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Abstract. As China becomes increasingly urbanised, flood-
ing has become a regular occurrence in its major cities. As-
sessing the effects of future climate change on urban flood
volumes is crucial to informing better management of such
disasters given the severity of the devastating impacts of
flooding (e.g. the 2016 flooding events across China). Al-
though recent studies have investigated the impacts of future
climate change on urban flooding, the effects of both cli-
mate change mitigation and adaptation have rarely been ac-
counted for together in a consistent framework. In this study,
we assess the benefits of mitigating climate change by re-
ducing greenhouse gas (GHG) emissions and locally adapt-
ing to climate change by modifying drainage systems to re-
duce urban flooding under various climate change scenarios
through a case study conducted in northern China. The ur-
ban drainage model — Storm Water Management Model —
was used to simulate urban flood volumes using current and
two adapted drainage systems (i.e. pipe enlargement and low-
impact development, LID), driven by bias-corrected meteo-
rological forcing from five general circulation models in the
Coupled Model Intercomparison Project Phase 5 archive. Re-
sults indicate that urban flood volume is projected to increase
by 52 % over 2020-2040 compared to the volume in 1971—
2000 under the business-as-usual scenario (i.e. Representa-
tive Concentration Pathway (RCP) 8.5). The magnitudes of
urban flood volumes are found to increase nonlinearly with
changes in precipitation intensity. On average, the projected
flood volume under RCP 2.6 is 13 % less than that under

RCP 8.5, demonstrating the benefits of global-scale climate
change mitigation efforts in reducing local urban flood vol-
umes. Comparison of reduced flood volumes between cli-
mate change mitigation and local adaptation (by improving
drainage systems) scenarios suggests that local adaptation
is more effective than climate change mitigation in reduc-
ing future flood volumes. This has broad implications for the
research community relative to drainage system design and
modelling in a changing environment. This study highlights
the importance of accounting for local adaptation when cop-
ing with future urban floods.

1 Introduction

Floods are one of the most hazardous and frequent disasters
in urban areas and can cause enormous impacts on the econ-
omy, environment, city infrastructure, and society (Chang
et al., 2013; Ashley et al., 2007; Zhou et al., 2017). Urban
drainage systems have been constructed to provide carrying
and conveyance capacities at a desired frequency to prevent
urban flooding. However, the design of drainage systems is
often based on historical precipitation statistics for a certain
period of time, without considering the potential changes in
precipitation extremes for the designed return periods (Yaz-
danfar and Sharma, 2015; Peng et al., 2015; Zahmatkesh et
al., 2015). It is likely that drainage systems would be over-
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whelmed by additional runoff induced by climate change,
which may lead to increased flood frequency and magnitude,
disruption of transportation systems, and increased health
risks (Chang et al., 2013; Abdellatif et al., 2015). For exam-
ple, Arnbjerg-Nielsen (2012) reported that the design inten-
sities in Denmark are projected to increase by 10-50 % for
return periods ranging from 2 to 100 years. Therefore, it is
important to investigate the performance of drainage systems
in a changing environment and to assess the potential urban
flooding under various scenarios to achieve better adapta-
tions (Mishra, 2015; Karamouz et al., 2013; Yazdanfar and
Sharma, 2015; Notaro et al., 2015).

Impacts of climate change on extreme precipitation and
urban flooding have been well documented in a number of
case studies. For example, Ashley et al. (2005) showed that
flooding risks (i.e. occurrence of pluvial floods) in four UK
catchments may increase by almost 30 times by the 2080s
compared to current conditions around the year 2000, and
effective adaptation measures are required to cope with the
increasing risks in the UK. Larsen et al. (2009) estimated
that future extreme 1h precipitation will increase by 20-
60 % throughout Europe by 2071-2100 relative to 1961—
1990. Willems (2013) found that in Belgium the current de-
sign storm intensity for the 10-year return period is projected
to increase by 50 % by the end of this century. Several studies
have also investigated the role of climate change mitigation
or adaptation in reducing urban flood damages and risks un-
der climate change scenarios (Alfieri et al., 2016; Arnbjerg-
Nielsen et al., 2015; Moore et al., 2016; Poussin et al., 2012).
The relationship between changes in precipitation intensity
and flood volume has also been well explored, providing ad-
ditional insights into drainage design strategies (Olsson et al.,
2009; Willems et al., 2012; Zahmatkesh et al., 2015). How-
ever, previous studies on the effects of climate change miti-
gation and adaptation are typically conducted separately, and
it is unclear which strategy is more effective at reducing ur-
ban floods. This study aims to advance our understanding of
urban floods within the context of change climate, through
investigating the benefits of climate change mitigation (by
reducing greenhouse gas, GHG, emissions) and local adap-
tation (by improving drainage systems) in reducing future ur-
ban flood volumes in a consistent framework.

