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Abstract

As Chinahas become increasinglybansed flooding has become a regulaccurrencen its
major cities. Assessinthe effects of futureclimate chang®n urban flood volumess crucial to
informing bettermanagment ofsuchdisastergiven the severity ofhe devastatingmpactsof
flooding (e.g., the 2016 flooding across China). Althoughent studies have investigatiu
impacts of faure climate change on urb#flooding, the effects of both climaiehangemitigation
andadaptatiorhave rarely been accounted fogetherin a consistent framework. In this study,
we assess the benefits mftigating climate changeby reducinggreenhouse gasmissionsand
localy adapting to climate chandey modifying drainagesystens to reduceurban flooding
under various climate change scenatlo®ugh a case studyonductedn Northern China. The
urban drainage mod&lStorm Water Managememodeld was usedto simulate urbarilood
volumes usingcurrent and twadaped drainage system@.e., pipe enlargement and lempact
development), driven by biarrected meteorological forcing from five general circulation
models in the Coupled Moddhtercomparison Project Phase 5 archiResults indicate that
urbanflood volume is projected to increase by 52% in 20 compared tthe volumein
19712000 under the businessusual scenario (i.e., Representative Concentra@athway
(RCP) 8.5). The magnitudes of urbflood volumes are found to increase nonlinearly with
changes in precipitation intensif9n average, the projectéidod volumeunder RCP 2.6 is 13%
less than that undeRCP 8.5, demonstrating thdenefits of globatlscde climate change
mitigation efforts in reducinglocal urban floodvolumes. Comparisorof redued flood volumes
betweenclimate changemitigation and localadaptation(by improving the drainage system)
scenariossuggeststhat local adaptatioms more effective than climatehangemitigation in

reducing future flood volmes. This has broad implications for the research communeistive
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to drainagesystemdesign andnodeling in a changing environmenThis study highlights the

importance of acamting for localadaptatiorwhencoping with futureurbanfloods.

Keywords: Climate change, urbdtoods, mitigation, adaptatigrdrainage systems

1. Introduction

Floods are one of the most hazardous &eduentdisasters in urban areas and can cause

enormous impacts on the economy, environment, city infrastry@ndehuman society (Chang

et al., 2013; Ashley et al.,, 2007; Zhou et al., 2012). Urban drainage systems have been

constructed to provide carrying amdnveyance capacitiest a desired frequendyp prevent
urban flooding However the design of drainageystemsis often based on historical
precipitation statisticor a certain perioaf time, without considering thepotential changes in
precipitationextremedor the designed return perio@®azdanfar and Sharma, 2015; Peng et al.,
2015; Zahmatkesh et al., 201%).is likely that drainagesystems woulde overwhelmed by
additional runoff induced by climate changéhich may lead tancreasediood frequency and
magnitude disruptionof transportatiorsystens, and increased human heatisk (Chang et al.,
2013; Abdellatif et al., 2015For example Arnbjerg-Nielsen (2012) reported that the design
intensities inDenmark arerojectedto increasdoy 1050% for return periods ranging fromt@
100 years Therefore, it is important to investigatee performancef drainage systemin a
changing environmenand to assesghe potential urban flooding under various scenarids
achievebetter adaptadns (Mishra, 2015; Karamouz et al., 2013; Yazdanfar and Sharma, 2015;

Notaro et al., 2015).
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Impacts of climate change on extrerpeecipitation and urbanflooding have beenwell
documented in a number of case studies.exampleAshley et al. (2005) showed thi&oding

risks (i.e., occurrence of pluvial floods) in four UK catchmentay increase by almost 30 times
by 2080s compared to current conditions around the year, 2000 effective adaptation
measuresirerequiredto cope withthe increasing risks in the UK. Larsen et al. (2009) estimated
that future extreme on@our precipitationwill increaseby 20%~60% throughoutEurope by
207172100 relative to 19611990 Willems (2013) found thain Belgium the current design
storm intensity for the I@ear return periods projectedto increase by 50%y the end of this
century. Several studies have alsoinvestigatedthe role of climate changemitigation or
adaptatiorin reduéng urbanflood damages and riskender climate changscenariogAlfieri et

al.,, 2016; ArnbjereNielsen et al., 2015Moore et al., 2016 Poussinet al., 2012) The
relationship between changes in precipitation intensity and flood volume has also been well
explored to provide additionahsights into drainage design strategies (Olsson et al., 2009;
Willems et al., 2012Zahmatkesh et al., 20L5However, previous studies on the effects of
climate change mitigation and adaptation are typically conducted sepagatdlyt is unclear
which strategyis more effective in reducing urban floodBhis studyaims to advance our
understanding on urban floodgthin the context of change climatthrough investigatinghe
benefits of climate change mitigation (by reducing greenhouse gas emissid@$) [@1d local
adaptation (by improving drainage systems) in reducing future urban flood volumes in a

consistent framework.

