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Abstract

Urban storm water-logging (USWL) is a worldwide problem. To address this problem
in Beijing, its effects and causes were analyzed. Among others, the causes include
increasing impervious surfaces and climate change. Considering the limitations of
current approaches, the need for a more sustainable approach — ecohydrology (EH) —
was identified. Thus concepts of EH and good urban design (GUD) were introduced
and a framework of systematic EH solution with GUD, utilizing best management
practices (BMPs) and source control principle, was proposed. The idea of applying a
combination of EH methods with GUD was explained. This approach was expected
to eliminate USWL problems, harvest stormwater and create other benefits as well. In
addition, several helpful tools, models and systems (TMS) were described.
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1. Introduction

With fast population growth and rapid urban-
ization, urban storm water-logging (USWL) is a
common problem in most countries and regions
around the world, including the USA, Canada, Japan,
and China. It has severe impacts on social life and
economy (Han et al. 2006). In addition, climate
variability will be likely to exacerbate the risk by
introducing more uncertainties. Due to these pres-
sures and the deterioration of urban infrastructural
systems, cities all over the world will experience
future difficulties in efficient management of scarcer
and less reliable water resources, and in providing
sufficient sanitation (IHP-VIII 2012). In China,

USWL has been an increasingly prevalent problem
in urban areas, which leads to such consequences
as heavy casualties, traffic paralysis and economic
losses. According to statistics, USWL has happened
in over 100 of China’s 656 cities including Beijing,
Shanghai, Guangzhou, Jinan, Chongqing, and Shen-
zhen City (ADB 2011). Especially the latest and
largest USWL event in Beijing was the so-called
“7.21” catastrophic natural disaster.

The USWL problems result from various causes,
such as the uneven distribution of precipitation in
time and space, inadequate urban water-logging
emergency response systems, decreasing green areas
and filling of waterbodies because of urbanization,
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and insufficient capacity in the stormwater drainage
system without proper maintenance and upgrading
(Ye etal. 2010; ADB 2011).

Adequate solutions have not been found yet.
Generally, in most parts of the Beijing urban area,
management of USWL relies on conventional storm-
water management (SWM) approaches to protect
life and property. By constructing stormwater drain-
age and sewerage pipe networks, the conventional
SWM method collects and drains stormwater from
developed areas into nearby water bodies to reduce
the volume and peak flow of runoff from impervi-
ous areas. However, this method only focuses on
disaster elimination through flood control and pol-
lution dilution, and results in capacity limitations
and pressures on the urban rivers. Moreover, Beijing
has faced serious water scarcity issues during the
last decade. Therefore, it is not a wise choice to at-
tempt to solve USWL problem by solely enlarging
the drainage pipeline networks and ignoring the
water scarcity problems.

Based on the fact that the conventional solutions
are not as effective as expected and also considering
their limitations, there is an urgent need to apply a
more sustainable approach. Ecohydrology (EH) with
good urban design (GUD) is proposed, which can
not only solve the USWL problem but also cope with
the water scarcity issue. EH, a new transdisciplinary
science supported by the International Hydrological
Programme of UNESCO (IHP) (IHP-VII, Theme 3
and IHP-VIII, Theme 5), aims to increase ecosystem
carrying capacity for the sustainable management
of water (Zalewski 2000). Combined with differ-
ent engineering treatment techniques, it focuses
on stormwater attenuation and treatment processes
through natural systems, which also are promoted
by the IHP (IHP-VIII 2012; UWMP undated). EH
can play an important role in urban areas. One of
the focal areas of IHP VIII Theme 5 (Ecohydrol-
ogy, engineering harmony for a sustainable world)
is urban ecohydrology — storm water purification
and retention in the city landscape and potential for
improvement of health and quality of life. It is noted
that, by applying best management practices (BMPs)
and ecohydrological biotechnologies for water pu-
rification and retention, a perception shift of storm
water management (SWM) could be achieved (IHP-
VIII 2012). Therefore, according to EH principles
and SWM BMPs, a systematic EH solution can be
applied to sustainably solve the USWL problem and
reuse stormwater as a resource (Ellis, Revitt 2010).
Moreover, cities need to make the best possible use
of land, such that urban lands look good and convey
cultural values consistent with their location. To this
end, GUD is important for EH application. This is
mainly due to limited land availability within the
urban areas. Thus, it is necessary to combine the

application of EH and GUD. This approach also
can be supported by a broader strategy — the water
sensitive urban design (WSUD), popularly used in
Australia. It manages all waters as resources and
links the demands of sustainable SWM with urban
planning, thus recreating a more robust water cycle
similar to a natural system while bringing such
benefits as cultural use as well (Hoyer et al. 2011).
In Beijing, there have been several EH technologies
in use, but these remain quite inadequate. Neverthe-
less, Beijing City has great potentials for reusing
and infiltrating stormwater. These potentials can be
realized through a combined EH and GUD solution.

In this paper, the main objective is to analyse
options for sustainable storm water management in
Beijing. The paper (1) describes and analyzes the
causes and effects of urban storm water-logging
events; (2) analyzes the limitations of traditional
remedial methods; (3) introduces a combined EH and
GUD approach as a more sustainable way forward,;
(4) summarizes the potentials of EH applications;
(5) proposes a framework of systemic EH solu-
tions within GUD and explains the application of a
combined EH and GUD approach; and (6) identifies
some important tools, models and systems (TMS)
required in stormwater management and ecohydrol-
ogy applications.