As China increasingly urbanises, flooding has become a
regular occurrence in its cities; 62 % of Chinese cities sur-
veyed experienced floods and direct economic losses of up
to USD 100 billion between 2011 and 2014 (China Statisti-
cal Yearbook, 2015). The 2016 flooding events affected more
than 60 million people — across China more than 200 peo-
ple were killed and USD 22 billion in losses were suffered.
Hence, assessing future changes in urban flooding is very im-
portant for managing urban floods by designing new urban
infrastructure and re-designing existing ones to be resilient
in response to the impacts of future climate change. While
urban floods are speculated to increase in the future (Yang,
2000; Ding et al., 2006), their magnitudes are hard to as-
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sess because of uncertainties associated with future climate
change scenarios, as well as the under-representation of plau-
sible climate change mitigation and adaptation strategies 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 mit-
igation and local adaptation in coping with future urban flood
volumes. Such an investigation of the performance of the
present-day drainage system also has important implications
for local governments responsible for managing urban flood
disasters in the study region. Specifically, we first quantified
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 de-
signed two plausible adaptation strategies for the study re-
gion and investigated how much urban flood volume can be
reduced with the adapted systems by the 2020s. We also com-
pared the benefits of global-scale climate change mitigation
and local adaptation in reducing urban flood volumes to ad-
vance our understanding effective measures for coping with
future urban floods.

2 Materials and methods
2.1 Study region

The study region (Hohhot) is located in the southern central
portion of Inner Mongolia, China. It lies between the Great
Blue Mountains to the north and the Hetao Plateau to the
south, which has a north-to-south topographic gradient. The
region is in a cold semi-arid climate zone, characterised by
cold and dry winters and hot and humid summers. The re-
gional annual mean precipitation is approximately 396 mm
with large intra-seasonal variations. Most rain falls between
June and August, a period that accounts for more than 65 %
of the annual precipitation. The drainage area in year 2010
was about 210.72km?, and it served a residential popula-
tion of 1.793 million (Fig. 1a). The land use types in the re-
gion can be classified into five categories: agricultural land
(8 %), residential areas (38 %), industrial land (13 %), green
spaces (7 %), and other facilities (34 %; including munici-
pal squares, commercial districts, institutions). According to
local water authorities, the major soil type of the area is a
mixture of loam and clay.

The current drainage system can be divided into 3 large
sub-basins (Fig. 1c) and 326 sub-catchments with a total
pipeline length of 249.36 km. The drainage network has a
higher pipeline cover rate in the centre, but a rather low de-
sign standard for extreme rainfall events with a return period
of less than 1 year. Historical records of stormwater drainage
and flood damage indicate that the region has experienced an
increase in flood frequency and magnitude within the context
of climate change and urbanisation (Zhou et al., 2016). Dur-
ing the major flood event on 11 July 2016, the city, especially
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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).

the western portion of the watershed, was hit by an extreme
rainfall event of more than 100 mm of rain in 3 h. The flood
event led to the cancellation of at least 8 flights and 17 trains,
and delays of several transportation systems. In particular, in
the central area, the flood event caused severe traffic jams on
major streets and resulted in a number of flooded residen-
tial buildings. A new drainage system is therefore required
to cope with increasing urban flood volumes and frequencies
in the future. The planned drainage area for 2020s is about
307.83 km?, which is 50 % larger than the current drainage
area (Zhou et al., 2016). The land use categories and distri-
bution are shown in Fig. 1b.

2.2 Climate change scenarios

Climate projections by five general circulation models
(GCMs) from the Coupled Model Intercomparison Project
Phase 5 (CMIP5) archive were obtained from the Inter-
Sectoral Impact Model Intercomparison Project (ISI-MIP;
Warszawski et al., 2014). The CMIP5 climate projections
were bias-corrected against observed climate for the over-
lapping period 1950-2000 using a quantile mapping method
(Piani et al., 2010; Hempel et al., 2013). Several studies have
demonstrated the value of the bias-corrected climate projec-
tions in quantifying climate change impacts on global and
regional hydrology (e.g. Piontek et al., 2014; Elliott et al.,
2014; Haddeland et al., 2014; Leng et al., 2015a, b). In this
study, we used the bias-corrected climate from five GCMs
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(HadGEM2-ES, GFDL-ESM2M, IPSLCM5A-LR, MIROC-
ESM-CHEM, and NorESM1-M) under two representative
concentration pathways (RCPs; RCP 2.6 and RCP 8.5). The
projected urban flood volumes under the business-as-usual
scenario RCP 8.5 are compared with those under the climate
change mitigation scenario RCP 2.6 to explore the benefits
of climate change mitigation in reducing regional urban flood
volumes. The possible land—surface—atmosphere interactions
that would indirectly affect rainfall and flooding are not con-
sidered in this study.

