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Abstract Urban underlying surface has been greatly
changed with rapid urbanization, considered to be one of
the major causes for the destruction of urban natural
hydrological processes. This has imposed a huge challenge
for stormwater management in cities. There has been a
shift from gray water management to green stormwater
management thinking. The green stormwater infrastructure
(GSI) is regarded as an effective and cost-efficient
stormwater management eco-landscape approach. China’s
GSI practice and the development of its theoretical
framework are still in the initial stage. This paper presents
an innovative framework for stormwater management,
integrating green stormwater infrastructure and landscape
security patterns on a regional scale based on an urban
master plan. The core concept of green stormwater
infrastructure eco-planning is to form an interconnected
GSI network (i.e., stormwater management landscape
security pattern) which consists of the location, portion,
size, layout, and structure of GSI so as to efficiently
safeguard natural hydrological processes. Shanghai Lin-
gang New City, a satellite new town of Shanghai, China
was selected as a case study for GSI studies. Simulation
analyses of hydrological processes were carried out to
identify the critical significant landscape nodes in the high-
priority watersheds for stormwater management. GSI
should be planned and implemented in these identified
landscape nodes. The comprehensive stormwater manage-
ment landscape security pattern of Shanghai Lingang New
City is designed with consideration of flood control,
stormwater control, runoff reduction, water quality protec-
tion, and rainwater utilization objectives which could
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provide guidelines for smart growth and sustainable
development of this city.
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infrastructure, urban master plan, landscape security pattern,
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1 Introduction

Rapid urbanization has greatly changed the urban under-
lying surface. Numerous research studies have documen-
ted that land use/land cover change caused by urban
expansion, and resulting from an increase of impervious
surface, is considered as the main cause for the change of
urban natural hydrological cycling (Sanders, 1986;
Marsalek et al., 2008). Rapid urbanization will lead to a
series of stormwater problems, such as an increase in flash
floods (Leopold, 1968; Jennings and Taylor Jarnagin,
2002), increased pollution generated by urban nonpoint
sources (Makepeace and Schreier, 1995; Line and White,
2007), shortage of water resource, degradation of ecolo-
gical value of rivers (Ballo et al., 2009), and larger climatic
variability (IPCC, 2007), to name but a few.
Conventional gray stormwater management methods
remove runoff with piped conveyance systems, and route
runoff directly to streams to prevent ponding, exacerbating
pollutant inputs and hydrologic disturbances that result in
the degradation of ecosystem structures and functions
(Yang and Cui, 2012). Further, these methods are no longer
adequate to deal with larger and more intense storm events
and the associated pollution coming from the combined
effect of rapid land use/land cover changes and increased
climatic variability. In contrast, the urban landscape green
space system plays a significant role in stormwater
management, and there has been a shift from gray water
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management to green stormwater management thinking in
urban watershed management (Novotny and Brown,
2007). Many countries have integrated stormwater treat-
ment into landscape eco-planning and stormwater manage-
ment (SWM) in order to maintain urban natural
hydrological cycling and enhance the urban eco-process
safety, and some noticeable practices include Best
Management Practice (BMPs), Low Impact Development
(LID), Smart Growth (SG), Sustainable Urban Drainage
Systems (SUDS), and Water Sensitive Urban Design
(WSUD) (U.S. EPA, 1993; Davis and McCuen, 2005;
Melbourne Water, 2005; Malmqvist, 2006; Van Room et
al., 2009).

Green stormwater infrastructure (GSI) is an important
eco-landscape stormwater management (SWM) approach.
Compared to conventional gray forms of water infra-
structure that rely on concrete gutters, sewers, and end-of-
pipe treatment, green stormwater infrastructure is the
interconnected network of urban open spaces, natural
areas, permeable pavement, and other landscape-based
drainage features that naturally manages stormwater,
reduces the risk of floods, captures pollution, improves
water and air quality, increases groundwater recharge,
eases water resource shortage, provides recreational
opportunities and wildlife habitat, saves money and
energy, reduces and sequestrates carbon, and supports
urban sustainability (Mark and McMahon, 2006; Tackett,
2008; Wise, 2008). The ability of these practices to deliver
multiple ecological, economic, and social benefits or
services has made GSI an increasingly popular strategy
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for urban sustainable development. GSI has different
meanings for different scales (Wise, 2008). A combination
of proposed GSI systems ranging from small-scale
drainage facilities on the property or neighborhood level,
to large-scale drainage facilities on the regional scale, and
transfer GSI linked to an interconnected network is
presented in Fig. 1. On a regional scale, GSI refers to
large-scale and sink-treatment facilities known as BMPs-
GSI. BMPs-GSI, such as greenways, wetlands, stormwater
ponds, and forest preserves, are usually planned in open
spaces and natural areas, constructed and maintained by
specialized governmental agencies. On the municipal or
neighborhood scale, GSI refers to small-scale, on-site
source-treatment facilities, such as rain gardens, vegetated
swales, permeable pavements, rain barrels, and green roofs
(Marsalek et al., 2008), preferably termed as LID-GSI.
LID-GSI are usually constructed and maintained by
government-legislated proprietors or residents.