As Chinahas become increasinglybansed flooding has become a regulaccurrence ints

cities 62% of Chinese cities surveyegkperiened floods and direct economic lossekup to
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$100 billion between 2011 and 2014 (China Statistical Yearbook 2015). The 2016 flooding
affected more than 60 million peoplanore than 20(people werekilled and $22 billionin
losseswere sufferedacross China. Hence, assessiangyire changes in urban flooding is very
important for managing urbafloods by designing new and +éesigning existing urban
infrastructuredo beresilientin responsdo the impacts ofuture climate change. Whilerban
floods are speculatedo increase in the future (Yang 2QdDing et al., 2006)ther magnituds

are hard to assessecause ofincertainties associated with future climateangescenarios, as

well as theunderrepresention of plausibleclimate changenitigation andadaptatiorstrategies

in the models

In this study, we chose a drainage system in a typical city in Northern China to illustrate the role
of climate change mitigation and local adaptation in coping futhre urban flood volumes.

Such an investigation of the performance of the predaytdrainage system also has important
implications for local governments responsible for managing urban flood disasters in the study
region. Specifically, we first quanigfd the effects of future climate change on urban flood
volumes as a result of extreme precipitation events for various return periods using the present
day drainage system. We then designed two plausible adaptation strategies for the study region
and investigated how much urban flood volume can be reduced with the adapted systems by
2020s. We also compared the benefits of glsisale climate change mitigation and local
adaptation in reducing urban flood volumes to advance our understanding of the esffectiv

measures for coping with future urban floods.
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2. Materials and Methods

a. Study region

The study region (Hohhot City) is located in the sexghtral portion of Inner Mongolia, China

It lies between the Great Blidountairs to the north and the Hetd&dateauto the south, which

has a northo-south topographic gradienT.he region is in a cold serarid climate zone,
characterised by cold and dry winters and hot and humid summers. The regional annual mean
precipitation is approximately 396 mwith largeintra-seasonal variations. Most rain storms fall
between June and August, a period that accounts for more than 65% of the annual precipitation.
The drainage area in year 2010 was about 210.72akwit served a residential population of
1.793 million (Fgure 1a). The land use types in the region can be classified into five categories
agricultural land (8%), residential areas (38%), industrial land (13%), green spaces (7%), and
other facilities (34%, including municipal squares, commercial districtstutighs). According

to local water authoritieghe major soil type of thareais a mixture of loam and clay.

The current drainage system can be divided into three largbasus (Figure 1c) and 326 sub
catchments with a total pipeline length of 249&& The drainage network has a higher pipeline
cover rate in the central part, but a rather low design stamolaextreme rainfalevents witha
return periodof less thanl year. Historical recordsfstormwaterdrainage and floodlamage
indicatethat the region hasxperienedan increase in flooffequency and magnitudeithin the
context ofclimate change andrbansation(Zhou et al., 2016)During themajor flood event on
11 July 2016,the city, especially the westeportion of the watershed, was hit by an extreme
rainfall eventthat featuredmore than 100 mm of rain in 3 hourBhe flood eventled to the

cancellation of at least 8 flights and frdins, and delays dfeveraltransportation systemsn



142 particular in the central areahe flood eventcause severe traffic jam®n major streetand
143 resulted ina number offlooded resicential buildings A new drainage system itherefore
144  required to cope with increasingbanflood volumes and frequeniesin the future.The planned
145 drainage arefor 2020 is about 307.83 ki which is 50% larger thathe current drainage area
146  (Zhou etal., 2016) Theland usecategoiesand distributiorareshown in Figure 1b.

147

148 b. Climate change scenarios

149 Climate projections by fivgeneral circulation model§GCMs) from Phase5 of the Coupled
150 Model Intercomparison Project (CMIP5) archimere obtained from the InteBectoral Impact
151 Model Intercomparison Project (KMIP) (Warszawski et al.,, 2014). Th€MIP5 climate
152 projections were biasorrected againgibservedclimate for the overlapping period950 2000
153 usinga quantile mappingnethod(Piani et al., 2010; Hempel et al., 2013 he biascorrected
154 CMIP5 climate projectiongepresenta complete climate change pictutet includes both the
155 meanpropery and variation of futurelimate Several studies have demonstrated the valtigof
156 biascorrecedclimate projections in quantifying climate chariggpactson global and regional
157 hydrology (e.g., Piontek et al., 2014; Elliott et al., 2014; Haddeland et al., 2014; Leng et al.,
158 2015a,b).In this study we used the biasorrected climate from & GCMs (HadGEMZES,
159 GFDL-ESM2M, IPSLCM5ALR, MIROC-ESM-CHEM, and NorESMiM) under two
160 Representative Concentration Pathways (RCPs) RER 2.6 and RCP 8.5). The projected
161 urbanflood volumes under thebusinessasusual scenarioRCP 8.5 are compared witlthose
162 underthe climate changemitigation scenarioRCP 2.6 to explore the benefits of climatbange
163 mitigation in reducingregional urbanflood volumes. The possible landurfaceatmosphere

164 interactionghatwould indirectly affect rainfall and floadg are not considered in this study
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c. Urban drainage modelling