2.3 Urban drainage modelling

The Storm Water Management Model (SWMM 5.1) devel-
oped by the U.S. Environmental Protection Administration
is a widely used urban stormwater model that can simu-
late rainfall-runoff routing and pipe dynamics under single
or continuous events (Rossman and Huber, 2016). SWMM
can be used to evaluate the variation in hydrological and
hydraulic processes and the performance of drainage sys-
tems under specific mitigation and adaptation scenarios in
the context of global warming. The hydrological component
requires inputs of precipitation and subcatchment properties
including drainage area, subcatchment width, and impervi-
ousness. The pipe network requires inputs from manholes,
pipelines, outfalls, and connections to sub-catchments (Zah-
matkesh et al., 2015; Chang et al., 2013). Basic flow-routing
models include steady flow, kinematic, and dynamic wave
methods. Infiltration can be described by the Horton, Green-
Ampt, or Soil Conservation Service curve number (SCS-CN)
methods. The dynamics of pipe flow are calculated based on
the continuity equation and Saint-Venant equations (Ross-
man and Huber, 2016). Overflow occurs once the surface
runoff exceeds the pipe capacity and is expressed as the value
of total flood volume (TFV) at each overloaded manhole,
i.e. the excess water from manholes after completely fill-
ing the pipe system without taking into account the outlet
discharges. Other types of model outputs include catchment
peak flows, maximum flow rates of pipelines, and flooded
hours of manholes. It should be noted that SWMM is not
capable of simulating surface inundation dynamics and can-
not provide accurate estimation of the inundated zones and
depths. The TFV is thus used to approximately reflect the
flood condition and drainage system overloading status. Nev-
ertheless, surface inundation models (e.g. Apel et al., 2009;
Horritt and Bates, 2002; Vojinovic and Tutulic, 2009) are ap-
plicable if more accurate information about overland flow
characteristics is available. In this study, the kinematic wave
routing and the Horton infiltration model are used for model
simulations. The infiltration capacity parameters for the cat-
egory of “dry loam soils with little or no vegetation” are used
in the hydrological model to be consistent with the local soil
type (Akan, 1993; Rossman and Huber, 2016; Supplement,
Table S1).
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Rainfall inputs are calculated based on the regional
storm intensity formula (SIF) using historical climatic
statistics (Zhang and Guan, 2012; Supplement, Eqgs. S1-
S4). In this study, we considered 10 return peri-
ods: 1-, 2-, 3-, 10-, 20-, 50-, 100-, 200-, 500-, and 1000-year
events. A 4h rainfall time series was generated for each re-
turn period at 10 min intervals. The duration of design rain-
falls (i.e. 4h rainfall) is selected based on the time of con-
centration (ToC) of the watershed in the study region, ac-
cording to the design principles as outlined in Butler and
Davies (2010) and Chow et al. (2013). We assumed that the
SIF was constant without considering the non-stationary fea-
tures in a changing climate. That is, the intensity—duration—
frequency (IDF) relationships for estimating design rainfall
hydrographs were assumed to remain stable in the future and
only changes in the daily mean intensity were considered be-
cause of the limited data availability in future sub-hourly cli-
mate projections from which these parameters would be de-
rived.

As for future climate, the projected changes (i.e. change
factors) in precipitation intensity at various return periods
were calculated for each GCM-RCP combination (Table 1).
Specifically, for each year, the annual maximum daily precip-
itation was determined for both historical and future periods.
The generalised extreme value (GEV) distribution was then
fitted separately to the two sets of daily values (Coles, 2001;
Katz et al., 2002). Kolmogorov—Smirnov and Anderson—
Darling statistics show that the hypothesis regarding the ex-
treme value distribution is not rejected. That is, the fitted dis-
tribution could be well used to describe the extreme precipi-
tation distribution in the study region. The value correspond-
ing to each return period was estimated based on the GEV
distribution and the changes between future and historical
periods were calculated as the change factors. The derived
change factor for each return period was then multiplied by
the historical design Chicago Design Storms (CDS) rainfall
time series to derive future climate scenarios. We acknowl-
edge that the estimation of changes in extreme precipitation
events involves inevitable uncertainties and therefore caution
should be exercised when interpreting the relevant results.

