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Abstract. Urban inundation is a serious challenge that increasingly confronts the residents of many cities, as
well as policymakers, in the context of rapid urbanization and climate change worldwide. In recent years, source
control measures (SCMs) such as green roofs, permeable pavements, rain gardens, and vegetative swales have
been implemented to address flood inundation in urban settings, and proven to be cost-effective and sustainable.
In order to investigate the ability of SCMs on reducing inundation in a community-scale urban drainage system,
a dynamic rainfall-runoff model of a community-scale urban drainage system was developed based on SWMM.
SCMs implementing scenarios were modelled under six design rainstorm events with return period ranging
from 2 to 100 years, and inundation risks of the drainage system were evaluated before and after the proposed
implementation of SCMs, with a risk-evaluation method based on SWMM and analytic hierarchy process (AHP).
Results show that, SCMs implementation resulting in significantly reduction of hydrological indexes that related
to inundation risks, range of reduction rates of average flow, peak flow, and total flooded volume of the drainage
system were 28.1–72.1, 19.0–69.2, and 33.9–56.0 %, respectively, under six rainfall events with return periods
ranging from 2 to 100 years. Corresponding, the inundation risks of the drainage system were significantly
reduced after SCMs implementation, the risk values falling below 0.2 when the rainfall return period was less
than 10 years. Simulation results confirm the effectiveness of SCMs on mitigating inundation, and quantified
the potential of SCMs on reducing inundation risks in the urban drainage system, which provided scientific
references for implementing SCMs for inundation control of the study area.

1 Introduction

The risk of urban inundation has been growing rapidly in
recent years due to global urbanization and climate change
(Zhao et al., 2016). Over the past several decades, increas-
ing surface imperviousness caused by rapid urbanization
has led to significant changes in the characteristics of the
urban hydrologic cycle (Palla and Gnecco, 2015). In gen-
eral, the reduction of native vegetation and the thinning of
natural soils related to urbanization reduces the infiltration
and storage of water (Jacobson, 2011), leading to increasing
runoff rates and volumes and ultimately increasing the hy-

draulic load for urban drainage systems (Kim et al., 2015).
However, increased surface runoff, faster runoff concentra-
tion, and higher peak flow rates can exceed an urban sys-
tem’s drainage capacity and cause inundation, resulting in
traffic interruption, economic loss, pollution, and health is-
sues (Dash et al., 2016). Improving the drainage capacity in
rapidly urbanizing areas is a straightforward method for re-
ducing inundation risk, and a significant improvement can
be achieved in most cases (Pochwa et al., 2017). However,
simple and isolated improvements to drainage capacity are
now proven to be unsustainable, costly, and even impractical
because of great uncertainties in the broader context of land-
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Figure 1. Location of the study area and the sketch map of SCMs settings in YN.

scape and climate change, particularly in densely urbanized
areas. SCMs are facilities capable of effectively storing and
infiltrating storm water runoff, usually involving green in-
frastructure such as green roofs, permeable pavements, vege-
tative swales, rain gardens, and bio-retention systems (Tode-
schini et al., 2012). The implementation of SCMs is usu-
ally low-cost and environmentally friendly and the benefits
for runoff reduction have been confirmed by many studies
at different scales. Hu et al. (2017) reported that permeable
pavements are effective at mitigating flood inundation haz-
ards in urban watersheds. Liu et al. (2014) assessed the ef-
fectiveness of green infrastructure on urban flooding reduc-
tion at a community scale and showed that total runoff re-
duction ranged from 85–100 % and peak flow was reduced
92.8–100 %. Pyke et al. (2011) illustrated the potential bene-
fits of a common LID practice for increasing the resilience of
communities to changing precipitation patterns. This objec-
tive of this study was to determine whether SCMs can reduce
the inundation risks in urban drainage systems and assess the
reduction under different rainfall conditions using scenario
analysis.