The core concept of GSI eco-planning is an intercon-
nected network system which consists of the location,
portion, size, layout, and structure of GSI. On a regional
scale, the theories and spatial analysis methods of
landscape security pattern (SP) can provide theoretical
and technical support for BMPs-GSI eco-planning and
implementation. In a comparative and spatial sense,
landscape security pattern emphasizes the relationship
between pattern and process, identified around the
ecological processes. Earlier studies reported that all points
(locations) or portions of the landscape are not equally
important in terms of their influences on certain ecological
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Fig. 1 A schematic diagram of GSI network system. (Abbreviations: BMPs-GSI = large-scale and sink-treatment green stormwater
infrastructure; LID-GSI = small-scale, on site and source-treatment green stormwater infrastructure).
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processes and the features of spatial heterogeneity (Forman
and Godron, 1986). Each landscape has a potential spatial
pattern composed of certain strategic portions, locations,
and their spatial relationships, namely the landscape
security pattern (SP), which have, or potentially have,
critical significance in safeguarding ecological processes
(Yu, 1995, 1996). SP was first applied to biological
conservation (Noss and Harris, 1986; WRI, ITUCN and
UNEP, 1992), and has been widely considered in urban or
rural eco-planning, especially in China (Ma et al., 2004; Li
and Tang, 2006; Gong et al., 2008; Yu et al., 2009a; Li et
al., 2010). Through the analysis and simulation of urban
hydrological processes, BMPs-GSI can be identified in
certain critical landscape strategic nodes to form an
integrated stormwater management landscape security
pattern (SWMSP), which can contribute to the flood
control, stormwater control, runoff reduction, water
quality, and rainwater utilization of the urban ecosystem.

Being one of the most rapidly urbanizing countries in the
world, China is suffering a great deal from the environ-
mental and ecological problems induced by urban storm-
water. Meanwhile, China’s GSI practice and the
development of its theoretical framework are still at the
initial stage (Mo and Yu, 2012). In China’s current master
plan system, the two special planning schemes related to
urban stormwater management are urban flood proofing
planning and municipal drainage planning, which are both
determined by conventional gray stormwater management
methods. The problem of such a system on an adminis-
tration level is that these two schemes belong to different
government sectors (i.e., the water sector and the
municipal engineering sector), and the planning of these
schemes are done independently, which often leads to
conflicting objectives (Ma, 2010). In such a case, there is
an urgent need to integrate multi-objective GSI eco-
planning into the urban master plan. The objective of this
paper is to propose such a framework for regional-level
urban stormwater management eco-planning that inte-
grates BMPs-GSI development and SP eco-planning. The

proposed framework will provide strategies for integrating
BMPs-GSI in the maintenance of healthy water recycling
in cities, and is also expected to provide an important
contribution to urban water security and water resources
sustainable utilization. Shanghai Lingang New City
(SHLNC), a satellite new town of Shanghai, China was
selected as a case study in the present work.

2 Framework of BMPs-GSI eco-planning on
a regional scale

This section provides a brief introduction to the proposed
framework for BMPs-GSI eco-planning on a regional
scale, based on the urban master plan. The division of
BMPs-GSI eco-planning is a stormwater management
landscape security pattern (SWMSP). An illustration of the
framework has been shown in Fig. 2 depicting six steps of
a project.

Step 1: Establishing regional stormwater management
(SWM) objectives

The first step is setting the comprehensive goals of
regional SWM that cover flood and stormwater control,
runoff reduction, water quality, and rainwater utilization,
with considerations of related laws and legislations,
stakeholders’ perspectives, and rainwater resource protec-
tion incentives.

