics, climate and expestadal damage (data source: (CBS 2010; City of
Rotterdam Regional Steering Committee 2009; Li 2040R 2010; SSB 2011; Jongejan 2010)

Shanghai City South-Holland
Geography
Area [km?] 6,340 2,818 (Rotterdam 319
Elevation[m] i A
(relative to m.s.l.) Average 3-3.5 (WD) 4-0 (NAP)

Lowest point [m] 2.2(WD) -6.7 (NAP)
Demographics and Economics

23.02 3.52
Population [million] DSJ::Q\?VTI city) (South H?IIand)
Shanghai 6.98 | Rotterdamcity 0.60
Population Growth Rate 3.24% (Rottecif:r(:?oa% )
Population Density [/km?] 3,632 (Rotte?t’jzasrﬁ 2,963)
GDP Growth Rate (2010) ~7.7% ~0.8%
GDP per capita 12,024 $USD 45,332 $USD
Ports (2009) Cargo throughput 590 387
[Million Ton] Container throughput 25 9.74
Climate and Hydrology
Average Precipitation [mm/yr] 1,164 790
Avgrage sea level 3-5mm/a > mm/a
rise(current)
Sea level rising Land subsidence 4-16mm/a 10 mm/year
Projected sea level in 65-130cm
J 2100 80-210cm (50-85cm in Rotterdam
Storm surge level [m] 1/10,000p.y 2.93 ~4.00
1/10p.y 1.18 ~2.00
Highest recorded 5.99 (Wusongkou)| 3.8 (Hoek van Holland)
water level [m] Observation Period 1916-2009 1880-2009
1/50p.y (upstream)
Protection level for Floodwall 1/1,000p.y. 1/10,000p.y.
flooding per year (mid-&downstream) (Dike-ring 14)
Sea dike 1/100p.y.-1/200p.y.
Flood risk
Expected Annual Damage (EAD) 2 - 6million/yr. $USD‘ 0.4 million/yr. $USD

Apart from increasing flood probability, both cgi@lso face land subsidence and advancing eco-
nomic development, which increases possible floachatje. With long history fighting with flood,
Dutch and Chinese both have valuable experiencefighting with floods, while Dutch did more
successful in the eye of the world in terms of dqmevention. Rotterdam with a great ambition is
intend to climate proof itself with some innovatedaption measures, such as floating pavilion and
water plazas, to collect extra rainfall and alséhvthe new moveable dam and barrier projects in
Rhine deltas around Rotterdam area (see Fig.6. 2).
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Fig.6. 2 Concept of protection with moveable bampimjects in Rotterdam area, the Netherlands (RCI
2009)

In the Netherlands, Delta works defend the storrgesérom North Sea and the embankments such
as dikes and defensive structures protect low-Igireas from high peak discharge of river flood. On
the other hand, the friendly water is divertedcaaals into cities (or dike rings) through the apien
and regulation of sluices to control water levettie Netherlands. In recent years, Dutch government
proposed ‘Multi-layered Safety’ (MLS) measures mdery to ensure a high-level safety in the consid-
erations of probability-reduction and damage-reidactBased on a comprehensive assessment by
cost-effective analysis on MLS (Hoss, Jonkman .€2@l1) in a case study of Dordrecht in the Nether-
lands, it showed flood defences stay the most effisient strategy due to the well-developed flood
defence system in the case study; MLS could sexngesaipplement to the dominant strategy. Shanghai
has also sensed flood pressure due to climate ererdyland subsidence, which requires efforts to pu
on flood prevention and damage mitigation both. Bait all the potential measures are suitable to be
implemented in the area of interest by just copyiiger's experience. For example, the National
Flood Insurance Program has been identified a®©nsdge for increasing risk in the US while in the
Netherlands there is no insurance program becamse can afford to take the risk. Therefore, it is
necessary to conduct an analysis in a cost-effeetizy to recommend the customized risk-reduction
measures.

6.2.1 Risk-reduction measures in the two cities

A comparison of the current (planning) floodkrimeasures between Shanghai and Rotterdam were
listed in Tab.6. 2. It shows both Shanghai and &kdém are attempting to reduce risk level on the
aspects of flood prevention and damage mitigagspecially to reduce the magnitude and probability
of flooding.

In Shanghai, to enlarge the water area anddioceethe sediment in the river were a similar cphce
to the ‘Room for river’ in the Netherlands, whigidicates to decrease water levels or river dis@sarg
under a certain hydraulic load for flood contral.the field of engineering, strengthen and reirderc
ment of the flood defence system is a traditiomal effective way to prevent flood in the first ptaio
both cities. Yet, Kerssens, Jong et al. (2003) tedithat solely heighten the floodwall in the Huaung
River would hinder the sight view and also subssdlgtincreased the investment cost; every 1m of
increment on the floodwall requires extra 4m widththe construction cost. Construction of storm
surge barrier in the Netherlands has already besdifiéd as a successful strategy to prevent faoudi
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Tab.6. 2List of flood risk reduction measures in Shanghml Rotterdam city

Measures Shanghai Rotterdam
Enlarge water area
Natural environment Reduce sediment
(enlarge river room)
Construction/ Reinforcement of
dikes and storm surge barrier Construction/ Reinforcement of dikes

‘Room for river’
Water retention areas

Engineering

Digital hydrological- and storm surge barrier
metrological monitoring system
Collection of rainfall Increment of Greenland Green roof, water plaza
Architecture Floating house/park/ buildings
o kTR Scenario-based flood risk maj Flood risk map
(New Pudong district) (Dike ring area)
Flood insurance in the planning
Flood warning and : Early warning
: Early-warning system . .
evacuation Evacuation not an option

safeguard the Netherlands. Chinese researchers (Z0@; Chen 2002) have also technically ana-
lysed the feasibility of the construction of stosarge barrier in the Huangpu River from the risk pe
spective. Other measures such as increment of ¢gadrnin Shanghai and green roof /water plaza in
the Netherlands were designed to address the mighsity of rainfall in case of incapacity of drage
system in the urban area. Flood risk mapping aoddflinsurance are regarded as the additional
measures to supplement ‘hard’ measures if the ftteddnce fails and the floods do occur. It's gaalit
tively hard to judge which measures are more affedb address potential risk in Shanghai in teg li
which needs cost-benefit analysis to weigh theetiaffl further.

Based on these current risk-reduction meastnastypes of risk-reduction measures in terms of
probability reduction and damage reduction werg@gsed and shown in Tab.6. 3, namely ‘hard’ and
‘soft’” measures. First, the improvement of floodwal the construction of storm surge barrier would
be the first option for Shanghai to address floe#; rdefences reduce probability of flooding but do
not reduce losses in case of failure of defensipstem (e.g. overtopping or breaching). Second,
heightening the entrance of the buildings can alsagegarded as a ‘hard’ measure to reduce flood
probabilities and flood damages. Third, flood irswe as a ‘soft’ measure to reduce individual loss
will be evaluated and discussed later.

Tab.6. 3 Potential flood risk reduction measuregims of probability and damage in Shanghai

‘Hard’ measures ‘Soft’ measures

Reinforcement/strengthen flood wall

eplue prelElelig Construction of storm surge barrier

Reduce damage Heighten entrance of building Flood insurance

6.2.2 Costs of measures

Two types of cost on the measures were identifiachely direct and indirect cost. The direct ¢ost
the expenditures on the construction and operatitnich is generally regarded as intrinsic cost; the
indirect cost is, for instance the maintenance edjpere, which is extrinsic cost. When calculatihg
cost of the measures, it is intended to includéhalicost on the considerations, which might biedif
ent from the figure in practice. Besides, the e®s$teavily depending on the study case (i.e. lecat
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nomic factors) and the implementation of the measufrherefore, it only can approximately estimate
the cost before implementing the project.