2. Study area — Beijing City

Beijing City is a national, political, economic
and cultural centre. It is located in the northern tip
of the North China Plain (39°N, 116°E), covering
an area of 16 808 km?. It has a typical moderate
continental climate, hot rainy summer and cold dry
winter, with an average annual rainfall of 585 mm,
75% of which occurs in summer, and rainstorms
typically appearing in July and August. By 2008,
Beijing had a population of more than 16.95 million
(excluding the 4 million migrants), of which 12.28
million people lived in the urban area (Chen 2012;
van Veehuizen et al. 2011; Cai, Ji 2010).

Metropolitan Beijing has experienced rapid
economic and population growth (15% and 3%
annually respectively from 2005 to 2008), which
has brought new challenges such as a vast inflow of
migrants, rapid loss of farmland and urban environ-
mental deterioration. On one hand, water scarcity
in Beijing is intensified by reductions of rainwater
volumes, lagging treatment of polluted water, de-
creasing groundwater volumes, sharp decreases of
water inflows from upstream and the drying-up of
surface water. Currently, the fresh water resources
per capita (of less than 300 m® per capita) are only
1/30" of the world’s average and 1/8" of the national
average (Cai, Ji 2010). On the other hand, Beijing
also suffers from severe water-logging problems
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after every short-term intense rainstorm, due to
the uneven precipitation in both the time and space
scales, increasing impervious surface areas, obvious
urban heat island effect and so on (Zuo et al. 2008).

Therefore, it is very important to use stormwa-
ter as a resource for humans and/or groundwater
recharge in Beijing to solve both the water-logging
and water scarcity problems, instead of leaving it
as a disaster or draining it out of the city.

2.1. USWL events in Beijing

The recent USWL event, the largest extraordi-
nary rainstorm during the last 61 years in Beijing
city, happened on the 21% July, 2012. The average
daily rainfall was 170 mm all over the city, 215 mm
in the urban area, and more than 200 mm within
an area of 6000 km? around the city. Especially in
the center of the rainstorm, in Hebei Town in the
Fangshan District of Beijing city, the daily rainfall
reached 541 mm, during the storm whose return pe-
riod (RP) was 500 years (Yang, Bai. 2012). Because
of the extremely severe consequences it caused, it
was called the “7.21” catastrophic natural disaster.

The serious USWL problem that followed the
rainstorm happened over about 63 roads in Beijing
(30 areas with water depths of more than 30 cm and

33 areas with water depths of less than 30 cm). It was
mainly distributed in areas under the overpasses and
in the depressions (NETEASE 2012). In addition,
the intense rainstorm and longtime water-logging
triggered mountain torrents and mud-rock flows in
the mountainous areas of Beijing city, all of which
caused heavy casualties and property losses. Table
I describes some consequences of this event.

Apart from the 2012 “7.21” event, Beijing has
experienced 17 heavy rainstorms within the recent
10 year period, such as the “7.10” event in 2004,
the “7.31” in 2006, the “6.13” in 2008, the “7.13”
in 2009, the “6.1” in 2010 and the “6.23” in 2011
(Chen et al. 2011; Lan, Yang 2009; Wang, Ma
2011). It is an unprecedented challenge to cope with
severe USWL and traffic paralysis problems caused
by these rain events. Besides, there were 19 urban
water-logging events occurring in Beijing during
the flood seasons (Jun, July and August) from 2007
to 2010 (You et al. 2011). According to statistical
data in 2009, there were 58 water-logging areas in
Beijing, mainly under overpasses or low-lying areas
(Chen et al. 2011).

However, since 1999, there has been a 9-year
drought in Beijing and the precipitation in each
year was lower than the mean annual precipitation

Table I. Some consequences of the “7.21” rainstorm in Beijing, on 21st of July, 2012 (The information was summarized
based on: [1] Yang, Bai 2012; [2] Liu 2012a; [3] Liu 2012b; [4] Wang 2012; [5] Wang, Yu 2012; [6] Wang, Liu 2012).

Disaster

Number | Notes

Fangshan District in Beijing [1]

Rainfall

Average 301 mm; Maximum

541 mm RP is 500 years

Mountain torrents, rock-mud flow

Happened

Flood flow (the Jvma River)

Maximum 2 570 m’ s! The largest since 1963

The Beijing Capital Airport [2]

Cancelled flights 571
Delayed flights 701 On the 21" of July
People stranding in the airport 80 000

Beijing subway

and expressway

Collapsed roadbed of Beijing subway line No. 6. [3]

! |

Flooded section of the Beijing-Hong-Macao
expressway [2]

Length of about 900 m, water depth of 4 m average and
6 m maximum

Water-logging under the Nangangwa railway bridge [2]

> 200 000 m’ |

Effects on human livelihood

Human deaths 79 By the 6" of August [4]
People affected 1.9 million
Houses collapse 10 660 By the 23" of July [5]
Crop damage 238 688 hectares
163

Immovable cultural relics damage [6] About 210 000 m?

About 850 million CNY
Total economic loss [1] More than 140 billion CNY
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(Ji 2010). These striking extreme events indicate
that rainfall in Beijing is a sign of the increasing
uncertainty in weather as well as needs for coun-
termeasures to cope with both floods and droughts.

2.2. Cause analysis

The USWL problems in Beijing were induced by
multiple causes, mainly climate change, increasing
imperious surfaces, the limited capacity of drain-
age system, lack of policy enforcement and lack of
public awareness.