Step 2: Construction of SWM database

The regional SWM database is built on the Geographic
Information System (GIS) platform. The database contains
natural environment data such as climate, rainfall, soil,
groundwater, terrain, elevation, vegetation, and social
environment data including urban planning related vari-
ables, population, industry, stakeholders’ perspectives, etc.

Step 3: Analysis and simulations of stormwater hydro-
logical processes

The theories of landscape security pattern (SP) and its
spatial analysis methods are intensively applied in the
analysis and simulations of urban hydrological processes,

Step 1 | Establishing regional SWM objectives |
Natural ‘ Social
Step 2 | environment Construction of SWM database environment
data L data
Step 3 | Hydrological processes analysis and simulations |
Step 4 BMPs-GSI for ——l Identification of critical strategic landscape nodes |<— High-priority
SWM watershed
Step 5 | Comparison and suitability evaluation of BMPs-GSI |
Step 6 | Constructing comprehensive network of SWMSP |

Fig. 2 Framework of BMPs-GSI eco-planning on regional scale.
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which consist of runoff production, flood, water logging,
runoff pollution, groundwater recharge, and rainwater
reuse. Based on the simulations of stormwater hydro-
logical processes, the high-priority watersheds for SWM
can be analyzed.

Step 4: Identification of critical strategic landscape
nodes for SWM

The fourth step is representing and identifying the
critical significant landscape nodes in the high-priority
watersheds that may efficiently safeguard the hydrological
processes. BMPs-GSI for SWM should be planned and
implemented in these identified landscape nodes.

Step 5: Comparison analysis and suitability evaluation
of BMPs-GSI

Different BMPs-GSI approaches are compared and
suitability evaluation is carried out to determine the most
appropriate types of BMPs-GSI in the study area
considering local guidelines, stakeholders’ concerns, and
other related environmental and economical factors.

Step 6: Constructing comprehensive network of
SWMSP

The sixth step is developing planning guidelines for
BMPs-GSI on the regional scale for a single SWM
objective, and integrate them into a comprehensive BMPs-
GSI network (i.e., stormwater management landscape
security pattern (SWMSP)), for maintaining water recy-
cling systems, regulating hydrological processes, and
protecting water resources.

3 Case study: Shanghai Lingang New City,
China

3.1 Study area

Shanghai Lingang New City (SHLNC) is one of the major
satellite towns of Shanghai, and an important sector of
Shanghai as an international shipping center. It is located
southeast of Shanghai, East China (Fig. 3(a)). It is an pre-
planned new city, with an area of about 69.11 square km,
and is planned for over 800 thousand residents. 65.85% of
the city has been reclaimed from the East China Sea since
2002. With Dishui Lake at its center, planners followed the
“garden city” model. The water area, construction land,
and unutilized land occupy 12.51%, 36.41%, and 51.09%
of the total area, respectively. Dishui Lake, round in shape,
around 2.50km in diameter, with an average depth of
3.70 m, and about 5.60 km? in area, is the biggest man-
made freshwater lake in China. Dishui Lake and the
artificial stream constitute the regional water system
(Fig. 3(b)).

SHLNC is facing a series of hydrological and environ-
mental challenges. As the study area is located in the
seaside zone, the dominant land use is tidal flats covering
approximately 56% of the area, and an average elevation of
only about 4.10 m leads to high risks for flooding and the

shortage of freshwater. Also, being an artificial ecosystem,
Dishui Lake serves as the terminal of regional non-point
source pollution which makes the function and security of
the lake more fragile, and sometimes can result in a series
of environmental problems. For example, according to the
report of the Shanghai Environmental Monitoring Center
(SHEMC), the landscape and ecological epicenter of
Dishui Lake was weakly eutrophicated, and the pollution
is becoming increasingly severe due to continuous urban
construction projects. In such cases, SWM and main-
tenance of water quality in this area is in urgent need.

3.2 Comprehensive regional SWM objectives

Legislation and regulations for rainwater flow control and
water quality protection are still at their initial stages in
China. To help in forming the stormwater management
landscape security pattern (SWMSP), we aim to set the
integrated objectives of regional SWM by consulting
related laws and SWM design guidelines of the U.S., and
also take local stakeholders’ perspectives into considera-
tion. The following section presents a brief introduction to
the goal setting process.