2.4 Flood volume assessment

The TFVs of given rainfall events were simulated by the
SWMM. A log-linear relationship is assumed to characterise
the changes in flood volume with the increase in precipitation
intensity as indicated by return periods (Fig. 2a) following
Zhou et al. (2012) and Olsen et al. (2015). Generally, more
TFV (i.e. system overloading) is expected with an increase
in rainfall intensity. In Fig. 2b, the TFVs were linked to their
specific occurrence probabilities. The total grey area under
the curve denotes the TFVs integrated across various return
periods and represents the total expected TFVs per year. The
contribution of an individual flood event to total average TFV
is dependent not only on the flood volume but also its corre-
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sponding probability of occurrence. Intensified precipitation
is expected to increase the magnitude of system overflow,
resulting in an upward trend in the TFV return period rela-
tionship and increased total TFVs.

2.5 Design of adaptation scenarios

In this study, two adaptation scenarios were designed to ex-
plore the role of adaptation in reducing urban flood vol-
ume within the context of climate change by the 2020s. The
first scenario was designed to update the drainage system as
planned by local water authorities to cope with the standard
3-year design event. It involved two main improvements of
the current drainage system — enhancing the pipeline diame-
ter and expanding the pipe network. The design was imple-
mented in the SWMM model as shown in Fig. 1c. The num-
ber of pipelines of the present day and adapted systems was
323 and 488, with a total pipe length of 251.6 and 375.4 km,
respectively. In the adapted scenarios, the mean pipeline di-
ameter was about 1.73 m, an increase of 53 % compared to
that of the present-day system.

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 development (LID) 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 imperviousness in LID scenario
have direct impacts on the performance of drainage systems
in managing surface runoff. Due to a lack of detailed infor-
mation 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 ap-
proach by altering the subcatchment imperviousness to re-
flect the combined effects of infiltration-related measures.
We derived such information by calculating the difference
in land use type and imperviousness between the current and
planned city maps using GIS. Figure 1d shows the differ-
ence in weighted mean imperviousness (WMI= )", (IF; x
A/ ZiA,-, where IF ; and A; is the impervious factor and
area for land use type i, respectively.) for each subcatchment
in the current and planned maps, using the commonly applied
impervious factors (Pazwash, 2011; Butler and Davies, 2010)
for each land use type. The difference in WMI was used to
indicate the potential for adaptation based on the city plan.
For example, a subcatchment with higher positive changes
in the WMI indicates that the area’s expected land use will
have lower imperviousness and therefore is assumed to be
more suitable for LID planning, and vice versa.
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Table 1. Projected changes in precipitation intensity under return periods ranging from 1 to 1000 years by five global climate models under

two representative concentration pathways (RCPs).

1 2 3 10 20 50 100 200 500 1000
GFDL-ESM2M RCP8.5 2.12 123 134 125 127 121 108 1.12 1.24 1.23
RCP26 1.74 108 1.03 1.11 1.07 115 114 1.15 1.19 1.16
HadGEM2-ES RCP85 0.62 108 1.09 1.06 1.01 103 1.17 126 1.23 1.14
RCP2.6 0.36 1.2 119 104 102 1.11 131 126 137 1.24
IPSL-CM5A-LR RCP8.5 144 1.17 128 1.17 1.08 1.09 1.02 1.1 1.12 1.13
RCP26 0.74 104 1.18 1.01 1.06 103 1.01 099 095 1
MIROC-ESM-CHEM RCP8.5 2.13 1.38 1.3 151 132 123 1.17 127 1.16 1.31
RCP26 0.71 1.12 1.14 1.18 1.1 107 1.01 1.09 1.01 1.09
NorESM1-M RCP8.5 2.11 0.96 08 163 135 1.15 1.08 1.01 1.04 097
RCP26 0.11 1.09 105 128 1.17 1.08 1.1 1.18 1.09 1.2
ry (a) 3 (b)
° D200 “5
= o — °
£ E ‘
= . = Y
= e = e
[ ] [ ]
(] ¢
s .
r 73 0 20 50 106 200 1/2001/100 1/50 1/20 1/10 1/3  1/1

Return period (years)

Probability

Figure 2. Illustration of total flood volume (TFV) as a function of return periods (a) and estimation of average total expected TFV per year

(i.e. the grey area in b) under a stationary drainage system.