Global warming leads to changes in the water
cycle, and this is manifested as continuous extreme
weather events among which rainstorms occur more
frequently and intensively. Rapid urbanisation, with
growing population densities, causes urban heat/dry/
wet/rain island effects due to urban factors such as
air pollution, anthropogenic heat generation, urban
geometry, surface waterproofing and altered thermal
properties of the urban “fabric” (Shahmohamadi
et al. 2010). This contributes to further changes in
the water cycle and thus in the urban micro-climate.
Large amounts of air pollutants in the urban areas
contribute to and increase in the availability of
condensation nuclei and thus lead to increasing
precipitation (Ye et al. 2010). In Beijing, there is a
very strong urban heat island effect, which results
in decreased precipitation in the pre-urban area with
significantly increased precipitation in the urban
area (Zuo et al. 2008).

Due to fast growing urbanization, many depres-
sions and small water bodies such as ponds, lakes
and reservoirs were filled for buildings construction,
which has reduced the capacity of natural stormwa-
ter storage and regulation within the landscape (Ye
et al. 2010). Large areas of permeable land were
replaced by impervious surfaces. For example, the
ratio of impervious land surface to total land area
increased from 61% in 1959 to 77% in 2000. The
built-up area had increased to almost 1210 km? by
2005, or 6.58 times of the area in 1973. Within the
inner urban area, green space decreased by 16.4%
(from 1983 to 2005) while the current proportion
of impermeable area increased to 86% (Yang, Bai
2012;Ji2010; Zuo et al. 2008). This has significantly
changed the natural flow patterns, resulting in lower
evapotranspiration, higher runoff coefficients and
peak flows and shorter travel times of stormwater
in the drainage system, which, in turn, results in
low infiltration rates and higher flood risks. For
example, during the “7.21” rainstorm event, the
runoff coefficient was 0.51, with more than half
of the rainfall in the urban area (> 200 million m?)
becoming surface runoff. Moreover, during this
event, travel times were very short and the regula-
tion capacity of the urban rivers was very limited
(Yang, Bai 2012).

There are problems with the urban drainage
system, such as old facilities, short RP, poor main-
tenance of drainage pipes, misconnection of storm-
water pipes and sewage pipes, and overflow events
from combined sewerage systems' (Ye et al. 2010;
Wang, Ma 2011). First of all, the design standard for
most of the drainage facilities and for 95% of the
stormwater pumping stations was to address rainfall
events with a RP of 1-3 years (with a maximal pre-
cipitation intensity of 36-45 mm hour'). However,
during the “7.21” rainstorm, the maximum 1-hour
precipitation intensity in most areas reached a RP
of 5 years (Yang, Bai 2012). Notably, 78 out of 90
sunken overpasses in Beijing had an invert or base
elevation lower than the normal water level of the
river and could only cope with rain events with a
2-3 years RP, which contributed to the water-logging
problems (Chen 2012). In 2005, the combined drain-
age pipeline had a length of 756 km, or 19.9% of
the total drainage pipeline length in Beijing, which
threatened rivers safety during the rainstorm events
due to possible overflows because of its limited
capacity (Zuo et al. 2008). Moreover, the drainage
pipeline network had insufficient density and was
easily blocked because of inadequate maintenance.

Another issue is that the flood control and water
drainage functions are assigned to two different
departments in Beijing, which makes it difficult for
work coordination. For example, to protect rivers
from pollution, some combined drainage pipes were
always blocked to varying degrees, which largely
contributed to water-logging under the overpasses
of Liuligiao and Lianhuagiao (Lan, Yang 2009).

Great efforts have been put, but improvement is
still needed, in developing early warning systems,
emergency plans and public awareness. For instance,
not all people got the early warning signals in a
timely manner. Rainfall telemetry facilities and
the density of hydrologic stations were not suffi-
cient, passengers in the airport were not evacuated
properly and were charged for the service as usual,
emergency teams were not sent promptly, and cars
were not stopped on high-lying roads and excluded
from low-lying areas (Yang, Bai 2012; Wang, Wang
2012; Wang, Ma 2011).

Moreover, the use of rainwater as a resource
needs to be strengthened. Most existing relevant
policies encourage stormwater utilization, but there

' Combined sewerage systems drain a mix of

wastewater and stormwater through a single
pipe network to sewerage treatment plants. They
are different from separated sewerage systems,
which drain stormwater and wastewater in two
separate pipe systems: wastewater is conveyed
to sewerage treatment plants and stormwater (or
separately treated stormwater) into receiving
waters. Source: Hoyer et al. 2011.
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are no integrative environmental education efforts,
quantified assessment criteria or sufficient law en-
forcement for enacting these policies. Consequently,
there are only some small scaled and scattered
stormwater-utilization projects in Beijing.

2.3. Traditional solutions to USWL problem

To solve USWL problems, the common method
is to increase rainstorm RP used in the design of
pipeline systems and thus enhance their drainage
capacities. However, according to experts (The
Beijing News 2012), many of the drainage pipelines
were in no condition to be reconstructed or extended,
because the complicated underground pipelines
networks were difficult to change. Additionally,
fast upstream drainage placed great pressure on
the downstream drainage pipelines. Moreover,
stormwater usually has two ways to be drained:
(1) being drained directly into rivers, or (2) being
drained into sewage treatment plants for purifica-
tion. Discharge to rivers is a big waste of water in
this water-scarce city and the contaminants carried
by the stormwater intensifies river pollution. In
contrast, conveyance to treatment plants could lead
to combined sewer overflows (CSOs) and cause pol-
lution in the rivers. Additionally, rapid drainage of
stormwater from urban built-up areas, instead of its
infiltration, reduces groundwater renewal (Hlavinek
2008). Finally, these methods mainly focus on the
elimination of USWL in the short term and at a
high cost, which contributes to over-engineering
the environment. Hence, a more sustainable way,
like the EH approach, is needed, combined with
the use of drainage pipelines, to solve the USWL
problem, utilize stormwater and reverse landscape
degradation in Beijing.