6.2.3 Benefits of measures

Flood measures all target to the ultimate bgniedi. the reduction of the potential damage. &her
fore, in most cases the benefits based on the mmleed measures are quantified as a yearly avoided
damage ($USD/yr) in a monetary term, as the neigmtevalue (NPV) of the expected amount of
damage avoided in a certain temporal frame. Howdher benefit includes various aspects on eco-
nomic, societal and environmental, etc., dealinth wlifferent dimensions, different groups of people
and potential benefit lying far in the future, swshfertility improvement on the soil of farmlamdyi-
talization of wetland, raising of public awarenassl stimulation of local (flood risk) research,.dic
practice, the benefit (=risk reduction) is commordpresented in a monetary term. Intangible aspects
would not be taken into account or normally be difigl as an estimated fraction of tangible mone-
tary effects instead.

6.3 Evaluation of risk-reduction measures

In the evaluating of risk-reduction measures, fitst step is to assess the feasibility of theeptal
measures by cost-benefit analysis. If the benaférweighs the cost the potential candidates of
measures are attractive; otherwise, it will notcoasidered as cost-effective. The second step is to
determine how much economic investment is optimisimpares to the reduction of the potential
damage, which is economic optimization.

6.3.1 Cost-benefit analysis

The basic principle of cost-benefit analysiguiees the benefit of an implementing measuresezkce
the cost, which usually utilizes a benefit/cosiadtBCR) to weigh the potential measures. If the
CBRiis large than 1, the measure is feasible andcitea if the BCR is smaller than 1, the measure
is not satisfactory and desirable. Ideally, thighod needs to estimate the effect of the poteintial
plementing measure in a monetary value. The mddsdsi benefit analysis can be written as below:

Cost=I(R)+ PV(M)

P ,D,-R D
Benefit=— ' (6.1)
r
r'=sg-r (6.2)
Where:l (P, ) - investment to upgrade or maintain the probabiityflooding toP, ; PV(M)-

present value of maintenance and operational €sf; probability of flooding in initial statep; -

probability of flooding after completion of the eot; D,- flood damage at a failure probability of

P o D - flood damage at a failure probability ofy- economic growth ratey - interest rater '-

discount rate, the expected damage is discountié foresent value.

From this model, it can be seen that the besefit analysis is economically evaluating theeff
tiveness of a potential project. A favourable peojs recommended if the cost is lowest while the
benefit is largest. Although the alternative of tis&-reduction measures were also decided froraroth
(e.g. societal and political) perspectives, thd besefit analysis can technically support the sleni
making from economic cost-effectiveness point efwi
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On the other hand, a criteria to trade oftipgraded (or new) project could be taken as thesiav
ment of the project plus the residual ridR { after implementation should be lower than thestaxg

risk(R,), which has been used to assess periodic safatyifte (Vrijling, Kanning et al. 2009). It is
written as below:

I(P)+PV(M)+R< R, 3p.
alternatively,

Pfl:D< Pf,OEDO

I (P;) +PV(M)+ .

(6.4)
Where: R - residual risk;R, - existing risk.

In this model, it can be evaluated whenpitogect is worthy to invest or it needs to be poagal.

6.3.2 Economic optimisation

In the economic optimization theory, the total deshe summation of expenditure of a safe system
and the total risk, i.e. the expected value of ecun damage. An optimistic point will be derived to
reach the minimization of the total cost. This noetihas been widely applied in the field of engineer
ing in the Netherlands and other counties (Jonkrkak, et al. 2003). The total risk is equal to the
probability of flooding times the associated damade equation is shown as below:

Total cosfl(C) = Investment [(P,)) +PV (M) + Total risk (PV(P.UD)) (6.5)
Where: TC- total cost; D - flood damage at a given failur®V (P [D)- present value of the to-
tal risk.

In order to minimize the total cost,

milC)= min (1 (P, ) +PV(M)+PV(P [D)) (6.6)

The annual probability of exceedance of thetdea®l| of the floodwall is given by the exponehtia
distribution of the water level:

h-A
B

1-F(h)=P =e (6.7)

In which, h is water level,A and B are the parameters for the exponential distrilbutitake an
example of increase the crest height of the floddwae investment ((P,)) could be defined as
| (P;)=1,,+1,, X, in which | is the initial cost,l,, is the marginal cost per unit of floodwall
($USD/m), X is the height incremenf(— h)). So the total investment is calculated as

1(P)=1,+I I(_ln(Pf ) (6.8)

where l,=1,+ (A-hy); 1 =1, B.
Since the risk exists every year the preselievaf the risk over an infinite period has to bken
into account, assuming the damage are growingtoverat the same rate as economic growth:

PV(PDD)—iPE—IiD [@1+g)“~PfDD
A= ) r

(6.9)
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Where:r - interest rateg - economic growth rate;'- discount rate, the expected damage is dis-
count to the present valua: utility year, taken ‘infinite’ here.

: P [D
Therefore TC=1,+1 (-In(R,)+ PV(M) +— (6.10)
L d(TC) _m_ 1 B
Minimization of the total cost——-=0 - P, = = (6.11)
o(R) D D

Eq. (6.11) shows that an economically optimuwimpwill be reached in a positive relationshiplwit
marginal cost of increment of floodwall (), standard deviation of the water lev@) and the dis-

count rater ', and in a negative relation to the flood dam@g. In the Dutch case, Delta Commit-
tee calculated an acceptable probability of flogdin central Holland in 1960 of 8*10per year.
Based on the same method, an approximation of aptewel in New Orleans is proposed as 2410
per year by Dutch engineers (Jonkman et al. 2009).

6.3.3 Case study — Shanghai city

In this section, specific risk-reduction measundll be discussed by cost-benefit analysis ara ec
nomic optimization in order to propose a cost-dffecmeasure to address future risk. In cost-benef
analysis, the cost of the measures will be rougislymated based on the local economic factors and
the benefit will be regarded as the reduced riskhieypotential measures. The reference year istake
as 2050, which means the benefit/cost ratio wilchkeulated based on the change of climate and the
economic development after 2010. And the factorsabéty level, the investment of measures and the
protected value will be also projected in 2050hia &pproach of economic optimization.

6.3.3.1 ‘Hard’ measures
1) . Heighten the floodwall
A cost-benefit analysis on the proposed meadunpgrading floodwall is performed as below:

o Cost

It was estimated that in order to maintain tagety level of 1/1,000p.y in 2050, the estimated in
vestment to strengthen and heighten the floodwa# W billion $USD for 315km of floodwall with
increment of 1.5m in city centre during the expéatenstruction period of 15 years since 2001 by
local engineers (Chen 2002). The 2011 present \aflgest is 1.63 billion $USD. Therefore, the unit
cost of the floodwall is roughly estimated as 3#liom $USD/m/km. But it should be noticed that as
such rapid economic growth the marginal cost ofédment of floodwall could be under-estimated
when compared to the estimated unit cost of coadtebdwall construction in New Orleans of USA
as 4.9-11.8 million $USD/m/km (Jonkman, Hillen t2913).