3 Results

3.1 Impacts of future climate change on urban flood
volumes

Figure 3 shows the projected climate change (CC) impacts
on urban flooding using the present-day drainage system of
the near future (i.e. 2020-2040) under the RCP 8.5 scenario.
Without climate change mitigation or adaptation, the TFV
was projected to increase significantly with the increase of
extreme rainfall events for most of investigated return peri-
ods (Table 2). Note that the lower bounds for return periods
of 1, 3, and 1000 years fall below the current TFV curve due
to the decrease in precipitation intensities. Despite the large
uncertainty associated with climate projections, in particular
with the 1-, 10-, and 1000-year return periods, the poor ser-
vice performance of the current system in coping with urban
flooding was evident. Overall, the urban flood volume was
projected to increase by 52 % on average by the multi-model
ensemble median by 2020-2040; the largest increase (258 %)
was projected for the 1-year event and the smallest increase
(12 %) for the 100-year event.
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3.2 Benefits of climate change mitigation in reducing
urban flood volumes

Figure 4 shows the comparison of TFVs under the RCP
8.5 scenario (i.e. a business-as-usual scenario) and the RCP
2.6 scenario (i.e. a climate change mitigation scenario). Al-
though large uncertainties exist arising from climate models,
it is clear that the simulated TFVs are much smaller under the
RCP 2.6 scenario than under the RCP 8.5 scenario, demon-
strating the benefits of climate mitigation in reducing local
urban flood volumes. Such benefits are especially evident for
floods for smaller return periods. For example, an increase
of 936:m> in flood volume is projected with the increase in
I-year extreme rainfall under the business-as-usual climate
change scenario (i.e. RCP 8.5), 52 % of which would be re-
duced if climate change mitigation were in place (i.e. under
RCP 2.6). Notably, the peak of the total TFV curve was pro-
jected to shift from the 1-year event under the RCP8.5 sce-
nario to the 3-year event under the RCP2.6 scenario (Fig. 4b),
indicating a substantial reduction in the TFVs (especially at
the 1-year return period; Fig. 4c). The lower total TFVs under
RCP2.6 scenario could be attributed to the smaller magnitude
of rainfall intensity than in the RCP8.5 scenario (Table 1),
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Figure 3. Changes in total flood volume (TFV) as a function of pre-
cipitation intensity at various return periods under RCP8.5 scenario
without mitigation and adaptation. The red solid line represents the
multi-model ensemble median TFV with shaded areas denoting the
ensemble range. The red dashed line is the TFV under present con-
dition. Box plots show the relative changes in TFV by 2020-2040
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.

demonstrating the important role of climate mitigation in re-
ducing urban flood volumes. Overall, climate change miti-
gation can reduce future flood volumes by 13 % compared
to the scenario without mitigation, as indicated by the multi-
model ensemble median.

3.3 Benefits of adaptation in reducing urban flood
volumes

Figure 5 shows the overloaded pipelines (red colour) with
and without adaptation. The simulated results under the
present 3-year event (recommended service level) and 50-
year event (one typical extreme event) were selected to illus-
trate the role of adaptation in coping with floods in the his-
torical period. As shown in Fig. 5a, the simulated locations
of overloaded pipelines are in good agreement with historical
flood points as recorded by local water authorities. Overall,
the percentage of overloaded manholes (POM) and the ra-
tio of flood volume (RFV) to input rainfall volume are up
to 37 and 35 % in the current drainage system (Fig. 5a), re-
spectively. When experiencing a 50-year extreme rainfall, the
POM and RFV increase to 67 and 38 %, respectively. This
indicates that current pipe capacities are insufficient to cope
with extreme rainfall events (Fig. 5b). Spatially, the centre
of the city is the most affected region due to the low service
level in the area. With proposed adaptations, urban floods can
be reduced to zero under a 3-year flood event. Such benefits
of local adaptations are also evident when experiencing more
intense precipitation events (e.g. 50-year events), for which
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Figure 4. Comparison of (a) flood volume and (b) total TFVs (i.e.
the piece-wise integral of flood volume versus the expected fre-
quency with changes in precipitation intensity of various return pe-
riods under RCP8.5, blue, and RCP2.6, red). Panel (c¢) shows the
TFV reduction calculated as the percentage difference in TFVs un-
der RCP2.6 compared to RCP8.5 (i.e. benefits of climate mitigation)
at various return periods.

the POM and RFV were reduced from 67 and 50 to 49 and
17 %, respectively.