The Storm Water Management Model (SWMM 5.1) developed byWig Environmental
Protection Administrations a widely usedurbanstormwatermodelthat can simulak rainfall-

runoff routing and pipe dynamics under single or continuous events (Rossman and Huber, 2016).
SWMM can be usedo evaluatethe variationin hydrological and hydraulic processes and the
performance of drainageystens under specific mitigation and adaptation scenarios in the
context of global warming. The hydrological component requires inputs of precipitatin
subcatchmenpropertiesincluding drainage aresgsubcatchmentvidth, andimperviousness. The

pipe network requires inputtfom manholes, pipelines, outfalland connections to sub
catchments (Zahmatkesh et al., 2015; Chang et al., 2013). Basicoilltvwg models include
steady flow, kinematicand dynamic wave methods. Imfdtion can be described by the Horton,
GreenAmpt, or Curve Number (SGEN) methodsThe d/namicsof pipe flow are calculated
based on the continuity equation and Salehant equations (Rossman and Huber, 2016).
Overflow occurs once the surface runoftegds the pipe capacity and is expressdtie value

of total flood volume(TFV) at each overloaded manhplee., the excess watdrom manholes

after completelyfilling the pipe systenwithout taking into account the outlet dischargesher

types ofmodel outputsinclude catchment peak flows, maximum floates of pipelines and
flooded hours of manholes. It should be noted that SWMM is not capable of simulating surface
inundation dynamics and cannot provide accurate estimation of the inundateczdrdepths.

The TFV value is thus used to approximately reflect the flood condition and drainage system
overloadingstatus Nevertheless, surface inundation models (e.g., Apel et al., 2009; Horritt and

Bates, 2002; Vojinovic and Tutulic, 2009) are appliealb more accurate informatioabout
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overland flow characteristics igvailable In this study,the kinematic wave routing and the
Horton infiltration model are used for model simulatiohkeinfiltration capacity parametefor
the category ofDry loamsoils with little or no vegetatidnareusedin thehydrologicalmodelto
be consistent with the local soil typakan, 1993;Rossman and Huber, 201@upplementary

Materials, ST1)

Rainfall inputs are calculatdzhsed orhe regional stornmtensty formula (SIF) using historical
climatic statistics (Zhang and Guan, 2DX3upplementary Materials, Equatiordl In this
study,we considezd 10 return periods, i.ethe %, 2-, 3-, 10, 20, 50-, 100, 200, 500, and
1000year eventsA 4-hour rainfall time seriewas generated for each return peraid.0-minute
intervak. The duration of design rainfalls (i,&l-hour rainfall) is selected based on the time of
concentration (ToC) of the watershed in the study region, according to digm geinciples as
outlined inButler and Davieg2010 and Chow et al.(2013). We assume that the SlFwas
constant without caidering the nosstationaryfeaturesin a changing climateThat is, the
IntensityDurationFrequency (IDF)relationshipsfor estimating design rainfall hydrographs
were assumed to remain stable in the future and only changes in the daily mean interesity
considereecause othe limited data availabilityin future subhourly climate projectionfrom

whichto derive the parameters.

As for future climate, lte projected change@.e., change factg) in precipitation intensity at
various return periodwere calculated for each GCNMRCP combination (Tabl&). Specifically,
for each year, the annual maximum daily ppéeation was determined forboth historical and

future period. The generatiedextreme value (GEV) distributiowas then fitted separatelto



211 the two sets of daily values (Coles 2001; Katz et al. 2086@)mogorov Smirnov and

212  Andersoii Darling statistics show that the hypothesis regarding the extreme value distribution is
213 not rejected. That is, the fitted distribution could be well used taritbes the extreme

214  precipitation distribution in the study regiofhe value corresponding to each return pewas

215 estimated based on the GEV distribution #melchanges between future and historical periods
216 were alculated as the change factorbe derived changictor for each return periagas then

217  multiplied by the historical design CDSainfall time seriesto derive future climate scenarios.

218 We acknowledge that thestimation ofchanges in extreme precipitation events involves
219 inevitableuncertaintiesandthereforecaution should be exercised when interpretingréhevant

220 results

221

222 d. Floodvolumeassessment

223 Thetotal flood volume(TFV) valuesof givenrainfall eventswere simulated by the SWMMA

224  log-linear relationship is assumed to characterizecttenges in flood’/olume with the increase

225 in precipitation intensit asindicated byreturnperiods (Figure 2a) followingZhou et al (2012

226 andOlsen et al(2015. Generally, mordFV (i.e., system overloading) is expected with increase
227 in rainfall intensity. In Figure 2b, the TFVs were linked to their specific occurrence probabilities.
228 The total grey area under the curve denotes the TFVs integrated across various return periods
229 andrepresents the total expected TFVs per year. The contribution of an individual flood event to
230 total average TFVs is dependent not only on the flood volume, but also its corresponding
231 probability of occurrence. Intensified precipitation is expected toeas® the magnitude of

232 system overflow,resulting inan upward trend in the TFXéturn period relationship and

233 increased totalFVs.