In order to find out how high the crest floodirgthould be built to maintain the protection lewél
1/1,000p.y, it is necessary to combine the desigtemlevel, the required crest freeboard height and
safety board, which is regulated for defining thest of flood protection system (e.g. floodwall;des
and dikes) in China (CCD 1998 pp.13):

H,. =h

cre.

+h,, cfree board 166

design wave
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Where: H_ - crest height of the floodwalh,___- design water level under a defined safety stand-

design

ard; h,va\,e-the required crest freeboard height, which is meitged by wave overtopping condition;
free board is an additional height for a safetygimar

The water level under occurrence probabilityldf,000p.y at the mouth of the river (Wusongkou)
was estimated at 6.98m-7.02m in 2050 due to ‘radasea level rising (See Section 5.4.1). It is as-
sumed that the crest freeboard height and safetydbior floodwall shall be up to 2m, in which the
safety board was regulated as 1m for ShanghaiitaddCCD 1998 pp.7). Therefore, the crest height
of floodwall in 2050 with safety standard of 1/10@0y. would increase to 9.02m at Wusongkou,
which is 1.74m (9.02m-7.3m=1.72m) higher than thesent situation (7.3m). The investment for
heightening and strengthening of floodwall is thehculated at ~2.65 billion $USD with 15 years
construction period. If we take 2% as the maintesatost, the total cost is approximately ~2.7 dmilli
$USD.

It should be noted that the cost of upgradin§laddwall only takes construction cost into accpun
other cost, such as the relocation cost, was natidered. Therefore, this is only a lower bound of
cost for upgrading of floodwall.

0 Benefit (=risk reduction)

Based on the author’s pervious calculation, thar&uflood risk due to a combination of sea level
rising, land subsidence and economic developmenidvimcrease to 642, 1,000 and 1,810 million
$USD/yr under low, medium and high estimation respely in 2050, in which 132, 203 and 372
million $USD/yr were contributed by ‘relative’ séavel rising (see Section 5.4) if there are no addi
tional measures being taken. Based on a simple Insbdevn in Eq.(6.13), the future flood risk in

2050 could be regarded as existing rigX X, which can be partly reduced by upgrading of divall.

The residual risk R ) is assumed as the risk solely increased by eciondewelopment in 2050.

(6.13)

Pf,oEDo_Pf EDzRe_R

benefit= R,, =

r r

Where: R, - reduction of risk;R - residual risk;R, - existing risk.

Hence, flood risk which is increased by ‘relatigea level rising could be reduced by improving the
floodwall, which were estimated at 132, 203 and 8iion $USD/yr under low, medium and high
estimation in 2050. These value can be convertgutdeent values by dividing the discount rate of
5.1%, leading to present values of ~2.6 — ~7.30bilUSD. This is regarded as the benefit. The bene
fit/cost ratio is then calculated at 0.96— 2.7.

o Economic optimal level

In this section, we're going to evaluate thermpt safety level of the floodwall in 2050 by ecomo
optimization. The result of optimal safety levetimresponded to the optimal design water lev¢hef
floodwall. In order to calculate the result, théommation on 1). the safety level for the system ex
pressed by means of failure probability of floodi@) discount rate3). investment costs required for
the upgrade of the floodwall; 4). flood damage tu8ooding as a function of the safety level slabul
be approximately estimated.

1) Safety level

It is assumed that the annual probability afezdance of the design water level at Wusongkou is
given by the exponential distribution.



Shanghai: Evaluation of risk-reduction measures 140

* The current design water level under 1/1,000p66sn at Wusongkou.

» Based on the historical records (observation ped801-2012), the lowest annual maximum
water level at Wusongkou is observed at 4.85m. Tihis assumed that when the design wa-
ter level is only 4.85m the flooding occurs withD%0.

Then the parameterg\(B) in the exponential behaviour of failure probdbpikcould be calculated
based on Eq. (6.7), with results AF4.85 andB = 0.2533. Fig.6. 3 (see the solid line) shows dia-r
tionship between design water level and returnoglesit Wusongkou. It can be seen that 10 factoas in
change of return periods from 100 years to 1,0G0s/es corresponding to an increase of water level

by ~55cm.

6.4r-

6.2

Design water level [m]
o

=== == o

5.6

—current realtionship between water level and return period
-=-new relationship with an effect by 'relative' sea level rising

5.4

1 1 1 1
100 200 500 1000
Return period [Year]

Fig.6. 3 Relationship between return period argigtewater level at Wusongkou by exponential
distribution and this curve shifts upward by areeffof ‘relative’ sea level rising at Wusongkou in

2050

In 2050, due to ‘relative’ sea level rising thedtbprobability would increase roughly ~5.2 times,
which means the 1/1,000p.y. would increase to apmately 1/200p.y. (see the dashed line in Fig.6.
3). This can also be modelled by assuming an expiatly distributed flooding probability that will
increase over time due to sea level*fig€rijling and van Beurden 1990).

2) Discount rate

The economic growth rate in recent years is ~7.18 inflation rate of ~2.6% in Shanghai; so the
discount rate is calculated as 5.1% (7.7%-2.6%=%5.196hould be noted that the economic growth
rate is optimistically assumed to keep a constahtevin the next 40 years.

3) Investment in the floodwall system

Based on the previous discussion of the doshproving floodwall, the unit cost of the floodiva
is estimated at 3.4 million $USD/m/km in 2010. Tumét cost will increase with the economic devel-
opment every year and the proposed constructidngef upgrading floodwall in 315km is estimated
at 15 years. The unit cost is then averaged andlion $USD/m/km.

4) Flood damage

In this approach, the flood damage is the piatedamage protected by the floodwall system. The
damage value can be represented by an average calsed by different flood scenarios along the
Huangpu River. But different flood scenarios leddifferent magnitudes of floods due to various

h-nt-A n

BP(1)= e B = R,e® P, -flood probability chosen at t=0p - sea level rise [m/year].
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flood intensities and different failure points (elgeaching and overtopping). The associated flood
damage would be significantly different due to &atiinundation extent and discrepant economic
situation in the inundation area. In our previsasnario-based flood risk analysis, the breachieg s
narios led to 10 factor higher flood damage thaerimpping and the failure of floodgates since we
intended to pursue the worst-case breach sceriarig the Huangpu River. The highest flood damage
due to breaching is 1.89 billion $USD at the wédé ®f the Huangpu River in the city centre. In the
economic optimization, the higher of potential pated damage lead to higher level of protection.
Therefore, under a conservative estimation theektrgotential flood damage (1.89 billion $USD) can
be regarded as the protected value (flood damagh)s approach.

In 2050, the flood damage would increase ~ingg due to ‘relative’ sea level rising (See ‘Irage
of flood damage’ of Section 5.4.1.) and ~7.3 tirdas to economic development in 2050 (See Section
5.4.2). As a result, the protected value (flood dge) would increase to 16.6 billion $USD in 2050.

5) Results
The input data to calculate the optimal safetel is summarized in Tab.6. 4.

Tab.6. 4 Input data to calculate the optimal gafstel in 2050 in Shanghai

I B r' D
Parameter h
[10° $USD/m] [-] [-] [10° $USD]
Value 1543* 0.2533 5.1% 16.6

*: 4.9 million $USD/m/km * 315 km

The optimal level of failure probability in 2050 ¢slculated at 2.3*1f) which is approximately
equivalent to 1/4,500 p.y.. The corresponding desgigter level is 7.4 m (see Fig.6. 4). With a com-
parison to the current design level of 6.6m und&j0DO0p.y., it is supposed to increase 0.8m.