3.2.1 Flood and stormwater control

Based on the Urban Flood Control Engineering Design
Disciplines, China (GB/T50805-2012), we proposed a set
of criteria to ensure that the stormwater induced by a once-
in-a-twenty-years rainfall event can be discharged in 24
hours through a series of water conservation facilities and
structures, and the regional water level can be reduced to
less than 3.30 meters, which was the highest flood water
level of the study area based on the SHLNC master plan.

3.2.2 Runoff reduction

As per the Leadership in Energy and Environmental
Design (LEED) standards developed by the U.S. Green
Building Council (USGBC), an initial planning principle is
proposed. If the existing impervious surface ratio is less
than 50%, there should not be a net increase in the rate or
quantity of stormwater runoff from existing to developed
conditions in one year. Thus, 24-hour rainfall event (80
mm/(24 hours) in the study area) should occur.

3.2.3 Water quality protection

The Water Quality Volume (WQy) criteria of BMPs
developed by the U.S. Environmental Protection Agency
(USEPA) should be adopted in water quality protection in
the study area. By definition, WQy, is the storage required
to capture and treat the runoff generated from the 90®
percentile of storm events —i.e., the storm event is greater
than 90% of the storms that occur within an average year
(42 mm/(24 hours) in the study area).
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Fig. 3 Location (a) and water system (b) of the study area.

3.2.4 Rainwater utilization

Rainwater utilization includes two parts: one is ground-
water recharge, and the other is rainwater reuse. This
criterion is based on the Building and Community
Utilization Project Disciplines, China (GB 50400-2006).
The daily water consumption index is the basis for
measuring the capacity of rainwater storage facilities, and
the size of rainwater storage facilities should be greater
than 40% of the daily water consumption.

3.3 Data sources and construction of database

The regional SWM database was built on the GIS platform.
A topography map with a scale of 1:100,000 in the format
of the Digital Elevation Model (DEM) is used as the basic
data layer. Satellite images (i.e., Landsat TM5 images
retrieved in 2006) were also used to generate land-use and
land cover maps. Natural environment data, such as
climatic data, rainfall, and soil data were extracted from
statistical materials, which were further combined with on-
site survey data, such as a meteorological station, the soil
and water sampling analysis to provide a complete natural
environment dataset. Meanwhile, the urban master plan of
SHLNC (2003-2020) released by the Shanghai Planning
and Land Resources Bureau provided the vision for city
development, such as the city’s nature and functions,
population projection, land use, road network, public
facilities, water system, etc.

3.4 Simulation and analysis of stormwater hydrological
processes

3.4.1 Watershed division

The study area was mostly flat terrain and independent of
surrounding catchment, isolated from other river networks
by the constructed hydraulic structures. The watershed
zoning system is formed by two layers: the upper-level
watershed layer and the lower-level sub-watershed layer.
The upper-level watershed is related to the total quantity
control of stormwater, and the most important factors
affecting this layer were the major road and stream
systems. The low-level sub-watershed layer is related to
the mechanism exposition and the critical elements of
stormwater hydrological processes, which were identified
within the upper-level watershed using the D8 method on a
GIS platform. Based on the DEM dataset, 84 upper-level
watersheds and 5,805 lower-level sub-watersheds were
divided in the study area. The upper-level watersheds were
in accordance with the first-class land development plan so
as to guarantee the stakeholders’ benefits and the
implementation of SWMSP strategies.

3.4.2 Runoff path

The modeling of the original terrain runoff flow path was
conducted based on DEM using GIS tools for hydrological
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simulation. It has great significance in identifying the
critical important landscape nodes and the locations of
BMPs-GSI in the view of the “source-process-sink”
control principle. A schematic diagram identifying critical
significant landscape nodes based on the runoff path, is
shown in Fig. 4.
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Fig. 4 Schematic diagram of critical significant landscape nodes
identification for stormwater management in a watershed.

3.4.3 Runoff production

The SCS (Soil Conservation Service) model, proposed by
the U.S. Department of Agriculture (USDA), has the
advantages of clear mechanism, simple principle, limited
parameter, and easy implementation (Soil Conservation
Service, 1972; Mishra and Singh, 2002; Singh et al., 2008).
It is well suited for simulating the surface runoff
production for study terrains with various land use
patterns, soil types, water contents, and pre-precipitation
conditions, especially in an urban master plan on a regional
scale.