Figure 6 shows the future changes in urban flood volume
(CTFVs; CTFV =(TFV. — TFVy)/TFVy¢, where ¢ and nc
represent the results with and without climate change, re-
spectively) with changes in extreme rainfall for various re-
turn periods. The performance of the current drainage sys-
tem (no adaptation) was found to be less sensitive to future
climate change, as indicated by the flatter slope in Fig. 6.
For example, a similar magnitude of changes in flood vol-
ume was projected given changes in extreme rainfall for the
return periods of 3, 50, and 500 years; the CTFV is 0.62,
0.32, and 0.35 for these periods, respectively. This is because
the capacity of the current system is too small to handle ex-
treme rainfall events with return periods larger than 1 year —
a condition under which the current drainage system would
be flooded completely, not to mention the situations with in-
creased rainfall intensity in the future. Mathematically, the
low sensitivity of the current drainage system to changes
in extreme rainfall intensity could be attributed to the large
value of the denominator in the calculation of CTFV.

With adaptations in place, the flood volume becomes much
smaller than that in the current system due to capacity up-
grading to hold more water. For example, when experienc-
ing a 10-year extreme rainfall event, the urban flood volumes
for the present period (i.e. TFVyc) are 1041230, 274 650,
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Figure 5. Spatial distribution of overloaded pipelines (red colour)
induced by the 3-year (a—c) and 50-year extreme events (d—f) with-
out and with adaptations. The total percentage of overloaded man-
holes (POM) and ratio of flood volume (RFV) to input rainfall vol-
ume are summarised for each scenario. Historical flood points and
local land use, mainly the traffic network and green spaces, are
shown in (a).

and 180610 m? in the current and two adapted systems,
respectively, while in the future period, the magnitude of
flood volume (i.e. TFV,) is relatively similar among the
three drainage systems. Therefore, future CTFVs relative to
the historical period are much larger in the adapted systems
than in the current system. The larger CTFVs in the adapted
systems do not mean worse drainage system performance.
Rather, they imply that the capacity (i.e. service level) of
adapted drainage systems tends to become lower with cli-
mate change, while the current drainage system has already
reached its peak capacity in handling extreme rainfall events
in the historical period and thus shows a low sensitivity to fu-
ture increases in rainfall intensity under climate change sce-
narios. Notably, the considerable increases in the CTFVs for
return periods of less than 10 years in the adapted systems
imply that the designed adaptations can effectively attenuate
extreme rainfall events for small return periods. For more ex-
treme rainfall events of return periods > 50 years, more con-
sistent results were found for both adaptation scenarios. This
indicates that although the performance of adapted drainage
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Figure 6. Future changes in flood volumes (CTFVs) relative to his-
torical conditions under the current drainage system (yellow) and
two adaptation scenarios (i.e. pipe in red and pipe + LID in green)
at various return periods.

systems is significantly improved compared to that of the
current system, the flood volume remains large when expe-
riencing extreme rainfall events with return periods larger
than 50 years, because flooding in such cases will push the
adapted drainage systems to their limits.

3.4 Climate mitigation versus drainage adaptation

Figure 7 shows the reduced TFVs by climate change miti-
gation and drainage system adaptation as functions of return
period. It is evident that both mitigation and adaptation mea-
sures are effective at reducing future urban flood volumes.
However, such benefits are projected to weaken gradually
with the increase in rainfall intensity (i.e. larger return pe-
riods). Overall, climate mitigation can lead to a reduction of
flood volume by 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 scenario. The negative value is attributed
to the slightly higher increase in precipitation intensity under
climate mitigation scenario (i.e. RCP26) than the scenario
without mitigation (i.e. RCP85) simulated by two of five cli-
mate models (i.e. GFDL-ESM2m and NorESM1-M, see Ta-
ble 1), which translated to slightly larger flood volume under
climate mitigation scenario. This climate internal variability
is partly cancelled out by the other three climate models, thus
leading to very minor negative values by the multi-model en-
semble mean. This calls for the use of more climate models
to derive more robust projections in the future studies.
Importantly, our results show that the two adaptation sys-
tems proposed in this study are found to be more effective
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Figure 7. Comparison of benefits of climate mitigation and two
adaptation strategies in reducing urban flood volumes with changes
in precipitation intensities for various return periods, and with re-
lated variations (boundary bars) as a result of uncertainty arising
from local soil conditions.

at reducing urban floods than climate change mitigation. In
most cases, the benefits of local adaptation are more than
double those of mitigation. In extreme cases, the reduction
in TFV achieved by adaptation is five times more than that
achieved by climate change mitigation (i.e. for the return pe-
riods of 2-3 years). Such effectiveness of urban flood re-
duction through drainage system adaptations has profound
implications for local governments charged with managing
urban flooding in the future. Notably, the second scenario
(LID + pipe) exhibited a higher level of flood volume reduc-
tion than the pipe scenario in coping with extreme rainfall
events for all investigated return periods. This implies that
implementation of LID measures to augment drainage sys-
tem capacity is more effective through reducing upstream
loadings compared to updating the pipe system alone.