1.E+10
=1
9.E+09 Pf.opt_ /4,500

8.E+09
~Total Cost

 6.E+09 -Total Risk

a
£ 5.E409 ~Investment

4
- 4.E+09
172}

S 3.E+09

7.E+09

2.E+09
1.E+09

0.E+00
6.6 7.1 7.6 8.1 8.6

Design water level [m]

Fig.6. 4 An example of the estimation of economimatimum level of design water level at 7.4 m,
under medium estimation of potential flood damagé&/asongkou of the Huangpu River

As the estimates of the information on the floodndge, discount rate and investment cost are
rough estimates, a sensitivity analysis has besiedaout to show the optimal safety level withigar
tions of these parameters. First, the flood damagker low, medium and high estimation lead to op-
timal safety level ranges from 1/3,000p.y. — 1/0@ (See Tab.6. 5). Second, the results of variati
of 50% lower of the investment cost and discoutd kead to optimal safety level 1/7,000p.y. and%00
higher of these parameters lead optimal safetyl tevi3,000p.y. (See Tab.6. 6).
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Tab.6. 5 Results of optimal safety level and desgigter level under low, medium and high estimation
of flood damage in 2050

Low Medium high
Flood damage [billion $USD] 10.6 16.6 30.3
Optimal design water level [m] 7.3 7.4 7.5
Optimal safety level 1/3,000 1/4,500 1/7,000

Tab.6. 6 Sensitivity analysis of variation of thergmeters of investment cost and discount rateefund
medium estimation of flood damage) in economicroation

Investment cost Discount rate
50% lower 100% higher 50% lower 100% higher
Optimal safety level 1/7,000 1/3,000 1/7,000 1/8,00

2). Construction of storm surge barrier

Strom surge barriers are floodgate systemsatlwav water to pass under normal circumstances bu
can be closed when a storm surge is expectedif\grig001). It has been widely constructed world-
wide as part of the coastal defence system, edlyeriadeveloped countries (Linham, Green et al.
2010). Famous examples are the storm surge bainereeland (Southwest) of the Netherlands,
namely Maeslant and Eastern Scheldt storm surgeeban New Orleans, several storm surge barri-
ers have been built after Katrina to protect thg @onkman, Hillen et al. 2013). The constructidn
storm surge barrier can reduce the length of tip@sed system in the estuary; thus it can reduce the
length of the dike heightening behind the barmerother advantage of some storm surge barrier for
port areas is that they allow free navigation umd#mal conditions when they are open. The coat of
storm surge barrier depends on many factors, imgjuthe types of barrier and gates, the local soil
characteristics, the desired height and the hyidrdngdad. Jonkman, et al. (2013) estimated the unit
cost of storm surge barrier per unit width fromitalae data around the world, which ranges between
0.5 and 2.7 million /m width. The management anthteaance costs of complex storm surge barriers
are relatively high, and these cost have been asiirat 5%-10% of the construction costs (Nicholls,
Cooper et al. 2007).

As storm surge from East China Sea during typhsotihé biggest flood threat for the Huangpu
River, a new storm surge barrier is proposed atrtbeth of the Huangpu River, which is supposed to
resist storm surge induced by typhoon to prevemdflin Shanghai. Therefore, it can be regarded that
the construction of the storm surge barrier is la@moglternative to maintain the protection level of
1/1,000 p.y. in Shanghai. It will be designed tevaemt a storm surge with probability of exceedance
1/1,000p.y. @, ). Three potential locations of the storm surgeibawere identified by local engi-

neers (Chen 2001; Hu 2006) based on a compreheasatgsis on the geological condition, the ef-
fects on the future navigation, the morphologyh# tiver, urban planning and the relocation cost of
the harbours, etc. These locations are show i Figwith alphabetic order of A, B, C at a dis&ant
the mouth of the Huangpu River of 8.75km, 5.8km &arkm, respectively. The widths of the river at
these locations are around 550-650m in generaly @heWusongkou (A), Changhang anchorage (B)
and - Fishery Yard (C), respectively.

o Cost

The investment of construction storm surge baksias estimated at 4 billion RMB in 2001 by local
engineers and the construction period is estimatt&dyears. Thus, the present value of the invegtme
cost would be 1.1 billion $USD. It is estimatedttthe maintenance cost and other indirect cogt (e.
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labour and logistics) are 5% of construction costrg year. Then, the total investment would be ~2.2
billion $USD.

Based on the estimated unit cost per unit widtetofm surge barrier worldwide, the construction
cost of storm surge barrier at the mouth of therdpa river is between ~0.3-~1.5 billion $USD if it
is assumed the width of the barrier is 550m. Thal tovestment would be ~0.6-~3.0 billion $USD
with infinite utility. It can be noticed that thedal estimation is close to the high bound of thoeley
wide general estimation.

0 Benefit

As we discussed before, the reduced floodhystkard’ measures to prevent flood would be ~2.6
7.3 billion $USD in 2050. While an adverse effettie storm surge barrier could be the hinder ef th
shipment in the harbour along the river. If it ss@amed the storm surge barrier closes one dayeper y
to safeguard the river, the economic loss in thddwa was estimated at averagely 0.43 million
$USD/yr (2.6 million RMB/yr) in 2005 by Chen (2002)he present value of hindering of the ship-
ment would be calculated at 8.43 million $USD widliscount rate of 5.1%. Compares to the direct
economic avoided damage, the adverse effect issmagjl. In a summary, the potential benefit of the
construction of the storm surge barrier is stiljkx than the cost of the construction of the steunge
barrier. The benefit/cost ratio is then calculaed.2 — 3.3.

Storm surge barrier (A,8,C) =
- (Protection level: 1/1000

Fig.6. 5 Potential locations for storm surge barinethe Huangpu River of Shanghai, namely A- Wu-
songkou, B - Changhang anchorage and C - Fisheny Ya

3). Flood barrier board

It was noticed that moveable flood barrier isl®ly applied at the entrance of the subway stations
prevent flood water during flood seasons in Shangftee moveable flood barrier can also apply to
the entrance of the (industry, commercial and eadidl) buildings. Although flood water cannot be
fully prevented by such a simple measure, it canpt@arily keep the contents safe inside. But it
should be noted that this measure would only becétffe in shallow water due to its limited height
(~50cm).
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o Cost

In the cost-benefit analysis, the investment gfliaption of flood barrier board is the market pric
of the unit cost, which mainly depends on the aaesion material (e.g. wood, plastic or steel). The
market price of flood barrier board in aluminiunfogl (see Fig.6. 6) is roughly ~150 $USD/m (SWzZ
2013). Suppose the cost of flood barrier boardofue entrance of the buildings is ~500 $USD; one

Fig.6. 6 Example of flood barrier board in alummialloy in Shanghai (SWZ 2013)

o0 Benefit

The reduction of risk (benefit) will be calated based on Eq. (6.1). First, suppose the ffmob-
ability in the initial situation is 1/200p.y., wiiids the current protection level calculated prasly. If
the flood barrier board is implemented, it is assdrthat the flood would occur by four types of-fall
ure: 1). human failure to implement board duringoéls; 2). structural failure due to insufficient
strength; 3). flood water can go along other p&hg. piping); 4). overtopping when inundation dept
is more than 0.5m (higher than the board). The mufaiure probability is taken as 1%. The structur-
al failure could be caused by e.g. piping, or thed water can go through sewer system. It is asgdum
that the structural failure probability is 1% arik tprobability of other sources of leakage is 10%,
respectively. Based on 2D flood simulation in Cleaj, it was estimated that roughly 50% flood area
was with more than 0.5m of inundation depth ine@ene of river flood under 1/200p.y. in Shanghai. A
simple fault tree analysis of the failure of flobdrrier board is illustrated in Fig.6. 7. Therefaiee
failure probability can be calculated at 3.1%fer year.