10
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e. Design of adaptation scenarios

In this study, two adaptation scenaria®re designed to explore theole of adaptationin
reducingurbanflood volume within the contexbof climate changdy 2020s The first scenario
was designed taopdatethe drainage system as plannedidigal water authorities to cope with
the standard -§ear design event. Ihvolved two main improvements of the current drainage
systend enhancing the pipelindiameterand expanding the pipe network. The desvwgs
implemented in the SWMM model as shown in Figure Tlee number of pipelines of the
preseriday and adapted systemgas 323 and 488, with a total pipe length 251.6 km and
375.4 km, respectivelyn the adapted scenasiache mean pipelindiameterwas about 1.73n,

which increased by 53%ompared to thaif the presentdaysystem

The second adaptation scenario was designed to increase the permeable surfaces (e.g., green
spaces) and reduce the regional imperviousness in the study region on the basis of pipe capacity
enhancement. This scenario is referred to as the Low Impact DewatogLID) scenario, and it

was used to explore the effectiveness of urban green measures, such as the use of permeable
pavements, infiltration trenches, and green roofs. Changes in land imperviousne§s
scenarichave direct impacts on the performaméalrainage system in managing surface runoff.

Due to a lack of detailed information about the permeable soil and coverage rates in the study
region, the effects of these specific measures cannot be modelled individually. Here, we used a
simplified approah by altering the subcatchment imperviousness to reflect the combined effects

of infiltration-related measuredVe derived such informatiohy calculatingthe differencein

land use type and imperviousness between the current and planned city maps using a

11



257 geographical information system (GISjigure 1dshows the differencein weighted mean

258 imperviousnesso{d 'O B "'0'0 6 7B 0, Where'O"@ndo is the impervious factor and area

259 for land use typ&respectively. for eachsubcatchmenin the current andgplannedmaps, using

260 the commonly applied impervious factors (Pazwash, 2011; Butler and Davies, 2004) for each
261 land usetype The difference in WII was usedto indicate thepotentialfor adaptation based on

262 the city plan.For examplea subcatchment withigher positive changs in the WMI indicates

263 that the area iplannedto have a landuse type with loweimperviousnessand therefore is

264 assumed to be more suitable dD planning and vice versa.

265

266 3. Results

267 a. Impacts of future climate change on urlfimod volumes

268 Figure 3 shows thprojectedclimate changéCC) impactson urbanflooding usingthe present
269 daydrainage systerof the near futurdi.e., 2020 2040 underthe RCP 8.5 scenarioWithout
270 climate changenitigation or adaptatigrthe TFV was projectedto increase significantlwith the
271 increase of extreme rainfal/ens for most of investigatedeturn periodgTable 2) Notethatthe
272  lower bound for return periodsf 1, 3 and 1000 years fall below the current TFV cudueto
273 the decreasen precipitation intensities. Despite the large uncertaaggociatedvith climate
274  projections in particular with the 4, 10, and 1006year return period, the poor service
275 performance of the current systémcoping with urban flooithg was evident. Overallthe urban
276 flood volumewas projected to increase by 52% on average by the imadel ensemblenedian
277 by 2020 204Q the largest increase (258%ps projectedfor the ryea eventand the smallest
278 increase (12%ior the 100yea event

279

12
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b. Benefits of climateehangemitigationin reducing urbarfiood volumes

Figure 4 shows theomparison of TFVainderthe RCP 8.5 scenario i(e., a businessasusual
scenarip andthe RCP 2.6 scenario i(e., a climate changemitigation scenarip Although large
uncertainties exisarising fromclimate modelsit is clear that the simulated TFVs are much
smaller undethe RCP 2.6 scenario thannder theRCP 8.5 scenario, demonstrating the benefits
of climate mitigationin reducing localirban floodvolumes. Such benefits are especially evident
for floods for smaller return periods. For example, an increase ofr@3# flood volume is
projectedwith theincreasdn 1-yearextreme rainfalunder thebusinessasusualclimate change
scenaridi.e., RCP8.5), 52% of which would be reducéddclimatechangemitigationis in place
(i.e., under RCR.6).Notably, the peak of the total TFV curve was projected to shift from-the 1
year event under the RCP8.5 scenario to tiieadd event under the RCP2.6 scenario (Figure 4b),
indicating a substantiaeduction inthe TFVs (especially at the-Year return periodFigure 4c)

The lower total TFVs under RCP2.6 scenario could be attributed to the smaller magnitude of
rainfall intensity than RCP8.5 scenalibable 1), demonstrating the important role of climate
mitigation inreducingurban flood volumesverall, climatechangemitigation can reduce future
flood volumes by 13% compared tdhe scenariavithout mitigation as indicated byhe multi

model ensemlel median.

c. Benefits of adaptatioim reducing urbarflood volumes

Figure 5 shows theverloaded pipelines (red colour) with and withadaptationThe simulated
results under the present3-yea event (recommended service level) and-yx event (one
typical extreme eventyere selectedo illustrate the role of adaptation in coping with floods in
the historical periodAs shownin Figure 5athe simulatedocations of overloaded pipelines are

in good agreement with historical flood poiats recorded blpcal water authoritie®verall,the