3. Ecohydrology and good urban
design

3.1. Concept and principles of ecohydrology

Ecohydrology is a scientific concept applied for
environmental problem-solving, with the overall goal
of sustainable management of water resources (Za-
lewski, Wagner-Lotkowska 2004). It was developed
from the need for the integration of hydrological and
biological processes at the basin scale into a holistic
framework, and led to the formation of hydrological,
ecological and ecotechnological principles.

The first principle is the hydrological prin-
ciple. It refers to quantification of hydrological and
ecological processes at a basin scale to define the
cause-effect relationships.

The second principle is the ecological principle.
It sets the hierarchy of factors and analyzes the ability

of the biota to regulate water cycles, aiming at and
enhancing ecosystem carrying capacity.

The third principle is the ecotechnological
principle. Based on the first and second principles,
it addresses water problems through dual regula-
tion of the hydrology and the biota, and relates to
ecological engineering (Zalewski 2002).

3.2. Advantages of ecohydrology as
a problem-solving science

Ecohydrology is a science to solve problems by
harmonizing societal goals with ecosystem potentials
(Zalewski 2010). It aims not only to eliminate threats
such as extreme water events by using such means as
plant cover, ecotones, in-stream processes, wetlands,
and biomanipulation, but also to amplify opportuni-
ties, such as bioenergy generation, increased biomass
production, and tourism employment and revenues
(Zalewski 2002; Zalewski, Robarts 2003). There-
fore, for the sustainable use of aquatic resources,
ecohydrology applications provide a complement
to conventional technological tools (e.g. extending
sewage treatment technologies by constructing
wetlands), thereby improving efficiency and re-
ducing costs, while improving ecosystem services
and generating positive socioeconomic feedbacks
(Zalewski, Robarts 2003).

Phytotechnology and biotechnology can help
in the application of EH approaches by increasing
plant biomass and diversity and regulating matter
conversion rates. The implementation of ecohydrol-
ogy/phytotechnology approaches derived from the
‘green feedback’ paradigm, with energy, water and
plants as components, can meet socio-economic-
environmental requirements such as improving
water quality (Zalewski 2000; Zalewski et al. 2003).
Overall, ecohydrology provides new solutions for
the management of sustainable water resources
(Zalewski 2010).

In terms of urban stormwater management, it
focuses on the following aspects: (1) prevention
and mitigation of natural disasters (such as USWL,
land subsidence and waterbody pollution from
stormwater) and utilization of stormwater as a re-
source to reduce water scarcity, through stormwater
retention, purification, infiltration and storage by
natural systems; (2) optimization of cost-efficiency
by applying low-cost EH approaches and the source
control principle; (3) increasing other benefits like
aesthetics, education and biodiversity in the urban
area, through proper design and implementation of
functional green areas and water bodies; and (4) cre-
ation of positive socio-economic-environmental
feedback by increasing ecosystem capacity and the
sustainability of urban development. For example,
elimination of USWL disasters helps to reduce ca-
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sualties, significant economic losses and other nega-
tive effects of stormwater such as an impaired city
image and loss of citizens’ trust in the metropolis. In
addition, the improved ecosystem services provide:
habitats for biota, beautiful scenery and recreational
places for urban inhabitants, and opportunities for
stormwater utilization and environmental protection
(e.g. by showing the functionality of the wetlands
themselves through interesting and meaningful
postings and placement of placards).

3.3. Concepts of urban ecohydrology and
good urban design

Urban ecohydrology, as a new dimension of
EH, was developed through the European Union
funded project SWITCH — “Sustainable Water
Management Improves Tomorrow’s Cities’ Health”
(EU PF6, GOCE 018530) — and implemented in the
City of Lodz, Poland. It aimed to provide systemic
solutions for cities and urban areas in the face of
dynamic global urbanization and climate change
using EH approaches (Wagner, Zalewski 2009).

Good urban design is one of the five aspects of
quality of life in a city (Philip et al. 2011). It has a
close relationship with water and vegetation. For
example, water features such as fountains, ponds and
canals and green areas can provide an aesthetically
pleasing built environment, convey cultural values
and support recreational activities for city inhabit-
ants. Irvine (2010) described the top 10 indicators
of GUD which considered multiple socio-economic-
environmental aspects including environmental
consciousness and connection to the landscape. In
general, these indicators suggested applying green
technologies and focusing on people and culture in
an economic manner.

EH approaches generally require adequate land
area and space for their application. In a metropolis
such as Beijing, land is one of the most scarce and
precious resources. Thus, GUD is needed when
applying EH approaches to ensure that EH inter-
ventions are applied in a good-looking, land-saving
and cost-effective manner, through creative design,
optimum distribution and combination.