It is noted that local soil characteristics could affect the
performance of the designed adaptation systems, in particu-
lar the LID measures. However, information about soil prop-
erties was not available at the subcatchment level in the study
region. Here, a set of sensitivity experiments was conducted
by adopting different parameters (e.g. infiltration values) as-
sociated with possible soil conditions (i.e. dry sand, loam,
and clay soils with little or no vegetation in Table S1) for
the area. The whiskers in Fig. 7 show the uncertainty range
arising from the representation of different soil conditions
in the drainage model. The benefits of the designed adapta-
tion measures in reducing urban flood volumes were found
to be robust regardless of soil conditions, and such benefits
exceeded those of climate change mitigation, confirming our
major conclusions found in this study.

4 Uncertainties and limitations

A number of uncertainties and limitations arise from
the model structure, parameter inputs, emission scenar-
ios, GCMs, climate downscaling/bias-correction approaches,
etc. Specifically, climate projections by GCMs are sub-
ject to large uncertainties, in particular regarding precipita-
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tion (Covey et al., 2003) at spatial scales which are rele-
vant for urban flood modelling. An alternative approach is
to simulate future climate using a regional climate model
(RCM) nested within a GCM. Such climate projections by
RCMs have added value in terms of higher spatial resolu-
tion, which can provide more detailed regional climate infor-
mation. However, various levels of bias would still remain
in RCM simulations and bias corrections of RCM projec-
tions would be required; e.g. the European project ENSEM-
BLES. Running an RCM was not within the scope of this
study; instead, we tended to use publicly available climate
projections. Here, we obtained the climate projections from
the ISI-MIP (Warszawski et al., 2014), which provides spa-
tially downscaled climate data for impact models. The cli-
mate projections were also bias-corrected against observa-
tions (Hempel et al., 2013) and have been widely used in cli-
mate change impact studies on hydrological extremes such as
floods and droughts (e.g. Dankers et al., 2014; Prudhomme
et al., 2014; Leng et al., 2015a). It should be noted that we
used the delta change factor to derive future climate scenar-
ios as inputs into our drainage model instead of using GCM
climate directly. This is because the relative climate change
signal simulated by GCMs is argued to be more reliable than
the simulated absolute values (Ho et al., 2012). Moreover, we
used an ensemble of GCM simulations rather than one single
climate model in order to characterise the uncertainty range
arising from climate projections. However, disadvantages of
this method are that transient climate changes cannot be rep-
resented and that changes in intra-seasonal or daily climate
variability are not taken into account (Leng and Tang, 2014).
Such sources of uncertainty can be explored when improved
climate models at finer scales become available (Jaramillo
and Nazemi, 2017).

In addition, the SIF parameters were assumed to remain
stable in the future and only changes in the daily mean inten-
sity were considered, because future sub-hourly climate pro-
jections were not readily available. The full climate variabil-
ity range would also be under-sampled, although we used five
climate models to show the possible range. Given the above
limitations, we acknowledge that the modelling results repre-
sent the first-order potential climate change impacts on urban
floods. Future efforts should be devoted to the representation
of dynamic rainfall changes at hourly time steps considering
non-stationary climate change.

Moreover, several assumptions had to be made due to
limitations of the current modelling structure and approach.
For example, the conveyance capacities of the drainage sys-
tem and flood volume would largely depend on the state
of drainage systems. Hence, a drainage system obstructed
by vegetation, waste, or artefacts (cables, pipes, temporary
structures) could make the outcomes of the SWMM cal-
culation significantly different from observations. However,
quantifying the impacts of drainage system states on urban
flood volumes is not trivial because of the difficulties in-
volved in collecting field data and selecting and using appro-
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priate methods for reasonable assessment of pipe conditions
(Ana and Bauwens, 2007; Fenner, 2000), and was not within
the scope of this study. With deterioration, such as ageing
networks, pipe deterioration, blockage, and construction fail-
ures, drainage systems were shown to become more vulner-
able to extreme rainfalls as demonstrated in previous studies
(Dawson et al., 2008; CIRIA, 1997; Davies et al., 2001). It is
very likely that our simulated urban flood volumes would be
underestimated without considering the changes in drainage
conditions (Pollert et al., 2005).