2 Materials and methods

2.1 Site description and data preparation

The study area, Yangtang Neighbourhood (YN), is a res-
idential community covering 62.87 ha (Fig. 1, 24◦34′18′′–
24◦35′ N, 118◦14′02′′–118◦14′59′′ E) in Xiamen, an impor-
tant harbour city on the southeast coast of China. The av-
erage annual precipitation in YN is 1388 mm (1985–2014),
and over the course of a year the distribution of precipita-
tion is extremely uneven, with rainfall occurring mainly in
the flood season, from May–September, there is an increas-
ing trend in precipitation of YN according to local investi-
gation. The main land uses have changed from village, bare
soil, farmland, and ponds to roads, housing, and other build-

ings, leading to an increase in the proportion of impervious
surfaces from 18 to 68 %. Rapid urbanization has therefore
dramatically changed the urban water cycle, leading to urban
flooding and the inundation of drainage systems.

2.2 Modelling the urban drainage system in YN

The Storm Water Management Model (SWMM), developed
by the United States Environmental Protection Agency, is
an integrated simulation platform for urban water systems;
version 5.1 was used in this study. SWMM can be used for
dynamic hydrology-hydraulic and water quality simulation
and has been widely used in urban water system simulations
throughout the world (Chui et al., 2016; Zhu et al., 2016).
The SWMM model solved the Saint-Venant equations and
modelling drainage system with dynamic wave, is suitable
for urban drainage system in a community-scale in this study.
The SWMM platform was used to develop an integrated sim-
ulation model of the urban drainage system in YN, using
both logical parameters based on earlier experience and lo-
cal knowledge while consulting the SWMM user manual and
previous research. The modelled area was divided into 12
sub-catchments, 25 Junctions, and 37 conduits (Fig. 2) and
used a simulation time step of 1 min with a total simulation
time of 6 h.

2.3 Inundation risk evaluation methods

2.3.1 Indices for the evaluation of inundation risk

Urban drainage systems are mainly defined by catch-
ment area, underlying surfaces, and pipe networks. A risk-
evaluation index for these systems should include indices
such as land use, flood amount, and drainage networks that
should be built. Nine indices are selected: inundation du-
ration, largest water flow, total flood amount, runoff coef-
ficient, impermeable surface area, catchment area, and the
diameter, gradient, and congested proportion of pipes down-
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Table 1. Normalized weights of the risk evaluation indices.

Categories Indices Normalized weight

Hydraulic Inundation duration 0.1955
Largest water flow 0.1135
Total flood amount 0.3076

Environmental Runoff coefficient 0.0553
Impervious area proportion 0.0481
Catchment area 0.0993

Drainage Diameter of downstream pipe 0.0944
Gradient of downstream pipe 0.0479
Congested proportion of downstream pipe 0.0444

Figure 2. Drainage system modeled on YN.

stream of each manhole (Wang, 2010). We then classified
these into three independent groups: hydraulic, environmen-
tal, and drainage.

2.3.2 Calculation of inundation risks

In this study, the inundation risk of each manhole in the YN
drainage system was defined as a weighted sum as follows:

R =

m∑
i=1

XiWi

Where R is the inundation risk value of each manhole, m is
the number of evaluation indices, i is the serial number of
the indices, Xi is the normalized value of each index, and
Wi is the normalized weight of the index Xi . In this study,
the greater the value of R, the higher the inundation risk of
the manhole. Thus, the calculated R value of each manhole
under different rainfall scenarios could be used to evaluate
inundation risk (Islam et al., 2013).

To properly evaluate the inundation risk, appropriate
weights for the indices needed to be determined. We used an-
alytic hierarchy process (AHP) in this study due to its unique
advantages when the elements of certain decisions are diffi-
cult to quantify or compare (Jiao et al., 2017). The detailed
principles and procedures of AHP can be found in the lit-
erature (Jenifer and Jha, 2017). We consulted 10 high-level
experts in the fields of urban planning, city management, en-
vironment risk, water supply, and drainage when considering
the proper weights for indices used in the AHP method, set-
tling on the weights for inundation risk evaluation indices
presented in Table 1.