4. EH approaches and GUD in Beijing

Based on the analysis above, it is clear that EH
with GUD is a promising way to achieve sustain-
able SWM in urban areas, resolving both USWL
and water scarcity problems, and enhancing eco-
system functions and services as well. Therefore,
a framework for the systematic development of an
EH solution with GUD was proposed in Beijing,
using BMPs and the source control principle. Runoff
reduction efficiencies of BMPs methods were quanti-

fied, and an idea of their application was explained
using examples. In addition, several helpful tools,
models and systems (TMS) involved in sustainable
SWM and EH application, were described.

4.1. Potential of EH with GUD application in
Beijing

Even though stormwater has brought significant
threats, there is also great potential for using storm-
water as a resource in Beijing. Generally, treated
stormwater can be reused as alterative non-potable
water source for car washing, toilet flushing, dish
washing, cooling water and irrigation, or as a main/
alternative source of potable water following treat-
ment. In developing countries, it is mainly used for
drinking water and irrigation, while in developed
countries it can be used for all of the uses mentioned
above. In urban areas, however, rainwater is usu-
ally used as a non-potable water source (Ji 2010).
In Beijing, the reuse of stormwater is in its infancy,
but its potential is indicated.

Firstly, rainwater resource is sufficient, because
the mean annual precipitation during the flood season
in Beijing is 585 mm and especially heavy rains
bring large amount of water. For instance, the “7.21”
rainstorm event produced 900 million m? of water, of
which 350 million m? was in the form of surface water
and 550 million m? in the form of groundwater. With
the limited river capacity for flood control, USWL
is a threat to the safety of Beijing. Secondly, water
scarcity has been a major constraint for the city’s
socio-economic development and improvement of
environmental quality. Rainwater can supplement
the available water resources. Thirdly, there are
good hydrogeological conditions for stormwater
utilization. A groundwater drawdown cone with an
area of 2000 km? has been formed around the city,
which provides a storage capacity for stormwater.
Fourthly, the urban and pre-urban areas are located
on the middle alluvial fan of the Yongding River.
The permeable soil structure is good for stormwater
infiltration (Ding 2005). Fifthly, along with the rapid
construction of buildings, roof areas tend to increase.
These could provide space for the application of
green roves and/or rooftop water collection, which
could compensate for the disadvantages associated
with the increasing impervious land surface. Sixthly
and finally, a new policy issued in 2012 required
that all building construction, reconstruction or
expansion should include facilities for stormwater
control and reuse (BMCUP 2012).

Moreover, there have been several EH approach-
es applied for stormwater discharge regulation in
Beijing. Concave-down green areas, permeable
surfaces, special infiltration facilities, impounding
reservoirs and rainwater harvesting technologies all
have been utilized.
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The concave-down green area is green land
used for infiltration. It is constructed to have a
lower elevation than the surrounding ground or
road surface. According to research (Zhang 2008),
when the green area was 5-10 cm lower than the
surrounding area and the rainfall RP was 5 years,
it could totally absorb all of the stormwater falling
on the green space and on an impervious surface
of equal area. In addition, concave-down green
areas can increase soil water content by 2-5%,
which benefits plant growth and further increases
evapotranspiration by 0.02-0.32 mm.

The permeable ground surfaces are constructed
using artificial materials such as pervious brick and
pervious lawn brick, pervious concrete and asphalt
ground, which can quickly infiltrate rainwater with
little or no water-logging. These materials are often
used for pavements, yards, squares, parks, bikeways
and roadways with limited traffic flows in residential
areas. They can not only contribute to groundwater
recharge and reduce runoff, but also mitigate the
urban heat island effect (Wang et al. 2004). Accord-
ing to research in Japan by Watanabe (1995), the
permeable ground surfaces reduced runoff peak flow
by 15-20%. An experiment in Beijing showed that,
during a one hour rainfall whose RP was one year
(total precipitation was 41.54 mm) and a two hours
rainfall whose RP was 5 years (total precipitation was
83.08 mm), the permeable ground surfaces generated
no runoff. During a one hour rainfall whose RP was
100 years (total precipitation was 107.17 mm), the
permeable ground surface started to generate runoff
58 minutes later than the impermeable one, with the
runoff coefficient of the former being reduced by
82.29% over the latter (BMBPF 2012).

Some other specialized infiltration facilities
include infiltration trenches, infiltration wells and
pervious pipes. The infiltration trench can be con-
structed along pavements in a green area or be located
in roadside greenbelts to absorb overflows from the
green area. The infiltration well is mainly used in
green areas to collect rainfall for irrigation use or
infiltration into surrounding soil, which reduces the
amount of rainfall runoff being conveyed by drainage
pipelines. According to research (BMBPF 2012),
it suggested that there should be 1-2 infiltration
wells (0.226 m®) constructed for every 100 m? of
green area in order to avoid overflows under storm
conditions with a rainfall intensity of 40 mm hour
(BMBPF 2012). Apart from infiltration, the collected
stormwater from rooftops, roads, yards and squares
could be treated and then stored in reservoirs for
different uses. There also reservoirs, discharge-
control wells and overflow weirs, are used together
to regulate discharge rates and volumes, and thus
reduce drainage pressure on downstream pipes.

A demonstration site of the SWITCH project
was located in Beijing, applying rainwater har-

vesting (RWH) technology for use in peri-urban
agriculture. This project increased the security of
water supply using local, instead of out-of-town,
water resources. Research showed that the RWH
efficiency in the facility agriculture was 45-80%
(Ji 2010). This technology was developed to be
applicable where the annual average precipitation is
more than 400 mm, groundwater level is more than
5 m below ground surface, and facility agriculture
is well-developed in the plain areas.