Inundation
in the building

[ ] 0.5

Failure of
flood board

Structural
failure

Fig.6. 7 A simple fault tree of the inundationtiire building due to overtopping or the failure lofod
barrier board under a flood probability of 1/200ptyShanghai

Overtoppping

Failure due
to other
sources

The damage which can be saved by flood baroardis only the inside contents of the building.
The structural damage of the buildings, infrastitadtdamages and indirect damages (e.qg. intermuptio
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of economic activity) would not be protected bysthieasure. Hence, we only assume 1/10 of flood
damage could be saved in the end.

Thus, Eq. (6.1) would be shown as below:

3 [—
Pf,O EDO— Pf [D: SOD.O X D0 3]]103>< %DO ):ZZMOSDO
' r 5.1%

Benefit=
r

The suggested damage function for buildimyShanghai showed that the damage percentage is
3%-5% under inundation depth of no more than Ofengce, it is assumed that the flood damage with

an inundation depth of no more than 0.5m would 5@0;000 $USE (D, ) in a building. Therefore,
the benefit is roughly ~22,000 $USD, which leada tmenefit/cost ratio of 22.

From a cost-effective point of view, it is recmended to use flood barrier board in flood prone
areas with flat elevation as the flooding water &adow velocity during inundation which can avoid
the potential failures of flood barrier boards. e industrial and commercial buildings in flood
prone areas, it is strongly recommend to emplogdibarrier board in strong material (e.g. steel or
aluminium alloy) with anchoring system in caseld# failure of boards. However, it should be noted
that the benefit/cost ratio of flood barrier boamdthis section is limited under a flood with fa#u
probability of 1/200p.y., in which approximately%0of inundation depths are under the crest height
of the flood barrier board (~0.5m). While less Hangould be resulted under the floods with higher
inundation depth under extreme events, e.g. flapaith 1/1,000p.y. or 1/10,000p.y.. since flood
water can easily exceed the crest height of bdar@ddition, the more to apply the flood barrier
boards the more likely of the human error coulddseilted.

6.3.3.2 ‘Soft’ measures
* Flood insurance

Flood insurance is one of the methods to redbeeindividual loss due to an unexpected flood
event. The insured purchased the insurance premuary year from the flood insurer. Flood insurer
is liable to cover most part of the damage in tbed-prone area if the flood occurred. The flood in
surance premium is based on the potential expdicted damage, and additional cost like operation
fee and profit. Hence, the premium is a faafohigher than the present value of expected economic
damage. The mathematical expression would be wrgtsebelow:

Premium= PLOLD/ r (6.14)

Where:d >1, the factor higher than the expected damage;

In order to calculate the total cost of the dgeaeeduction measure of flood insurance, it is @&sl
that all the insured would be affected by a samedflevent and the insurer is willing to completely
compensate the economic damage. The total coleinase of flooding with a flood insurance meas-
ure would be shown as below:

P [oID)

TC=ly+ Iy (-In(R)) +——~— (6.15)

Based on the economic optimum method, the econoptimum level of probability is:

7In general, the exposed value during a flood wémated at 1.75 million $USD for a building (in-
cluding all types of buildings). Hence, 1.75 mili8USD * 3% = 525,000 $USD.
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1, B
.opt_O-T

This expression indicates that the safety le¥¢he flood defence would increase with the inseca
of the insurance factar. It implies the flood insurance would definitelycrease the cost in this
measure. Vrijling (2009) has also stressed th#tténcase of The Netherlands, the occurrence oflifloo
would be a national disaster and the governmepidabchelp the affected people and property owner.
The expenditure could be borrowed from other céesitr Flood insurance in the Netherlands would
be no clear advantage. But for a case of small asmitsnwhich needs recovery by itself and further
external help in an event of flooding, it is recoemded to take flood insurance as an additional meas
ure to supplement of the ‘hard’ measure in a chailare.

P, (6.16)

In Shanghai city, the occurrence of floodinghie whole city would cause a catastrophic damage in
terms of economic, societal and environmental @sp&egardless of direct economic damage, the
indirect damage in the disruption of the transpgmasystem (e.g. subway system) and the lifeline
utilities (e.g. electricity, gas and drinking-wasststem, etc.) would be tremendous, and desereas gr
attention in the quantification of flood damageodd insurance would not be effectively helpful to
reduce the individual loss in the hard-quantificataspect. While, the less developed area with some
farmland in the upstream of the Huangpu River caeléct flood insurance as a loss-reduction meas-
ure to address the flood risk. Moreover, the apgitm of the flood insurance is more suitable for a
city (community) which is individually responsibb¢her than (local) government intervention.

6.4 Discussion

6.4.1 Cost-benefit analysis

Cost benefit analysis requires to trade offdbst of the measure(s) and the benefit after imptgm
ing the measure(s). On one hand, assessing thefcastupgrade of the protection system is not com-
plicated, even though it requires a precise dedimibf the system and an assessment of its construc
tion, operation and maintenance costs. The engirear approximately evaluate the cost based on the
local conditions (e.g. labours, the cost of cordiom equipment’s and material, etc.). In this dbap
the cost of upgrade the floodwall and the consinobdf the storm surge barrier were both evaluated
based on local engineer’s estimation. On the dflaed, evaluating expected benefit is much more
problematic as it needs to take potential impactgarious dimensions (direct economic damage and
loss, injuries and casualties, psychological trauet@) into account. In this research, the dissu-
nomic damage to the buildings and inventories vi@ken as proxy for overall avoided damage in a
flood event, which may under-estimate the bendtéramplementing the risk-reduction measures.
Hallegatte (2006) pointed out the direct benefit ba amplified by 1) spatial or sectoral propagatio
into the rest of the economic system over the steonh (e.g. through disruption of lifeline serviges
and over long term; 2) by response to the shoek (@ss of confidence, indirect consequence of ine-
guality deepening); 3) by financial constricts innjpay reconstruction; 4) by technical constrictsvel
ing down reconstruction. The flood of Shanghai dombt only cause direct damage but also huge
indirect loss in sectors of transportation, lifeligystem, business and tourism, etc., especialynth
pacts lying in a long run. For instance, if floadaster happened in Shanghai ever once, investys m
be reluctant to invest large amount of money irgw business in the affected area and the tourists
may choose ‘safer’ sites to spend their vacatitmshis research, the reduction of future floodkris
only concerns the potential direct flood damagehenbuildings and inventories in Shanghai. Various
negative consequences are also expected wherottkifl a fact and will definitely increase the walu
of potential benefit.
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6.4.2 Economic optimization

Economic optimization is a technical approach téindethe risk at an economic optimal level,
which can support the decision making in a politaecision process. This concept has been applied
to dike rings in the Netherlands. Due to the dgnpebpulated areas with high economic value, the
present protection level is very high, e.g. 1/10@0. (Deltares 2011), in the dike ring system of
South and North Holland. In Shanghai, economic mslalysis shows that safety standard of
1/4,500p.y should be applied to the floodwall o tHuangpu River in 2050. This result is based on
rough estimates of flood damage, discount rate iamestment cost. In the sensitivity analysis, it
shows that the results based on the variation eSehparameters ranges from 1/3,000p.y. to
1/7,000p.y.. The results indicate it is justifieat Shanghai to take higher safety level than cairren
safety level (1/1,000p.y) to cope with future charfge. ‘relative’ sea level rising and economic de
velopment) in the near future. However, it is reamended to perform the uncertainty analysis on the
parameters of the potential flood damage, discoatet and investment cost in Shanghai to provide
rational and technical support for policy makingaptimal safety level in the future.