13
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percentage of overloaded manholes (POM) and the ratio of flood volume (B\But rainfall
volumeareup to 37% ad 35% inthe current drainage syste(figure 5a) respectivelyWhen
experiencing ab50-yea extreme rainfall the POM and RFV increase to 67% and 38%,
respectively This indicates that current pipe capacities are insufficiebd cope withextreme
rainfall events(Figure 5b) Spatially,the central portion of the city is the most affected region
due to the low sefge levelin the areaWith proposedadaptatios, urban floodscan be reduced

to zeroundera 3-yea flood event Such benefits of local adaptations are also evident when
experiencing more intense precipitatiements(eg., 50-yea events),for which thePOM and

RFV reducedrom 67% and 50% td9% and 17%, respectively.

Figure 6 showshefuturechanges irurbanflood volume (CTFVS) (CTFV=(TFVc -TFVho)/TF Vi,
wherec andnc representhe results with and without climate changespectivelywith changes
in extreme rainfallfor various return periodsrhe performance othe current drainage system
(no adaptationyvas found to bedess sensitive téuture climate changeas indicated byheflatter
slopein Figure 6 For examplea similar magnitude of changes in flood volunves projected
givenchanges irextreme rainfalfor thereturn period of 3, 5Q and 500 yearghe CTFV is 0.62,
0.32 and0.35for these periodsespectively. Tis is becauséhe capacityof the current system is
too small to handleextremerainfall eventswith return period largerthan lyea® a condition
under whichthe currentdrainagesystemwould be flooded completelynot to mentionthe
situations with increased rainfall intensity the future.Mathematically the low sensitivity of
the currentdrainagesystemto changes irextreme rainfallintensity could be attributedo the

large value bthedenominator in the calculation GTFV.
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With adaptatios in place the flood volume becoms much smaller than that in the current
system due to capacity upgraditoghold more watert-or examplewhen experiencing 40-year
extreme rainfalevent, theurban flood volumefor the present period (i.€e[FVhc) are1041,230,
274,650 and 180,610%n the current and two adapted systems, respectively, while in the future
period, the magnitude of flood volume (i.€F\) is relatively similar amiog the three drainage
systems. Thereforéyture CTFVs relative to thehistoricalperiod aremuchlargerin the adapted
systemsthanin the current systemThe larger CTF\6 in the adapted systems do not mean
worseneddrainage system performandgathertheyimply that the capacity (i.e., service level)
of adapteddrainagesystens tends to bcome lower with climate changwhile the current
drainagesystem has already reached its peagacityin handlingextremerainfall events inthe
historical period and thus shows low sensitivity tofuture increasein rainfall intensity under
climate changscenariosNotably, he considerabléncreassin the CTFVsfor return period®f
less thanlO yearsin the adapted systenmisiply that the designeddaptatios can effectively
attenuateextreme rainfalleventsfor small return periods. Fanore extreme rainfakkventsof
return period >50 years, more consistent resuwitere found for both adaptation scenarios. This
indicatesthat although the performancesaafaptedirainage systemare significantly improved
compared to that of the current systaime flood volumeremairs large when experiencing
extreme rainfalleventswith return period largerthan 50years, beauseflooding in suchcases

will push the adapted drainage systems to their upper limits.

d. Climate mitigation versus drainage adaptation
Figure 7 shows theeducedTFVs by climatechangemitigationand drainage system adaptation

as functions of return period. It is evident thetth mitigation and adaptatiormeasurs are

15
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effective in reducing future urban floodolumes. However such benefits are projected to
weaken gradually with the increage rainfall intensity (i.e, larger return periods)Overall,
climate mitigation can lead @reduction of flood voluméy 10-40% compared to the scenario
without mitigation.Notably, there are minor negative values of TFV reductions for the return
period of 100 and 200 years under climate mitigation scenarionddegive value is attributed to
the slightly higher increase in precipitation intensity under climate mitigation scemnario (
RCP26) than the scenario without mitigatiare.(RCP85) simulated by two of five climate
models (i.e., GFDIESM2m and NorESMM, see Table 1), which translatedsiaghtly larger
flood volume under climate mitigation scenario. This climate internal variability is partly
cancelled by other three climate models, thus leading to very minor negative value by the multi
model ensemble ean. This calls for the use of more climate models (GCMs) to derive more

robust projections in the future studies.

Importantly,our results show thdhe two adaptatiosystemgroposedn this studyare found to
be more effective in reducing urban floadi&n climate changemitigation. In most cases, the
benefis of local adaptationare more than doubleéhose of mitigation. In extreme cases, the
reduction inTFV achieved byadapationis five times more than thaichieved bylimatechange
mitigation (i.e.,for the return periods ofi3 years). Such effectiveness of urkffood reduction
throughdrainage systeradaptatios hasprofoundimplications for localgovernmerg charged
with managing urbaflooding in the future Notably, the seconscenario (LID+pipegxhibiteda
higher level offlood volume reduction than the pipe scenariio coping with extreme rainfall

eventsfor all investigatedreturn periods. This implies that implementation of LID measures to

16



372 augment drainage systewapacity is more effectivethrough reducing upstream loadings
373 compared tapdatingthe pipe system alone.