A good example for the successful application
of some of these technologies in the urban area of
Beijing is in the Shuiduizi housing estate. It has
created 28 000 m? of pervious surface, installed
three infiltration wells inside residential green ar-
eas, and built two stormwater storage tanks and an
irrigation system for the green area. This not only
avoided storm water-logging inside this housing
estate but also reused 1000 m?® of stormwater and
increased stormwater infiltration by 10 000 m? per
year (BMBPF 2012; Jia 2011).

Nevertheless, there are still some limitations to
these methods which restrict their use in avoiding
USWL in Beijing. The main limitation is their low
extent of coverage. By 2010, there was 13.18 mil-
lion m® of the annual usable stormwater harvested
by 688 stormwater utilization projects in the urban
area of Beijing. However, the stormwater runoff
area which could be controlled by these projects
was less than 10% of the total urban area. Most of
them were just demonstration projects, which could
only control stormwater runoff to a very small extent
(Zhang et al. 2011). In addition, these technologies
lacked the corresponding theory and instruction
necessary for more people to develop projects in a
larger scale. Therefore, there is a need for capacity
building, including training on EH technologies
and combined EH and GUD strategies which will
help to improve the existing approaches and enforce
the new policy.

4.2. Proposed framework of systematic EH
solution with GUD

In terms of the global perspective on the adop-
tion and application of structural BMPs, while the
US and Canada have led the way in implementation
of structural BMP controls, China is still on the way
to increasing BMPs applications (Ellis et al. 2006).
Thus, to increase BMPs applications, improve the
existing solutions and help manage stormwater at
an urban catchment scale greater use of EH meth-
ods is suggested in this paper (see Table II), and a
framework for systematic application of combined
EH and GUD solutions at the urban catchment scale
is proposed (Fig.1) with an initial focus on Beijing.
In Table II, both existing and added EH (BMPs)
methods are listed according to the functions of
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different structural BMPs. All of them should be
selected and combined according to their costs
and features, and thus applied case by case to dif-
ferent situations in the City of Beijing. In Fig. 1,
the characteristics of different BMPs with respect
to receiving/discharging rainwater/stormwater and
GUD concept are illustrated. These BMPs should
follow the GUD concept in their applications to
make them more socio-economically acceptable.
For example, a green roof may be designed to func-

tion as a garden and retain rainwater, while an old
degraded lake could be rehabilitated to serve as a
stormwater basin.

The principle of retention and infiltration of
stormwater in-situ in such places as individual
building lots, parks, and highways is called “source
control” (applied in Fig.1). It indicates measures
that are implemented at the source and interven-
tions focusing on the causes of identified problems
(Hlavinek 2008). Because EH techniques for storm-

Table I1. Existing EH (BMPs) and added EH approaches in the City of Beijing.

Items Existing EH approaches (Zhang, Hao 2011) Added EH approaches
Concave-down green area
. Infiltration trench and well
Infiltration Pervions brick/ i ok 1 3
ervious brick/concrete/lawn-brick paved ground, Infiltration basin, soakaway
pervious pipe
Roof — roof gully, semi-pressure roof gully, siphon gully
Collection . Storm water inlet into infiltration
Road/square — road water inlet
system
Roof water container (cisterns)
Storage
Underground tank, assembled storage module, storage pot
Detention | Roof detention, wetland detention bD;tierlntlon basin, extended detention
Filtration Separate/central filtration technique gllltlfr strip, swale, lagoon, settlement
Retention | Green roof Retention pond
Purification | Rainwater treatment technique Constructed wetland

Combined with
GUD

~

Retention Infiltration
Green roof | ove- Residential | Permeable [ Storage \
flow area, pavement
Infiltration Roof water container
Carpark, trench/well/basin Underground tank
Square, Concave-down Storage pot...
Garden...
greenarea
Retention il Highway Water inlet, filter Groundwater
Ovess drains, detention Recharge
pond fiow 2
basin, grass swales/
[}
storage I Overflow
Purification

Detention, Filtration, Sedimentation

I Sewage treatment plant I

Detention Filter strips Lagoon l L

basin Grassswales | Sediment

Extended detention basin tank Constructed wetlands |
-

1

Fig. 1. An example of different methods of urban stormwater management integrated into the systematic ecohydrological

solution with good urban design.
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water transport are fee-saving, low-cost and provide
multiple benefits, these measures are considered
cost-efficient. Firstly, measures such as green roof
can not only mitigate stormwater problems through
attenuation of stormwater peak run-off rates and
reduction of total flow volumes, but also offer such
benefits as improvement of air quality in built-up
areas and reduction of the urban heat island effect.
They also provide habitats for various species (thus
improving urban biodiversity) and enhance the
general aesthetics of urban environment (Turner
et al. 2011). However, in Beijing, less than 1% of
the roof areas, which can be changed into green
rooftops, has applied green roof technology (Gao
2012). Secondly, stormwater can be used in-situ
as non-potable service water such as households
washing and cleaning, green roof maintenance,
watering gardens, green area irrigation and water
fountains. Thirdly, it can recharge groundwater to
address such geological problems as land subsid-
ence and saltwater intrusion which are caused by
decreasing groundwater levels. Fourthly, during
storm events, these EH approaches can reduce
stormwater-generated runoff pollutant loads and/or
CSOs (Hlavinek 2008). In some countries includ-
ing the USA, UK and Australia, “source control”
technology has been one important element of a
treatment train (TT)?, because of its higher benefit-
cost ratios than those of end-of-pipe treatments.
Relevant policies are required to implement these
“source controls”, and they can be supported through
the collection of stormwater fees, as has been done
in some developed countries (Ji 2010). These fee-
based “source controls” might be applicable to the
situation in the City of Beijing.