Further, constrained by the one-dimensional modelling ap-
proach using SWMM, the performance of LID measures was
mainly evaluated according to their effects at reducing water
volume from overloaded manholes (Oraei Zare et al., 2012;
Lee et al., 2013). That is, the LID adaptation measure was
mainly designed to reduce the amount of water rather than
slowing down the water speed, which has been demonstrated
to be effective at reducing urban floods (Messner et al., 2006;
Ashley et al., 2007; Floodsite, 2009). However, it should be
noted that most LID measures can reduce runoff volume and
flow speed at the same time, although some of the LID mea-
sures are primarily designed to slow down the flow speed,
i.e. vegetated swales. To examine whether flood retention of
a given event is induced by runoff volume or the internal
speed control function in the model is difficult and requires
detailed data for model validations. Specifically, the required
information about surface roughness, soil conductivity, and
seepage rate were unavailable at the subcatchment scale in
the study region. Therefore, a simplified modelling approach
was used to take advantage of existing data, especially for
the design of LID measures. With the aid of more detailed
field data and planning documents, the design of LID mea-
sures could be significantly improved by implementing more
advanced approaches (Elliott and Trowsdale, 2007; Zoppou,
2001).

Evaluation of other potential adaptation strategies, such as
flood retention by rain gardens and green roofs, can be ex-
plored in the future to gain additional insights into the perfor-
mance of LID systems. In particular, the cost-effectiveness
of the proposed adaptation measures should be accounted
for. Indeed, a major limitation of this study is lack of as-
sessment of costs and benefits of adaptation measures from
an economic perspective. In fact, 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., 2013; Veith et al., 2003;
Hinkel et al., 2014; Aerts et al., 2014; Ward et al., 2017). For
example, Ward et al. (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 pro-
posed in this study. Future efforts should therefore be devoted
to building a framework for assessing the costs and benefits
of urban flood reduction measures and examine whether the
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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 of urban
flood volumes by having proposed two feasible adaptation
strategies and compared their benefits to those from global-
scale climate change mitigation through GHG reductions
within a consistent framework. Depending on the progress
at data collection and the demands of local authorities, more
advanced methods for pipe assessment (e.g. considering the
changing pipe conditions), LID measures (detailed mod-
elling of LID control), and two-dimensional surface flooding
for assessment of flood damage and risk are planned in a fu-
ture study to provide a more comprehensive analysis of the
adaptation measures.

5 Summary and conclusions

The potential impacts of future climate change on current ur-
ban drainage systems have received increasing attention dur-
ing recent decades because of the devastating impacts of ur-
ban flooding on the economy and society (Chang et al., 2013;
Zhou et al., 2012; Abdellatif et al., 2015). However, few stud-
ies have explored the role of both climate change mitigation
and drainage adaptations in coping with urban flooding in
a changing climate. This study investigated the performance
of a drainage system in a typical city in northern China in re-
sponse to various future scenarios. In particular, we assessed
the potential changes in urban flood volume and explored
the role of both mitigation and adaptation in reducing urban
flood volumes in a consistent manner.

Our results show significant increases in urban flood vol-
umes due to increases in precipitation extremes, especially
for return periods of less than 10 years. Overall, urban flood
volume in the study region is projected to increase by 52 %
by the multi-model ensemble median in the period of 2020-
2040. Such increases in flood volume can be reduced con-
siderably by climate change mitigation through reduction of
GHG emissions. For example, the future TFVs under 1-year
extreme rainfall events can be reduced by 50 % when climate
change mitigation is in place. Besides global-scale climate
change mitigation, regional/local adaptation can be imple-
mented to cope with the adverse impacts of future climate
change on urban flood volumes. Here, the adaptation mea-
sures as designed in this study were demonstrated to be much
more effective at reducing future flood volumes than climate
change mitigation measures. In general, the reduced flood
volumes achieved by adaptation were more than double those
achieved by climate change mitigation.

Through comprehensive investigation of future urban
floods, this study provides much-needed insights into urban
flood management for similar urban areas in China, most of
which are equipped with highly insufficient drainage capaci-
ties. By comparing the reduction of flood volume by climate
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change mitigation (via reduction of GHG emissions) and lo-
cal adaptation (via improvement of drainage systems), this
study highlights the effectiveness of system adaptations in re-
ducing future flood volumes. This has important implications
for the research community and decision makers involved in
urban flood management. We emphasise the importance of
accounting for both global-scale climate change mitigation
and local-scale adaptation in assessing future climate impacts
on urban flood volumes within a consistent framework.
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