6.4.3 Recommended measures for Shanghai

Due to sea level rising and land subsidertee ctest height of floodwall cannot be sufficienmt t
withstand the protection level of 1/1,000p.y. ld@rto maintain the protection level of 1/1,000pny.
2050, the improvement of the floodwall and the ¢amdion of a new storm surge barrier were dis-
cussed from cost-effective point of view.

From the viewpoint of simplicity, the improvemerftftoodwall might be preferred as such struc-
ture has been built and maintained in China fouslands of years. It is a traditional and straightfo
ward way to fight against flood. However, the hégghof the floodwall (up to 9.04m) would hinder
the sight-view of the Huangpu River, which produaasegative effect on the citizen’s social life and
tourist attractiveness (e.g. in the Bund). Furth@amwith the ongoing land subsidence and sea level
rising, the improvement of floodwall might not besastainable way to safeguard the increasing eco-
nomic value. As seen from Tab.6. 7, the benefit/catso of construction of storm surge barrier i8-1
3.3, which is larger than the benefit/cost ratiap§rading of floodwall (0.96-2.7). It means therst
surge barrier is more cost-effective than upgradingpodwall in Shanghai.

Tab.6. 7 Results of cost-benefit analysis for theommended measures in Shanghai: 1) upgrade of
floodwall, 2) construction of storm surge barrier.

Recommended measures N Cost _ _Benefit benefit/cost ratio
[billion $USD] [billion $USD] [-]
Upgrade of floodwall 2.7 2.6-7.3 0.96—-2.7
Construction of storm surge barrier 2.2 2.6-7.4 -2

Besides, it is noted that the difference of wateels in the Huangpu River as a function of return
periods in 10 factors (e.g. 10,000yr and 1,000yrpnly around 50cm, which means the increase of
50cm is 10 factor’'s improvement of safety. Thuss itecommend to take maximum 1m as additional
height to the design water level of 1/1,000p.y 05Q if it really needs to upgrade the floodwall.-An
other additional solution to address potential toygging is the application of an extra drainagdesys
along the Huangpu River. Since overtopping onlyucsca few hours during storm surge events,
drainage system could drain off the water intorilier if the capacity is sufficient. Further studg
the expenditure of the extra implementation ofdrenage system is recommended.

In addition, from a socio-economic point of vielete would be a strong preference for the storm
surge barrier since it would need much less reloeatf households and enterprises than the floddwal
upgrading solution. Moreover, it will shorten trengith of protection area needed. Although it is an
attractive measure, the cost-benefit analysis dacmoprehensively address the overall effects espe-
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cially the intangible effects in the social, envingental and ecological dimensions. The construction
of storm surge barrier involves other potentialaieg@ environmental or morphological consequences
for the rivers. These concerns cannot easily mstoamed into monetary terms.

Since Shanghai Municipal Government desiregspgrade the city to an international metropolis
with high quality of life, the heightening and stgghening of the floodwall will largely prohibit ¢h
sight view of rivers and lower the attractivenekthe city. Considering a bigger future of Shangitai
is believed that the construction of the storm eurgrrier is a better solution to protect Shanghai
long run.

Since there are many industrial and commeksities in Shanghai especially in the city centrés
recommended taking flood prevention as the domisahition to protection Shanghai. It also recom-
mends to prepare the flood barrier boards at themee of all types of buildings in case of unex-
pected flood events. Regarding the flood insuratieeJess developed area with farmland in the up-
stream of the Huangpu River is suggested to s#tad insurance as a damage-reduction measure to
address flood risk. These results can provide gtbanderstanding of the modern safety systems. It
also showed the economic optimization and cost{iieaealysis can rationally support the decision
making on risk-reduction measures and protectivalsefrom economic consideration.

6.4.4 Implications for other metropolitan cities

The construction of storm surge barrier at the imaftthe Huangpu River is recommended to re-
duce future flood risk in Shanghai, which is basadhe experiences of the Delta works in the Nether
lands. It should be noted that the common floo@dts in Shanghai and in Rotterdam are mainly
storm surge from the Sea. In Shanghai, the toakeratinfall with a coincidence of the high stormieti
is limitedly correlated (Lin and Li 2000). Moreovyehe drainage water from Tail Lake is regulated by
a control gate (Taipu River) in the upstream of itheangpu River. Therefore, it is assumed that the
closure of storm surge barrier would not causedilog in the river due to storage incapacity. Howev-
er, the closure duration and river discharge duttiregclosure of storm surge barrier need to béndurt
studied. For other metropolitan cities under tioedl threat of storm surge, it is recommended td eva
uate the measures based on local meteorologicaitzms and socio-economic factors to support
rational decision making.
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Chapter 7

Conclusions and Recommendations

The aim of this research was to quantify tedlirisk and make recommendations on risk reduction
measures in a case study of Shanghai. It mainlgezoas scenario—based analysis of flood hazards
model in SOBEK, flood damage estimation, flood rislalysis and the evaluation of risk reduction
measures. The objectives of this research wereulated as:

1. To examine flood threats and flood defence syste8hianghai

2. To produce inundation maps due to different faduréthe flood defence system

a. To derive frequency curves for the water levelg/pical stations

b. To identify potential weak points along the floodwa

c. To estimate inundation characteristics under differflood scenarios by 1D2D hydraulic

model

To estimate the direct and indirect potential ecoiccdamage based on flood scenarios

4. To quantify current flood risk based on flood prbiliies and the associated flood damage under
different scenarios and to estimate future flos#t due to the effects of climate change, land sub-
sidence and economic development

5. To evaluate and recommend the risk-reduction meadoy cost-benefit analysis and economic
optimization

w

On the basis of the study results, a numbeontlusions have been made below.

7.1 Conclusions

Flood risk analysis investigates the flood proadssin from the flood routing in the river network,
the potential weak points of the flood defenceaystinundation due to failures of the flood defence
system and the associated economic damage. THeok8aod risk analysis in a region, an area or a
community within a temporal frame gives insightwithe policy making of the recommendations on
risk-reduction measures. In this research, Shanglsalected as a representative study case tdiquan
fy the current and future potential flood risk dodts fast economic growth, land subsidence aed th
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change of climate. The methodology of flood risklgsis could also be applied in other metropolitan
cities provided the input data and information arailable.