Since SCS has been mostly applied in the U.S., which
has different climate, soil types, and land use compared to
China, we reclassified the hydrologic soil group and
adjusted the model parameters, such as different land use
types, to make it applicable in China. Parameter settings
were further calibrated based on settings proposed by
earlier studies in Shanghai (Jiang, 2005).

The simulation results showed that there was a
significant difference in runoff production of the study
area before and after urban construction. The total runoff
production of a once-in-a-twenty-years rainfall event (80
mm/(24 hours)) before urban construction is 2.72x10° m?,

while it will rise to 3.36x10°m* by 2020, under the
planning scenario. There are great varieties among
different watersheds, due to different types of hydrologic
soil groups and land use. The differences in runoff per unit
area between the highest rate and the lowest rate were
about 5 times and 7 times, respectively, for the two
watershed layers.

3.4.4 Flood and stormwater inundation

The simulation of flood inundation is based on the DEM
and 3D model of the stream channel. In the example of
highest flood water level (3.30 m), there is a considerable
amount of submerged area—i.e., 7.34 km?, which equals
10.61% of the total area, including 2.30 square km as
9.11% of the planned construction area.

The annual water depth of submerging of stormwater is
derived using DEM data based on the “non-source
submerge” method (Bao, 2009). The results show that
the study area is under high risk of stormwater inundation,
with the most impacted being the planned construction
area. The submerged areas account for 18.67 square km,
which equals 26.98% of the total area, including 7.61
square km as 30.14% of the planned construction area.

3.4.5 Runoff pollution

PLOAD, a model of BASINS (Better Assessment Science
Integrating Point and Nonpoint Source) proposed by
USEPA, is one of the most commonly used models for
the simulation of runoff pollution. It has the character of a
simple principle, limited parameter, and easy implementa-
tion, and is especially suitable for regions with poor long-
term monitoring data. EMC (event mean concentration) is
the most important parameter of the model. The EMC
values of different land use types were determined based
on the earlier researches in Shanghai (Jiang, 2005; Wang,
2005).

The runoff pollution loads of a 42 mm/(24 hours) rainfall
event (i.e., the 90" percentile of storms that occur within an
average year), which is the typical control threshold for
runoff pollution of Shanghai, were calculated according to
WQy criteria (Pan et al., 2008a). Results showed that the
runoff nutrient pollutant loads of NH3-N, total phosphorus
(TP), and total suspended solids (TSS) could be up to
2.27t, 1.03t and 797.33t, respectively in the whole
catchment. The maximum NH3-N pollution amounts per
unit area were 97.99 mg-m 2 and 121.91 mg-m2, and TN
were 43.66mg-m? and 50.15mg-m~2, with TSS of
2.63x10*mg-m? and 5.41x10* mg-m?, respectively for
the two watershed layers.

3.4.6 Rainwater utilization

Due to the high soil salinity, poor infiltration coefficient,
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and high water table, the precipitation recharge in the study
area is impractical. The maximum soil salinity is about
8.10 g/’kg, and 40% of the soil in the study area is
alkalinized. In such cases, the primary mode of rainwater
utilization of the area is to harvest the runoff and reuse
natural stormwater to sustain local habitats instead of using
freshwater provided by municipal and domestic artificial
facilities.

The daily water consumption index is the basis for
measuring the capacity of rainwater storage facilities (Pan
et al., 2008b). The daily water consumption index of green
land, transportation land, residential land, and public
facilities land are 0.10x10°m?-km?-d!, 0.20x10°
m?-km?-d!', 0.80x10°m?*-km?-d', 1.20x10°
m’-km*-d "', respectively. Under the guidance of Code
for Urban Water Supply Engineering Planning, China
(GB50282-1998), and Building and Community Utiliza-
tion Project Disciplines, China (GB 50400-2006), we
determined the capacity of rainwater storage facilities for
different land use types. High-density residential area,
public facilities, and commercial land have higher
requirements for rainwater resource than others due to
more intense human activities. The proposed sizes of
artificial facilities in these two areas were 3.00x10°
m?-km? and 2.00x 10°m?-km 2.

3.5 Identification of the high-priority watersheds for SWM

Based on the stormwater simulation and analysis, the high-
priority watersheds for SWM were identified, as shown in
Fig. 5. We suggested that regional BMPs-GSI should be
designed in these priority watersheds based on the runoff
path analysis, while on-site LID-GSI should be designed in
the other watersheds.