374

375 It is noted thatlocal soil characteristicgould affectthe performance ofhe designe@daptation
376 systems, in particular the LID measurétowever, informationabout soil propertes was not
377 available at the swatchment level in the study regiddere a set of sensitivity experiments
378 were conducted by adoptindifferent parameters (e,ginfiltration value§ associated with
379 possible soil conditiongi.e., dry sand, loamand clay soils with little or no vegetatian
380 Supplementary Materials, SY¥fbr the areaThewhiskersin Figure7 show theuncertainty range
381 arising from the representation differentsoil conditions in the drainage mod&he benefits of
382 the designedhdaptationmeasuresn reducing urban floodrolumes were found to berobust
383 regardless ofoil conditions and such benefitexceeed those of climate changemitigation,
384  confirmingour majorconclusions found in this study

385

386 4. Uncertaintesand Limitations

387 A number of uncertaintieand limitations aris from the model structure parameterinputs
388 emission scenarios, GCMs, climate downscaling/b@section approachegtc. Specifically,
389 climate projections by GCMs are subject karge uncertainties in particular regarding
390 precipitation (Covey edl., 2003 at spatal scaleswhich are relevant fourbanflood modelling
391 An alternative approach is to simulate future climate usinggional climate model (RCM)
392 nested within a GCM. Such climate projections by RdMve added value in terms of higher
393 spatial resolutionwhich can provide more detailed regionalimate information. However,

394 various leves of bias would still remain in RCM simulations (Teutschbein and Seibert 2012) and
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395 bias correctioaof RCM projectionsvould berequired e.g, the European project ENSEMBLES
396 (Hewitt and Griggs 2004; Christensen et al. 2008). Toal®CM was notwithin the scope of
397 this studyinstead, we teratito use publicly available climate project®idere, we obtaedthe
398 climate projections from the I9WIP (Warszawskiet al. 2014), which provides spatially
399 downscaled climate data for impact models. The climate projections were alsmiveted
400 against observations (Hempel et al. 2013) and have been widely used in climate change impact
401 studies on hydrological extremesuch as floods and droughts (eDankers et al. 2014;
402 Prudhomme et al. 2014;eng et al. 2018). It should be noted that we used the delta change
403 factor to derivduture climate scenarios as inputs into our drainage model instead of GEINY
404 climate drectly. This is because the relative climate change signal simulateé€bisis argued
405 to be more reliable than the simulated absolute values (Ho et al. 20d@over we usé an
406 ensemble of GCM simulations rather than one single climate model in order to cheedloteri
407 uncertainty range arising from climate projectioH®wever, dsadvantagesf this methodare
408 that transient climate changes cannot be represented and dhgeshin intraseasonal or daily
409 climate variability are not taken into account (Leng and Tang, 28i4hsource of uncertainty
410 can be explorevhenimproved climatemodels at finer scaldsecome available (Jaramillo and
411 Nazemi 2017)

412

413 In addition, he SIF parametemsere assumed teemain stable in the future and only changes in
414 the daily mean intensityere consideredbecausduture subhourly climate projections/ere not
415 readily availableThe full climate variability range wouldlsobe undersampled, although we
416 used five climate models to show the possible rar@een the above limitations, we

417 acknowledge thahe modellingresultsrepresent thérst-order potential climate change impacts
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418 on urban floods. Future efforts should be dedoto the representation of dynamic rainfall
419 changes at hourly time stewith consideration of nestationary climate change.

420

421 Moreover, several assumptions ¢hdo be made due to limitatisnof the current modelling
422  structureandapproachFor example, theonveyance capaas of thedrainage systerand flood
423 volume would largely depend on thstae of drainage systesn Hence a drainage system
424  obstructed by vegetation, waster arefacts(cables, pipes, temporary construngd can make
425 the outcomes ofthe SWMM calculationsignificantly differentfrom observationsHowever,
426 quantifying the impacts of drainage system stateurban floodvolumes is na trivial because
427  of thedifficulties involvedin collecting field data and selecting ansing appropriate methods
428 for reasonable assessmentpgie conditiondAna and Bauwens, 2007; Fenner, 20@hdwas
429 not within the scope of this study. Witletérioration such asageing network, pipe deterioration,
430 blockage andconstruction failuresdrainage systeswere shown to become more vulnerable to
431 extremerainfallsas demonstrated in previous studiawson et al., 2008; CIRIA, 1997; Davies
432 et al., 2001)lt is very likely thatour simulated urban floodolumes would be undeestimated
433 without considering thehanges imrainage conditions (Pollert et al., 2005).