“Source controls” can be used to mitigate/avoid
USWL in the low-lying areas under overpasses, by
reducing total runoff over the entire urban area and
thus minimizing the volume of stormwater inflows
into low-lying areas. Recently, the Beijing govern-
ment has taken some measures to solve this problem,
including adding or modifying stormwater gullies,
stormwater pipelines, impounding reservoirs and
water pumps (Xinhua News 2012). However, the
collected stormwater is discharged directly into the
nearest urban rivers and is likely to increase pol-
lution loads and discharge pressures on the rivers.
Therefore, “source control” approaches are needed
to help to reduce the stormwater pollution/runoff
volumes and the pressures on the rivers.

The TT, i.e. using various “green” technologies
successively in source control, site control and
regional control, is a very important concept for
urban drainage planning and design (Bastien
et al. 2010; Ellis et al. 2006; Woods-Ballard
et al. 2007).

4.3. Efficiency of EH methods for runoff
reduction

There is great importance in knowing the ef-
fectiveness of EH methods in solving USWL prob-
lems. This knowledge can provide information for
their adoption and design. It is mainly measured
by quantifying the performance of various BMPs
for runoff reduction (RR). According to Hirschman
et al. (2008), RR was defined as the total annual
runoff volume reduced through canopy interception,
soil infiltration, evaporation, transpiration, rainfall
harvesting, engineered infiltration, or extended fil-
tration®. Generally, RR data were limited for most
practices. However, recently, greater emphasis has
been placed on the management of stormwater
runoff volumes and numerous studies have started
documenting RR performance. The volumetric data
in the BMP Database reflects an increasing trend
in complete hydrological monitoring (Jones et al.
2012; Hirschman et al. 2008). Based on the limited
availability of RR data, RR rates were estimated
for various BMPs (see Table III). In Table III, a
range of values represent the median and the 75
percentile RR rates which are the authors’ best judg-
ment based on the currently-available information.
Changes in some of the values listed in this table
can be expected when more studies and data become
available (Hirschman et al. 2008).

Table III shows that some BMPs have sig-
nificant RR efficiencies, but others (filtering, wet

Table I11. Runoff reduction rates of various BMPs
(Source: Hirschman et al. 2008).

Practice Runoff reduction (%)
Green roof 45 to 60
Filter strip 25to 50
Rain tanks and cisterns 40
Permeable pavement 45t0 75
Grass channel 10 to 20
Bioretention 40 to 80
Dry swale 40 to 60
Wet swale 0
Infiltration 50 to 90
Extended detention pond 0to 15
Soil amendments 50 to 75
Sheet flow to open space 50to 75
Filtering practice 0
Constructed wetland 0
Wet pond 0

Extended filtration includes bioretention or dry
swales with underdrains that delay the delivery
of stormwater from small sites to the stream
system by six hours or more (Hirschman et al.
2008).
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swales, wet ponds and stormwater wetlands) have
a negligible effect on RR (with no estimated val-
ues being shown). The permeability of soil within
or beneath a BMP positively influences its runoff
volume reduction primarily through infiltration into
subsurface, evaporation and, if any, transpiration
through vegetation (TRBNA 2006). Thus, vegetated
BMPs have substantial potentials for RR, while
wet swales, retention ponds and wetlands, which
have similar functions, are not recommended for
the purpose of reducing runoff volumes because
of their low infiltration capacities, high levels of
saturation or poorly drained soils.

In order to make the optimum use of different
land areas and achieve the best overall effect, BMPs
should be applied not only based on their own fea-
tures and performances but also on site conditions
and design objectives. The use of multiple BMPs
was recommended since it offered a greater com-
parative advantage than a single BMP, considering
that every individual BMP has its own limitations.
For example, even though the infiltration facility
has a higher efficiency than the green roof (showed
in Table III), the former cannot replace the latter in
dealing with rooftop rainwater. In addition, according
to Jones et al. (2012), the variability of volumetric
performance in studies of BMPs indicated that design
attributes and site conditions played key roles in
BMPs performance. Hence these two factors (design
and site) should be carefully selected or amended
so as to improve RR. For example, poorly drained
soils (e.g. soils with a high fraction of clays) can be
amended to improve their permeability.

4.4. Examples of combined EH approaches
and GUD application

To explain how combined EH approaches and
GUD work, two examples are provided. In the
first, EH approaches are combined with traditional
engineering methods to provide better functions and
services. Sewage treatment plants can be combined
with constructed wetlands to provide more extensive
water purification. Such a combination of traditional

Filter strips/Lagoon
Drainage Retention
pipelines/Rainfal pond/reservoir

Water supply for fish pond,
irrigation, drinking ...
Return to the river, etc.