7.1.1 General
» Storm surge is the biggest threat to the floodingfdhe Huangpu River.

Shanghai is an important city located in the Eastst area of China. It is physically exposed to
floods due to flat low topography and frequent typh weather. Moreover, due to a highly developing
pace of the potential economic damage and socars, the property-assets-concentrated downtown
area deserves more attention in terms of floodgréon in Shanghai. Storm surge events will be the
biggest threat to the flooding of the Huangpu Riespecially during the typhoon. A high water level
which is pushed up by the storm surge and a higbrammic tide can lead to potential flooding due to
overtopping, breaching and failure of floodgatearde economic damage in Shanghai will be caused
subsequently.

* Floodwall may fail due to various failure mechanisms in Shanghai.

Historical flood events have already shown thatftbedwall may fail due to potential overtopping
and breaching along the Huangpu River and its mesd~urthermore, the current protection level of
floodwall is only based on the exceedance of tiestdneight of the floodwall by the water level and
does not directly take other mechanisms into adcdanthis research, the structural failure of a
floodwall with small probabilities was taken intocaunt, although it was based on hypothetic breach-
ing. The associated flood damage under each scemas assessed accordingly.

7.1.2 Frequency analysis
* New frequency curves of water levels as a functiasf return period are derived.

The objective of frequency analysis in this reseasdo establish the hydrological boundary condi-
tions as a function of return periods in the Huangiver. Three hydrological stations were selected
to represent the upstream, middle stream and dosamstof the Huangpu River. Two suggested prob-
abilistic distributions were taken into accountépresent the magnitude of the water level relsded
the frequency of occurrence. In contrast to previstudies, GEV distribution was adopted as a sug-
gested probabilistic distribution for Wusongkou ahstream) and Huangpu Park station (middle
stream), while P-IlI distribution was more fit fire datasets at Mishidu (upstream). The resulte/sho
that the water levels with return periods of adadiO apart (e.g.1,000yr & 100yr and 500yr & 503t)
Wusongkou and Huangpu Park both have approximéafiyn difference while roughly 20 cm differ-
ence is shown at Mishidu. Moreover, it demonstrabted the Huangpu River is a tide-effected river,
which leads to similar water patterns in the dowe@n and middle stream, and comparatively less
tide effect in the upstream.

7.1.3 Hydraulic model
» The current protection level is expected to be leghan to 1/1,000p.y..

Based on a 1D hydraulic model, the water levela amction of different return periods can be de-
rived by changing the boundary conditions in thevastream of the river. In this research, the chang-
es in the boundary condition at Wusongkou repredifgrent return periods of storm surge events;
the results of the water levels in the Huangpu Rivigh a comparison to the crest height of floodwal
show that the current protection level is approxetyal/200p.y.. Several potential weak points can b
identified along the upstream, middle stream andrcddream of the river. A point which is located at
around 45km away from the mouth of the river has gheatest overtopping probability (1/200p.y.)
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due to its lowest crest height along the floodw@ther points, e.g. 4km, 28km, 50km and 65km away
from the mouth, are likely to be overtopped undieod probability of 1/1,000p.y..

» Inundation maps are produced by a 2D hydrodynamic radel based on overtopping sce-
narios, breaching scenarios and the failure of fladgates.

In the 2D hydrodynamic model, four types of scavmiwere simulated in terms of different failure
mechanisms of the floodwall. The no-protection sc®s directly implied that the significant re-
guirement of the flood defence system for Shanghgi Breach scenarios potentially have a larger
inundation extent than overtopping and the failofdloodgates; overtopping scenarios at different
points along the floodwall suggest that the floodting starts from a horizontal into a verticaledir
tion in a limited inundated area, normally no mtran 1.5 km away from the river since it only oc-
curs within a limited period (e.g. 1 hour). In atlgh, breaching on the West side of the Huangpu Riv
er has a much larger inundation extent and a deepedation depth than on the East side, mainly due
to its lower terrain in the West area. Furthermatethe scenarios have on average more than 0.4m
inundation depth, which poses potential threathégproperty assets, the suspension of the trataspor
tion system or other infrastructures. In 2D floddhidations, it should be noted that the inundation
results are dependent on the quality of DEM.

7.1.4 Flood damage estimation

» Large economic damage could be caused by a floodin§ Huangpu River in the down-
town area of Shanghai.

The damage function method is a basic model tc@fdy estimate ex-ante flood damage in an ar-
ea of interest. In this research, the damage fomcthethod was applied to estimate the potentialifl
damage at an individual building level in a seldcdeea of Shanghai. It was noted that the ex-ante
damage estimation greatly depends on the clagsiircaf potential damage categories, the associated
damage functions and the maximum damage valueapfepty assets, in which the damage function
contributes most to the flood damage estimatiothigh it is hard to validate the results, which is
currently a common challenge in the field of flodmmage estimation, the application of Monte Carlo
analysis can assist to address uncertainties dthimgstimation of flood damage. It shows thatdarg
potential flood damage (7%-14% of maximum damadaejacould be caused in the downtown area
under the breach scenarios for the West side dfittengpu River.

» Service interruption and business interruption dueto floods require great attention in
Shanghai.

The service interruption at one subway stationcioe week would cause approximately 1 million
$USD in revenue losses in Shanghai, which impled huge practical inconvenience would be in-
duced for the inhabitants during such unexpectezhtsy Considering the large number of subway
stations and other indirect cost (e.g. extra enmengeost, cleaning cost and repair cost), it cddd
regarded as the lowest bound of the indirect dareagmation. In addition, the potential servicesmt
ruption and business interruption due to floodingld contribute 30%-50% of the total damage based
on the study on previous studies of real casebofling in other cities. Furthermore, in a devehgpi
urban city, the long term effect on the touristustty and business investments would be far-regchin
Therefore, it is better to prevent flooding in Shlaai.

7.1.5 Flood risk
» Total (flood) risk was estimated at between 40-11&illion $USD/yr. in Shanghai.
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In this research, the flood risk is calculated dame 26 flood scenario analyses, in which the poten
tial economic damage due to breaching is 10 fadtgyiser than those caused by overtopping and the
failure of floodgates. The results of flood risle aepresented by a total risk which is calculatgd b
mathematical model. This model is dependent orexpected value and the standard deviation of the
economic damage on a basis of risk aversion, irthwvthie risk aversion index was taken as 3. Thus,
the total (flood) risk was estimated at betweerli42-million $USD/yr. in Shanghai, which is of par-
ticular importance for insurance companies to detez the insurance premium, and for policy mak-
ers to trade off risk reduction projects by a dostefit analysis.

« Future flood risk could increase 16 fold in 2050 d& to sea level rise, land subsidence and
economic development.

Regarding flood risk in the near future, the ‘absel sea level rise, land subsidence and economic
development, these factors all contribute to sortent to the increase of future flood risk. In terof
the affecting factors, economic development wouwdtiebute most to the future flood risk, followed
by land subsidence and then ‘absolute’ sea lesel riThe present value of future flood risk is galc
lated as ~4.2 and ~16 times the value of the cuflfeod risk (reference year is 2010) as a resu#t o
combination of the affecting factors in the year2680 and 2050, respectively. The future flood risk
could increase to as high as 1.8 billion $USDAyr2050 if no further measures are taken in Shanghai

7.1.6 Flood risk-reduction measures

» Construction of a storm surge barrier is a better slution than an upgrading of the
floodwall to protect Shanghai in a long run.