434

435 Further, onstrained by the omdgimensional modelling approaclusing SWMM, the
436 performances of.ID measureswere mainly evaluated according to their effeatsredudng
437 water volume from overloaded manholes (Oraei Zare et al., 2@Eet al., 2013)That is,the
438 LID adaptationrmeasuravasmainly designedo reduce the amount of watether than slowing
439 down thewater speed which has been demonstrated to be effectiveeducing urban floods

440 (Messneret al., 2006Ashley etal., 2007; Floodsite, 2009). However, it should be noted that
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mostLID measuresan reduce runoff volume and flow speed at the same githeughsomeof
the LID measures are primarily designed to slow down the fipeed, i.e., vegetated swal€e
examine whetheflood retention of a given eveid induced by runoff volume dhe internal
speed control function in the modsldifficult andrequiresdetaileddatafor model validations
Specifically the required informatiomboutsurfaceroughness, soil conductivityand seepage
rate were unavailable at the subcatchment sdaléhe study regionTherefore a simplified
modellingapproach was used to take advantage of existing ekgiaciallyfor the design oLID
measure. With the aid of more detailedield data and planning documents, thesign ofLID
measurs could be significantly improved by implementing more advanced @ggres (Elliott

and Trowsdale, 2007; Zoppou, 2001).

Evaluation ofother potentiabdaptation strategies, such as flood retention by rain gardens and
green roofscanbe exploredn the futureto gainadditionalinsightsinto the performanceof LID
systems. In particular, the cesffectiveness of theproposedadaptation measureshould be
accounted farindeed,a major limitation of this study is lack of assessment of costs and benefits
of adaptation measures from the economic perspectivéadt, besides the effectiveness of
proposed adaptation measures in reducing flood volume, assessment of the associated economic
costs is essential for flood risk management (Rojas et al., 2@itB; et al., 2003; Hinkel et al

2014 Aerts et al. 2014; Ward et al, 2017). For example, Ward et. §2017) showed that
investments in urban flood protections with dykes are not economically attractive everywhere.
Higher investment and maintenance costs may prohibit the implementation of adaptation
strategies as proposed in this study. Future effortslditbereforebe devoted to building a

framework for assessing the costs and benefits of urban flood reduction measures and examine
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whether the reduced losses are higher than the costs of investments and maintenance of these

measures.

Nevertheless, given these limitations, this study stands out from previous climate impact
assessment studies urbanflood volumes by havingpropogdtwo feasible adaptation strategies
andcompaedtheir benefits tahosefrom globalscale climateehangemitigationsthroughGHG
reductionswithin a consistent frameworkRepending on the progress on data collectionthad
demandf local authoritiesmore advanced methods for pipe assessment (e.g., considering the
changing pipe conditi@), LID measures (gtailed modellingof LID control), and two-
dimensional surface flooding for assessment of flood damage andreigidannedn a future

studyto providea more comprehensive analysis of the adaptation measures

5. Summary and Conclusions

The potential impacts of future climate change on cumidmindrainage systeshave received
increasing attention duringcentdecadedecause ofhe devastating impacts of urban flougl
on the economyand society (Chang et al., 2013; Zhou et al., 2012; Abdellatif et al., 2015).
However few studies have exploretie role of both climate changemitigation anddrainage
adaptatios in coping with urban floodhg in a changing climate. This studgvestigate the
performance ofa drainage systenm a typical city in Northern Chinan response twarious
future scenarios In particular, weassessd the potential changes in urban floagblume and
explora the role of both mitigation and adaptatiom reducingurban flood volumes in a

consistenmanner
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Our results showgignificant increases inrbanflood volumes due toincreass in precipitation
extremes especially for return periods lessthan 10 years. Overallyrbanflood volumein the
study regions projected to increase by 52Bf the multtmodel ensemble median in the period
of 2020 2040. Such increases in floedlume can be reduced considerably by climat@ange
mitigation through reduction of GHG emissions. For examplée future TFVs under 1-yea
extreme rainfallevents can be reduced by 508ben climate changemitigation is in place
Besides globascaleclimate changemitigation, regional/localdaptatiorcan be implemented to
cope withthe adverse impacts dfiture climate change omrbanflood volumes. Here, the
adaptatiormeasuress designedn this studywere demonstratedo be much more effective in
reducing future floodrolumesthan climatechangemitigation measuresin generalthe reduced
flood volumes achieved byadaptationwere more than doubl¢éhoseachievedoy climate change

mitigation.