Living Water Park for
water purification

E::::;;
/
=

Fig. 2. An example of combined EH and GUD application.

and ecohydrolgoical approaches can reduce pollu-
tion from sewerage overflows and/or remove certain
pollutants that treatment plants cannot deal with
(Zalewski 2002). In the other, the combination of
two EH approaches — ponds/reservoirs and green
areas are used in stormwater management. The
ponds/reservoirs can retain/detain stormwater, while
friendly green areas like well-designed parks can
use plants to infiltrate runoff, purify water, enhance
biodiversity and serve an aesthetic purpose. This
combination can bring other important benefits,
such as optimizing land use. During the SWITCH
project, one of the established demonstration proj-
ects included such a retention system. This was a
sequence of reservoirs on the urban Sokolowka
River, in the City of Lodz, which served as a re-
ceptacle for nutrient-enriched stormwater (Skowron
2008). In Beijing, there also are some urban river
rehabilitation projects involving lake/pond systems
being constructed, like the Yongding River project
(Zhu, Deng 2012). There is potential of applying a
similar stormwater retention reservoir system there.
As to green area, a good example is the Living Water
Park located in Chengdu city in China — the first
water-themed urban ecological park in the world.
It has a fish shape when viewed from above. Pol-
luted water from the river is pumped into the ‘fish
mouth’ (fountains), flows through anaerobic tanks
and water sculptures, before being purified in the
“fish scales’ (constructed wetlands). And the purified
effluents flows into fish ponds and filtration ponds,
before finally flowing into recreational ponds and
natural trenches where the water can be used for
irrigation and water features or return to the river
(Huang et al. 2000). The idea of the combined
use of EH techniques is illustrated in Fig. 2. The
retention pond and the Living Water Park should
be functional all the time by utilizing the purified
water from the pond (for water-supply systems or
rivers discharges) and receiving new inflows of pol-
luted water. However, during the flood season, the
retention pond should be kept dry before a coming
rainstorm event (according to weather forecasting)

to provide the storage capacity needed

for newly received stormwater.

4.5. Important TMS

In order to reinforce the EH ap-
proach to managing USWL problems
in the urban area of Beijing, there
are some important tools, models
and systems (TMS) needed, includ-
ing Geographic Information System
(GIS) database, models for BMP deci-
sion support, and early warning and
monitoring systems.
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Firstly, GIS database is the main way to put hy-
drological, geological and biotic data together, based
on which a monitoring and forecasting system for
USWL problems can be built. The application of GIS
in EH approaches to managing sub-catchments (i.e.
ecotones and elementary patches) can help abstract
hydrological and ecological information from micro
scale systems. Integration of this information and
hydrological concepts can lead to a more profound
quantification of the water regime (Zalewski et al.
1997). It can help to better understand the relations
between changes in hydrological processes and biota.

Secondly, modeling can serve in BMP decision
support. Planning and cost-effectiveness assessment
of BMPs can be enhanced through simulation of
the quantified values of stormwater RR and costs
based on collected data. There have been a number
of models for BMP planning (mainly selection
and placement), such as SWMM (Rossman 2010),
BMPDSS (Peters et al. 2009), SUSTAIN (Lai et
al. 2007; Shoemaker et al. 2011), each having dif-
ferent advantages. The multiple benefits of BMPs
have been researched and demonstrated, but the
implementation rate for appropriate BMPs is still
low. One of the main reasons is the high level of
uncertainty and risk associated with innovative
SWM strategies, and their relative costs and per-
formance (Roy et al. 2008). Models such as LIDRA
(Montalto et al. 2011) and LCCA-Tool (Sieker
et al. 2008) for cost-effectiveness evaluation are
needed for the quantification of such uncertainties.
This is a necessary prerequisite to help build public
confidence in EH solutions. These models are very
important for decision making and promotion of EH
applications as well.

Thirdly, early warning and monitoring systems
provide important information for strategic plan-
ning and improvement of implementation results.
The 2012 Special Construction Scheme for Urban
Disasters Prevention and Mitigation, proposed by
Beijing, Shanghai and Guangdong’s meteorological
bureaus, has been approved, which was expected to
improve the capabilities of monitoring and warning
services, and to enhance the contingency planning for
responding to metropolitan disasters (CMA 2012).

Overall, therefore, TMS plays a very important
role in sustainable SWM and application of the
systematic EH solution with GUD as well.

Conclusions

Based on all of the analyses summarized above,
several concluding remarks can be presented:

1) USWL is becoming a pervasive problem in China,
with increasing socio-economic losses. Beijing
City has suffered from both water-logging and
water scarcity problems. The main causes of the

USWL events are climate change, the low RP of
the storms for which the drainage system was
designed, increasing impervious surfaces, lack of
policy enforcement and lack of public awareness.

2) The main existing solutions were identified as
increasing the construction of draining pipelines,
concave-down green areas, pervious pavements
and infiltration systems, and creating relevant
incentives for installation of stormwater control
infrastructures. However, their applications were
insufficient. Therefore, the EH and GUD concepts
were introduced and the potentials for applying
combined EH and GUD solutions were analyzed.

3) A framework of systemic EH solution with GUD
was proposed, by properly applying BMPs and
the ‘source control’ principle. Combined with
drainage technologies, this approach aimed to
create a sustainable SWM system, reducing USWL
problems and utilizing stormwater as a resource.
Additionally, the runoff rate efficiencies of dif-
ferent BMPs were analyzed. These analyses
suggested that multiple BMPs should be selected
based on the site conditions and design attributes
to get the best overall effects.

4) Taking the combination of the retention pond and
the Living Water Park as an example, the idea
of the combined EH and GUD application was
explained. This approach would provide various
benefits such as stormwater runoff regulation,
purification and increasing the cultural services
of ecosystems. It also optimizes the economic
use of land in the urban area. A GIS database,
modelling for BMPs decision support, and early
warning and monitoring systems were identified
as important tools for EH applications, sustainable
SWM and improvement of contingency planning
for stormwater disasters.
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