The cost-benefit analysis shows that the stormeshegrier has a somewhat higher benefit/cost ratio
than upgrading the floodwall in Shanghai. Besidles,relocation cost of households and enterprises
along the Huangpu River due to upgrading the flagtlwould be much higher than the construction
of a storm surge barrier. Moreover, the upgradihthe floodwall would hinder the view of the river
and lower the attractiveness of the city and, whihongoing land subsidence and sea level risheg, t
improvement of the floodwall might not be a susibile way to safeguard the increasing economic
value. From a socio-economic point of view, thestauction of the storm surge barrier is a better
solution to protect Shanghai in the long run.

» Damage reduction measures can be provided as additial measures to the probability
reduction measures in Shanghai.

Flood prevention measures seems more cost-effefitme an economic point of view than the
damage reduction measures, because damage reduetdsures are only effective when a flood real-
ly occurs and flood damage becomes a fact. Evaimgthave put flood prevention as the first priority
to protect Shanghai, the additional measures pikparation of flood barrier boards, can reducedlo
damage to some extent when flooding occurs. Thécagipn of flood insurance can also reduce indi-
vial loss as floods occurs in a small communityeai the current protection level it is recommended
to widely prepare the flood barrier boards at th&asce of all types of buildings in case of unex-
pected flood events. Moreover, it is suggestecltecs flood insurance in the less developed farthlan
area in the upstream of the Huangpu River to addrespotential flood risk.

» Itis recommended to apply a higher safety level tthe floodwall of the Huangpu River.

By method of economic optimization, a preliminaegult of a safety level of 1/4,500p.y. is recom-
mended for the floodwall of the Huangpu River t@eavith future flood risk in 2050, which is based
on rough estimates of flood damage, discount ratelsinvestment costs, to retrieve an optimal level
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from an economic point of view. The correspondilegign water level at Wusongkou is proposed at
7.4m, which is 0.8m higher than the current desigter level (6.6m).

7.2 Recommendations

Due to the limitations discussed in this thesis,ftlllowing recommendations are made as below:

1. The focus of this thesis is on the quantificatiéfl@od risk caused by failure of the flood de-
fence system along the Huangpu River in Shanghen Ehough the coincidence of a storm
surge and a high astronomical tide is the biggestdto flooding, causing potential flood
damage, other types of floods can also lead toreeseonomic damage and social disturb-
ance. For instance, pluvial flooding due to insuéint drainage capacity in the system can
cause inundation under extreme precipitation. Hanesuch type of flooding is less cata-
strophic due to its lower inundation depth and loge&cial disturbance. The coastal flood is
another flood type, which could cause economic dgnaand loss of life. The safety standards
of the sea dikes of Shanghai are defined betwezd0p/y. and 1/100p.y. in different coastal
areas. Although coastal areas, like the distritfSemgxian and Jinshan, are relatively less de-
veloped area with less buildings and infrastructutiee economic damage there would mainly
affect the farmland, which cannot be compared ®dbonomic damage in the city centre.
Thus, due to fast urbanization in China, a quantégsstudy of coastal flooding in Shanghai is
recommended in the future.

2. The flood damage in this thesis focuses on tangibtnomic damage. Other consequences,
such as loss of life (direct and intangible damamyg)hysiological effects (indirect and intan-
gible damage) are not considered. For some purgash, as the compensation scheme in the
insurance companies, the direct damage estimatisafficient since they only cover the di-
rect damage. Although the intangible damage iscdiffto value in monetary terms, it is our
recommendation to include all the effects of floadshe ex-ante flood risk analysis to better
understand the system and to provide more comptetadts of flood risk for decision mak-
ing.

3. In this thesis, the water levels as a functionetfih periods were extrapolated to 10,000yr.
and 1,000yr. with around 100yr. historical obsdoradata. Under a changing climate envi-
ronment, future effects of sea level rise and lsuosidence on the water levels in the river are
recommended to be considered to predict the wewet bs a function of return periods.

4. Existing defence standards generally refer to failrobability due to overtopping or over-
flow. Other geotechnical failure mechanisms, suslpiping and sliding, which can lead to
failure when water levels are below the crest efdefences, are recommended to be studied
in more detail based on available informationslsiiggested to pay equal attention to the var-
ious failure mechanisms of flooding.

5. Better knowledge on the breach growth process asré alata on the foundation and structure
of the flood defence system would most likely resltite uncertainty in the risk assessment.
Sophisticated field investigation on the flood defe system is recommended in the future.

6. Improved input data in the 2D flood simulationgy.eDigital Elevation Model (DEM) and
roughness data, could provide more accurate raatthe further study.

7. Detailed investigations on the vulnerability of @atial damage categories could assist to bet-
ter understand the potential flood damage in aargg-estimation.

8. Since this research is based on an assumptionsodee performance of control gates in the
upstream of the Huangpu River during storm surgmisvin case of additional drainage water
from Tai Lake, a storm surge barrier can functienywvell to prevent a storm surge at the
mouth of the river. In order to prevent floodingedio limited storage capacity of river, extra
water storage area is recommended if storm surgéebé# constructed at the mouth of the



Conclusions and Recommendations 154

Huangpu River. Failure of the control gates anddramanges of the complex river (canal)
systems between Tai lake and the upstream of tlaadgw river should also be taken into ac-

count in future research.
9. A more comprehensive evaluation of various riskdmin measures is highly recommended

in the future.
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List of Symbols
Symbol Description Units

F(X) cumulative distribution function []

F flood risk [$USD/yr]

C consequence [$USD]

F(x) cumulative probability distribution []

f(X) probability density function []

E(X) mean value [-]

G kurtosis [-]

C, skewness []

P probability of flooding [lyr]

T return period [yr]

X the theoretic frequency for each observation, [

)i the prediction frequency in the corresponding oleérn []

X the corresponding empirical frequency [

A total cross section area [m?]

Ot lateral discharge per unit length Isi

Q discharge [m¥s]

X distance [m]

t time [s]

B boussineeq constant [-]

A cross section flow area [m?]

g gravity acceleration [m?/s]

h water level [m]

C chez coefficient [mY%s]

R hydraulic radius [-]

Wi flow width [m]

T, wind shear stress [mY7s]

P water density [kg/m?]

B river width [m]

B, breach width [m]

F flood damage in monetary terms [$ USD]

S maximum potential values of elements-at-risk [$ USD]

d inundation depth [m]

t flood duration [h]

Y flow velocity [m s?]

r rising rate [m s?]




List of Symbols

f(d,tvr..) damage function []
S market value of all the categories at risk [$USD]
S market value of categoryin district | [$USD]
n number of categories at risk [-]
m number of districts in study area []
C construction cost for each categaory [$USD/n7]
P percentage of categoiyin district | []
F, floor area in district] [m?]
A site area in districtj [m?]
FAR floor area ratio in districtj [-]
d inundation depth [m]
Dr damage rate []

_ h the p_aram_eters in the equations, which dependeofittimg []
&M G functions,l =1, 2, 3
P, failure probability of overtopping [fyr]
Passcest occurrence probability of water level exceedingadiest [yl

height of floodwall

P, failure probability of breaching [fyr]
Prwizsm) occurrence probability of water level at 5m [/yr]

P (s conditional probability of floodwall when the watlerel Iyl

= reaches at 5m
Prwiz4.7m) occurrence probability of water leved.7m [fyr]
P (a7 conditional probability of close-down floodgate withe wa- Iyl
=+ ter level reaches at4.7m

Pf_fg failure probability of floodgate [1yr]
E(D) expected value of flood damage [$USD/yr]
o(D) standard deviation of flood damage [$USD /yr]
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