Through a comprehensive investigation of future urban floods, this ptoghides muchneeded
insights into urban flood managemeribr similar urban areagn China, most of which are
equipped with highly insufficient drainage capaciti®y. comparing the reduction of flood
volume by climatechangemitigation (via reduction o6HG emissions) and local adaptation (via
improvement of drainage systeinthis studyhighlights the effectivemess ofsystemadaptatios

in reducing future flood volumeshis has importantimplications forthe researchcommunity
and decisionmalkers involved in urbanflood managementWe emphasse the importance of
accounting for both globalcale climate change mitigation and locakcale adaptation in

assessing future climate impacts on urfb@aod volumes within a consistent framework.
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699 Table 1 Projected changes in precipitation intensity under return periods ranging fyea fio 1000
700 yeasby five Global Climate Models under two Representative Concentration Pathways (RCPSs)

1 2 3 10 20 50 100 200 500 1000
GEDL- RCP85 212 123 134 125 127 121 108 112 124 123
ESM2M RcP2.6 174 1.08 1.03 111 1.07 115 114 115 119 1.16
HadGE RCP85 062 1.08 1.09 106 1.01 103 117 126 123 1.14
M2-ES RCP2.6 0.36 12 119 1.04 1.02 1.11 131 126 1.37 1.24

IPSL- RCP85 1.44 117 128 117 108 109 102 11 112 1.13
CM5A-

LR RCP26 074 104 1.18 1.01 1.06 1.03 101 099 0.95 1

'V'E'SRI\CA)C RCP85 213 1.38 13 151 132 123 117 127 116 131

CHEM  RcpP26 071 112 114 118 11 107 101 1.09 1.01 1.09
NorES RCP85 211 096 08 163 135 115 1.08 1.01 1.04 0.97
M1-M RCP2.6 0.11 109 105 128 1.17 108 11 118 1.09 12
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Figure 1 Land use of the study region for the year 2010 (a) and 2020 (b). Pipe network
description of current and planned drainage systems (c). Difference in Weighted Mean
Imperviousness (WMI) between year 2010 and 2020 (d).

Figure 2 lllustration of total flood volume (TFVs) as a function of return periods (a) and
estimation of average total expected TFVs per year (i.e., the grey area in b) under a stationary
drainage system.

Figure 3 Changes in total flood volume (TFV) as a funotf precipitation intensity at various
return periods under RCP8.5 scenario without mitigation addptation Red solid line
represents the multhodel ensemble median TFV with shaded areas denoting the ensemble
range. Red dashed line is the TFV undespnt condition. Box plots show the relative changes
in TFV by 20202040 relative to present condition. Box edges illustrate the 25th and 75th
percentile, the central mark is the median and whiskers mark the 5th and 95th percentiles.

Figure 4 Comparisorof (a) flood volume, (b) total TFVs (i.e., the piesese integral of flood
volume versus the expected frequency with changes in precipitation intensity of various return
periods under RCP8.5 (blue) and RCP2.6 (red). (c) is the TFV reduction calculatieel as
percentage difference in TFVs under RCP2.6 compared to RCP8.5 (i.e., benefits of climate
mitigation) at various return periods.

Figure 5 Spatial distribution of overloaded pipelines (red colour) induced by tea3(left
column) and 58ea extreme events (right column) without and with adaptations. The total
percentage of overloaded manholes (POM) and ratio of flood volume (BRFMput rainfall
volumeare summasedfor each scenariddistorical flood points antbcal land use, mainly &
traffic network and green spaces, ah@wnin (a).

Figure 6 Futurechanges irflood volumes CTFVs) relative to historical conditionanderthe
current drainage system (yellow) and two adaptation scenarig$(pe in red and Pipe+LIn
green) at various return periods.

Figure 7 Comparison obenefits of climate mitigation and two adaptation strategies in reducing
urban floodvolumes with changes in precipitation intensitfes various return periogdsindwith
related variationgboundary barsjsa result of uncertainty arising from local soil conditions
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733 Figure 1 Land useof the study region for thgear 2010 (a) and 2020 (b). Pipe network
734  description of current and planned drainage systems Qijerence in Weighted Mean
735 Imperviousness (WMlpetween year 2010 and 2020.(d)
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Figure 2 lllustration of total flood volume (TFVs) as a function of return periods (a) and
estimation of average total expected TFVs per year (i.e., the grey area in b) under a stationary

drainage syem.
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744  Figure 3 Changes in total flood volume (TFV) as a function of precipitation intensity at various
745 return periods under RCP8.5 scenario without mitigation addptation Red solid line

746 represents the multhodel ensemble median TFV with shaded areas denoting the ensemble
747 range. Red dashed line is the TFV under present condition. Box plots show the relative changes
748 in TFV by 20202040 relative to present condition. Boxged illustrate the 25th and 75th

749 percentile, the central mark is the median and whiskers mark the 5th and 95th percentiles.
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Figure 4 Comparison of (a) flood volume, (b) total TFVs (i.e., the pietse integral of flood
volume versus the expected frequency with changes in precipitation intensity of various return
periods under RCP8.5 (blue) and RCP2.6 (red). (c) i$fvereduction calulated as the
percentage difference FFVs underRCP2.6comparedo RCP8.5i.e., benefits of climate
mitigation) at various return periods.
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760 Figure 5 Spatial distribution of overloaded pipelines (red colour) induced by tyea3(left

761 column) and50-yea extreme events (right column) without and with adaptations. The total
762 percentage of overloaded manholes (POM) and ratio of flood volume (RFMput rainfall

763 volumeare summasedfor each scenariddistorical flood points andbcal land use, mainly the
764  traffic network and green spaces, ahewnin (a).
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