As can be seen from Fig. 5(a), the flood submerged areas
that cannot meet the requirements of urban construction
were mainly located in the south of the catchment close to
Hangzhou Bay. These low-lying areas should be reserved
for peak storage. As shown in Fig. 5(b), over 30% of the
planned construction areas are at high-risk of potential
stormwater inundation, and actions are urgently required to
minimize the risk of stormwater disasters.

A priority check was carried out by comparing the runoff
production and non-point source pollution loads from
watersheds. The high-priority areas of runoff and non-
point source pollution reduction occupy 43.10%, 39.24%,
and 55.05%, 18.52% of the total in two watershed layers,
which areas correspond to 29.08 km? 26.47 km? and
37.16 km?, 12.49 km? respectively. The main parts of
these high-priority areas are traffic land, high-density
residential land, public facilities, and commercial land. The
distribution characteristics are closely related to soil, land
use, and imperviousness. The priority watersheds sur-
rounding Dishui Lake areas require more attention in terms
of protection of an ecological buffer zone.
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3.6 Comparison and suitability evaluation of BMPs-GSI

The multi-objective evaluation system of BMPs-GSI was
established including ecological, economic, social, and
construction requirements indices (as listed in Table 1). For
the particular geographical and ecological characteristics
of the study area, the efficiency of improving local habitats
is an additional factor to consider. Through the comparison
and suitability evaluation analysis of normal regional-scale
BMPs-GSI, we proposed recommendations for application
guidelines (see Table 2), based on previous studies
(USEPA, 2004; SSC, 2007; Wood-Ballard et al., 2007)
and on-site survey. For coastal areas where most of the
lands are reclaimed from the sea, wet pond and constructed
stormwater wetland are considered to be the most effective
storage and detention systems for adaptation to the
increasing storm events and the increasing pollution
from increased traffic and urban activities on the regional
scale.

3.7 BMPs-GSI identification and SWMSP eco-planning

A schematic diagram of critical significant landscape
nodes identification, based on runoff path and the high-
priority watersheds analysis is shown in Fig. 4. BMPs-GSI
for SWM should be planned and implemented in these
identified landscape nodes for efficient safeguard of
hydrological processes. The design strategies for BMPs-
GSI are summarized in Table 3, including the portion,
location, size, and so on. The appropriate BMPs-GSI
measurement mainly consists of green roadside corridor,
riparian buffer, wet pond and wetland in the study area.
Wet pond and constructed stormwater wetland are
considered to be two major components of BMPs-GSI.
The scale of BMPs-GSI should contain a treatment volume
(Ty) that is capable of capturing the runoff generated by
90% of the runoff-producing storms in the region on an
annual basis, and/or zero growth in the rate or quantity of
stormwater runoff from existing to developed conditions
based on different SWM objectives.

No single measure was sufficient to fully control
stormwater risks, therefore individual BMPs-GSI designed
for a single SWM objective needed to be integrated into a
comprehensive stormwater regulation system and form a
network connected by greenway or drainage. A computa-
tional GIS mapping approach was used to combine
multiple layers of BMPs-GSI designed for a single SWM
objective, and then build up an integrated SWMSP in the
regional scale, as shown in Fig. 6, following the principle
of “ecological threshold” (Yu et al., 2009b). The areas of
BMPs-GSI for flood control, stormwater control, runoff
reduction, and water quality protection are 3.94 km?, 1.77
km?, 1.81 km?, and 4.49 km?, respectively. The compre-
hensive BMPs-GSI network (SWMSP) composes 12.97%
of the total area, with a size of 8.75 km?. Most of BMPs-
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quality protection in two watershed layers.
value. Moreover, it shows that through proper landscape
eco-planning and protection of strategic BMPs-GSI nodes,

GSIs were designed in the green open space and will not
economic benefit to urban developers could be achieved