2.4 Simulation scenarios

2.4.1 SCM scenarios

Although a variety of SCMs can achieve runoff reduction,
not all can be adapted to a specific area; therefore, the selec-
tion of site-appropriate SCMs is important. After considering
these factors with relation to YN, green roofs, rain gardens,
permeable pavements, and vegetative swales were selected
as those that could be implemented most effectively. In this
plan, all SCMs are work together to reduce surface runoff
and storm water load in the urban drainage system. The de-
sign and planning work for the YN SCMs was conducted
by the Xiamen Municipal Engineering Design Institute Co.,
Ltd. Most roofs will be converted into green roofs, with a
total area of 125 000 m2; rain gardens with a total area of
30 000 m2 will collect runoff; most roads will be converted
to pervious surfaces such as permeable asphalt, concrete, and
brick with a total area of 129 000 m2; and green space sur-
rounding YN will be converted to vegetative swales with a
total area of 42 000 m2 (Fig. 1).

2.4.2 Storm scenarios

The SWMM model developed for this study can be used to
simulate annual rainfall or a singular event. As the main ob-
jective of this study was to assess the effects of SCM im-
plementation on the YN urban drainage systems, we chose
to model short-term rainfall using 2 h design storm rainfalls
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Figure 3. Synthetic rainfall events with different return periods
modelled for YN.

with a 1 min time step and different return periods as calcu-
lated by the storm intensity formula for Xiamen, which is
a local standard established by the department of municipal
administration:

q =
1432.348(1+ 0.582lgP )

(t + 4.56)0.633 (1)

Where i is the storm intensity in L min−1 ha−1), P is the
storm return period in years, and t is the convergence time
in min.

In order to evaluate the reduction effects under differ-
ent rainfall intensities, we generated six 2 h synthetic storms
with return periods of 2, 5, 10, 20, 50, and 100 years (par-
tially showed in Fig. 3) and used these six events to model
the effects on YN’s urban drainage system. Due to a lack
of research on rainfall patterns in Xiamen, the widely used
Chicago-storms synthetic rainfall pattern was selected to
simulate these rainfall events with different return periods,
with the peak occurrence of all events set to be 0.4. Finally,
the drainage system of YN are modelled under two scenar-
ios: before implementation of the SCMs (baseline, BL) and
after implementation (SCM).

3 Results and discussion

3.1 Overall hydrologic performance

The implementation of SCMs changes the hydrological cycle
of an area by increasing the storage of rainwater, thus delay-
ing peak flow, reducing flood volume, and mitigating flood
effects. In this study, we used hydrographs and hydrologic
performance indices to evaluate the impacts of SCM imple-
mentation; Fig. 4 shows the outfall runoff hydrographs for
YN under the BL and SCM scenarios.

As shown in Fig. 4, SCMs implementation resulting in
significantly reduction of hydrological indexes that related
to inundation risks, range of reduction rates of average flow,
peak flow, and total flooded volume of the drainage system

Figure 4. Runoff hydrographs for YN under baseline (solid) and
SCM (dotted) scenarios for 6 modeled rainfall events (black-shaded
curve).
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were 28.1–72.1, 19.0–69.2, and 33.9–56.0 %, respectively,
under six rainfall events with return periods ranging from 2 to
100 years, and the mean reduction rates of the average flow,
peak flow, and total flood volume are 44.2, 37.4, and 42 %
for the six rainfall return periods, there are significant differ-
ences in flow process between the BL and SCM scenarios.

For all events, the peak flow is reduced under the SCM
scenario, though this effect is most pronounced at lower rain-
fall intensities, indicating that SCM implementation relieves
the runoff concentration of storm water and reduces the flood
load of YN’s urban drainage system.