occupy the planned construction lands, which could
guarantee the construction lands and ensure their economic
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Table 1 Comparison of BMPs-GSI in the study area
Index Vegetated swale Bio-retention system Detention ponds Wetland Infiltration pond
Dry pond Wet pond
Ecological Runoff reduction and Poor Medium Strong Strong Strong Strong
retention
Pollutant removal Poor Strong Medium Strong Strong Medium
Rainwater collection Hard Medium Easy Easy Easy Hard
and reuse
Potentiality of Low Medium Medium High High Medium
vegetation
Promotion of habitats Poor Medium Medium Strong Strong Medium
Economic Construction cost Low High Low Medium Medium High
Maintenance cost Low High Low Medium Medium High
Social Landscape value Low High Low High High Medium
Security risk No No Yes Yes Yes Yes
Local public High Low Low High High Low
acceptance
Construction Area ratio of watershed 10-20 5 0.5-3 2-3 3-5 0.5-5
requirements 1%
Absolute covering area Small Small Medium Large Large Medium
Relative covering area Large Medium Small Small Small Small
Distance to ground- By type By type =0.6 / / =1.1-1.8
water level
Soil condition By type Strict Medium Lax Lax Strict
Table 2 Suitability evaluation of BMPs-GSI in the study area
Application guidelines Vegetated swale Bio-retention system Detention ponds Wetland Infiltration pond
Dry pond Wet pond
Treatment Source v
phase Process
Sink
Applicable Low v N
region density area
High v N
density area
Heavily N v N
polluted area
Proposed As transmission  In high density area  Not recommended Low-lying areas  In the flood Not recommended
application facilities in green space submerged areas

without compromising SWM functionalities. Therefore,
SWMSP, which is formed by strategic BMPs-GSI nodes,
should be strictly protected and must not be used for
construction.

4 Conclusions

Efficient use of green stormwater infrastructure can reduce

the public cost of stormwater management infrastructure
and flood control, stabilize soil to prevent or reduce
erosion, filter water pollutants, reduce energy usage,
provide wildlife habitat, improve quality of life, and so
on. The benefits of green stormwater infrastructure are
numerous, and these have made GSI an effective and cost-
efficient tool for urban stormwater management.

An innovative framework of BMPs-GSI eco-planning
for the integration of stormwater management functions
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Table 3 Design strategies of BMPs-GSI in the study area

BMPs-GSI Positions Design scale References Remark
Green road-side On both sides of the 20%-30% of the traffic land, = Code for Planting Planning Pre-treatment measures,
corridor trunk road varied by road red line and Design on Urban Road, like grass swale and sand
China (C1J75-97) filters is designed inside

Riparian buffer On both sides of the stream Widths of 10 meters for the Castelle et al., 1994; Tilley Application of native plants

and river, beside the water level protection of water quality and Brown, 1998

fluctuation areas

Wet pond Strategic points or low-lying The storage volume is designed USEPA, 2004 The combined volume of wet

land in the green space within the based on LEED and WQy, pond and wetland equal to Ty

priority watersheds criteria, and the average depth of of runoff in the priority watersheds
ponds varied from 1 to 2 meters for
safety concern

Wetland Submerged areas of flood and 1%—5% of the watershed, with Mitsch and Gosselink, Topographical reform design

stormwater; stream confluence
reaches and surrounding area of
Dishui Lake

1 meter

an average depth of about

2000; Carleton et al., 2001 and manual drainage measures
are pluses in the high-risk of

potential inundation watershed

(

X

Main river Wetland

0 5001,000
. —

2,000

Wet pond [l Riparian buffer [l Green road-side corridor

Fig. 6 Stormwater management landscape security pattern for comprehensive stormwater management objectives in the study area.

with contemporary urban master plans was presented on
the regional scale. The framework is based on the theories
of SPs and GSI, and aims at identifying, maintaining, and
consolidating the potential strategic landscape nodes for
the healthy water cycle in the urban area by hydrological
eco-processes analysis and simulation. It provides guide-

lines for smart growth and sustainable development
through scientific landscape spatial planning and the
preservation of BMPs-GSI without sacrificing construction
land and its economic value.

However, there are still some problems and challenges
which should be solved in future:
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1) Although the benefits of GSI have been widely
advocated and commonly accepted, China’s GSI practice
and its theoretical research development are still in an
initial stage. The challenge ahead is to promote national or
local legislation and regulations for urban stormwater
management. Legislation, regulations, and design stan-
dards of rainwater flow reduction and detention, and water
quality protections are urgently required for strengthening
the implementation of this approach. More localized
research efforts on GSI are also needed.

2) The eco-planning of BMPs-GSI of SHLNC has not
been implemented yet, and long-term hydrological data are
lacking in a reclaimed polder area. However, we have
constructed two demonstration projects in the study area,
and the verification and evaluation of GSI’s ecosystem
services will be realized in the future. Follow-up research
of the eco-planning and implement of small-scale, on site
and source-treatment facilities, preferably termed as LID-
GSI, are also being planned on municipal or neighborhood
scale based on urban detailed planning.
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