3.2 Detailed hydrologic performance

We next considered the inundation risk value for each man-
hole in YN (Fig. 5) for each rainfall period in both scenarios.
As the risk value increased, the inundation risk of the man-
holes also increased, allowing the evaluation of relative risk.
Inundation risk factors for each specific manhole are shown
in Fig. 5. As the rainfall return period increases, inundation
risk rises under both the BL and SCM scenarios, though the
SCM implementation clearly reduces this risk dramatically
even under intense rainfall events.

Manholes N7, N14, N17, N20, and N21 consistently show
the highest inundation risk because of poor drainage systems
upstream. According to on-site investigations, N7 was con-
nected to a large, mostly impervious area, and the others were
located downstream of a community area with low gradients
in downstream pipes. In addition, these five manholes are at
the junctions of three drainage pipes that receive water from
more than 30 % of the catchment area. Thus these manholes
have higher risks under the BL scenario and SCM implemen-
tation is effective at reducing inundation under heavy rains
with a return period smaller than 10 years. For rainfall return
periods above 10 years, the SCMs still show distinct reduc-
tion effects, but the total storm water cannot be completely
handled by these installations, leading to flows exceeding the
capacity of YN’s urban drainage system. Because that the in-
filtration capacity of green infrastructure would diminish un-
der continuous rainfall, then there should be enough green
infrastructures in order to completely eliminate inundation
in the drainage system. Therefore, when there is not enough
space to implement green infrastructures, some gray infras-
tructures such as underground reservoirs and deep tunnels
should be implemented in conjunction with green infrastruc-
tures.

The inundation risks of the drainage system were signif-
icantly reduced after SCMs implementation, the risk values
falling below 0.2 when the rainfall return period was less than
10 years. The inundation risk increases with the increasing
rainfall return periods, but increasing speed are different to
each other between BL and SCM scenarios. Under the BL
scenario, the inundation risk of the urban drainage system
shows a continuous and sharply increase with the increasing
rainfall return periods, and under SCM scenario, the inunda-

Figure 5. Risk values for each manhole in YN under BL and SCM
scenarios with different rainfall return periods.
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tion risk shows no increase when the rainfall return period is
lower than 5, and a slow and continuous increase when the
rainfall return period is higher than 10. The different increas-
ing characteristics of the inundation risk for BL and SCM
scenarios indicates that, the SCMs implementing acquires
better effects under relatively light rains, and with increasing
of the rainfall intensity, the mitigation effects of urban flood
and inundation of urban drainage systems decrease gradu-
ally, which is a proof that the SCMs implementing enhances
the resilience of urban drainage systems of YN to extreme
rainfalls.

4 Conclusions

1. SCMs have significant impacts on three hydrologic per-
formance indices related to inundation risk. The highest
reduction rates of the average flow, peak flow, and to-
tal flooded volume were 72.1, 69.2, and 56.0 %, respec-
tively, and the reduction rates for these decreased with
increasing rainfall return period. In addition, the SCMs
caused a hydrograph delay of the outfall flow from the
urban drainage system; the lag time also decreased with
increasing rainfall return period.

2. SCMs implementation showed an effective reduction of
inundation risk in the urban drainage system. A com-
parison of risk values for each manhole between the
BL and SCM scenarios showed that the number of
inundation-affected manholes diminished from 7 to 0
under a 5 years return period rainfall, with the risk val-
ues for all manholes falling below 0.2 when the rainfall
return period was below 10 years. At rainfall return pe-
riods higher than 10 years, the risk values for all man-
holes still fell to below 0.5.

3. The inundation risk increases with increasing rainfall
return period, but shows different characteristics be-
tween the BL and SCM scenarios. Under the former,
the inundation risk shows a continuous increase with in-
creasing rainfall return period, but under the latter, the
inundation risk shows no increase when the rainfall re-
turn period is below 5 years, with a slow and continuous
increase beyond that.

It could be concluded that the proper design and imple-
mentation of SCMs settings could reduce inundation risks
in urban drainage systems and achieve the sustainability ob-
jectives of storm water management at a community scale.
These conclusions can guide planners and decision-makers
in future considerations related to inundation risk manage-
ment in community-scale urban drainage systems.
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