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A B S T R A C T

Although the study of hydrological performance of green roofs is of great significance to urban water security
and sustainable development, large-scale roofs greening within a city range has not received sufficient attention.
In this study, a typical urban area of 675 km2 within the fifth ring road of Beijing was chosen as a case study. The
potential green roofs were defined before being identified from high resolution images. Under three retrofitting
scenarios (100%, 50% and 20%) of extensive green roofs, the hydrological behaviour of potential green roofs
was investigated at catchment units by employing the Soil Conservation Service Curve Number model. The
behaviour was evaluated finally through two aspects of the runoff reduction effect and the flooding mitigation
effect. According to this study, a 19.6% of the potential green roofs within the study area indicates a strong
potential for the future greening. In the city scale, the average runoff reduction rates decrease from 9.38% to
6.13% with the increasing return period of rainfall events. Catchments in the core of northern city play key roles
in reducing runoff, by more than 10% with the 100% implementation scenario. This study also showed that
flooding in 13 of the 20 underpasses would have been avoided in the 7.21 Rainstorm if only 20% of the potential
green roofs had been implemented. This study demonstrated a potentially positive hydrological behaviour
contributed by roof greening in the future Beijing at a city scale, and effective runoff reduction can be achieved if
only with a 50% greening of the potential green roofs. However, urban planners should take notice of the
predicament that the deposit of high potential green roofs do not match spatially well to the severe flooding sites.

1. Introduction

The urban population increased from 30% to 54% of the total world
population between 1950 and 2014, and it is expected to reach 66% in
2050 (United Nations, 2014). This rapid urbanization has caused a
large portion of natural surface transformed into imperviousness, which
induces a dramatic decline of stormwater storage capacity in urban
areas. Additionally, short-term but heavy rains are predicted definitely
to become more frequent in the climate change context (IPCC, 2013; Du
et al., 2012). Rainstorms are prone to cause serious flooding at many
underpasses where storm runoff cannot be timely discharged in cities
(Zhu et al., 2015). The dual impacts of urbanization and climate change
make urban flooding to be more frequent and severe (Whitford et al.,
2001; Grimm et al., 2008). In recent years, flooding disasters happened
frequently in most cities of China, resulting enormous financial losses to
those cities (Li, 2012).

Green infrastructure (GI) has been developed to mitigate excessive
runoff and flooding. Green roof was one example of this strategy. In
most metropolises, the amount of land available exclusively for GI is
limited. So among them, green roof for being easily accomplished in
existing built areas, becomes the most feasible one. In some cities, roof
constitutes a significant proportion of the impermeable urban surface,
approximately 40%–50% (Dunnett and Kingsbury, 2004). Unlike tra-
ditional roofs, green roofs are effective in reducing runoff and de-
creasing peak discharge (Razzaghmanesh and Beecham, 2014;
Vijayaraghavan, 2016). Field experiments in Chongqing (China)
showed that the annual retention volume by green roof could be
758.7 mm with a retention rate of 68% (Zhang et al., 2015a,b). Feitosa
and Wilkinson (2016) studied how green roofs with different substrate
depths respond to the cumulative rainfall in a test bed of Auckland,
using the HYDRUS-1D model. And it was shown that the retention rate
is 28%-80% with substrates between 5 cm–160 cm. Karteris et al.
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(2016) found that by retrofitting all the potential green roof area, 45%
of annual precipitation can be retained in Thessaloniki (Greece) in the
context of averaging green roof retention data from literatures.

Palla and Gnecco (2015) used the Storm Water Management Model
(SWMM) to study the hydrological behaviour of GI in a watershed of
Genoa, Italy. Their research indicated that 7%–12% runoff reduction
can be achieved if only 50% of roofs are greened and 16% of roads or
parking lots are transformed into the permeable pavement. Their study
also showed that noticeable runoff reduction effect demands for redu-
cing at least 5% of effective imperious area in the watershed. Versini
et al. (2015) integrated a conceptual model with SWMM to analyze the
hydrological performance contributed by roof greening in the Châtillon
basin (2.37 km2), France. Their study indicated that a cover of 50% of
potential green roof would reduce runoff by 12.4% and peak discharge
by 18.3%, preventing urban flooding effectively.

Extensive studies have been reported concerning the effectiveness of
green roofs on reducing runoff and decreasing peak discharge
(Brudermann and Sangkakool, 2016; Stovin et al., 2013; Carter and
Jackson, 2007), but most studies focused on the retention of varied
configurations of green roof itself (Stovin et al., 2015; Eksi and Rowe,
2016). Although the process-based hydrological model like SWMM has
achieved progress recently, the hydrological performance of green roof
is constrained in small sized communities or catchments due to the high
cost and availability to retrieve the hydrological parameters for cities
larger than 10 km2. The lack of researches within a large city range
obviously hinders the development of scientific green roof strategies at
an entire city scale.

The hydrological behaviour of green roofs was conducted by in-
tegrating GIS and remote sensing with a hydrological model in this
study, selecting a large-scale urban area within the fifth ring road of
Beijing, China as the study area. Three research goals were developed
as follows. The first is to investigate the spatial distribution of potential
green roofs (PGRs), which was defined and extracted based on high
resolution remote sensing images. The second is to analyze the runoff
reduction effectiveness contributed by green roofs based on the four
synthetic rainfall events of different return periods. The third is to in-
vestigate the flooding mitigation contributed by green roofs based on
the comparation between the storage volume by green roofs and the
flood water volume of a historical severe rainstorm.

2. Materials and methods

2.1. Study domain and data sources

Beijing is characterized by a temperate monsoon climate, with
rainfall mainly concentrated in summer. It has an average precipitation
of 542.6 mm/year. As China’s capital, Beijing has been highly urba-
nized. In 2014, the permanent resident population of Beijing was
21.516 million, with a density of 1311 persons/km2 (Beijing Statistical
Bureau, 2015). The impervious surface accounts for more than 68% of
the urban area within the fifth ring road of Beijing (Peng et al., 2016).
Beijing met very frequent flooding in recent years. For example, the
largest rainstorm of the last 61 years occurred on July 21, 2012, known
as 7.21 Rainstorm. During this flooding event, 77 people lost their lives
and total 1.60 million residents were under attack with 1 billion Yuan
economic losses. Because of Beijing’s severe flooding situation and the
pressures of increasing population, it has become urgent to implement
the large-scale construction of green roofs in order to reduce water-
logging and mitigate urban flooding. Therefore, the study chose the
area within the fifth ring road of Beijing to investigate the hydrological
impacts by retrofitting green roofs. The study area occupies a total of
675 km2 which covers seven districts, the whole area of Xicheng and
Dongcheng districts, about half of Chaoyang, Haidian and Fengtai dis-
tricts, and a small portion of Daxing and Shijingshan districts (Fig. 1).

In this study, the 2.1 m panchromatic and 5.8m multi-spectral (four
wavebands of red, green, blue, and near infrared) images of the ZY-3

satellite were used. The images were captured on June 2, 2015. They
were georeferenced, and then processed for a higher spatial resolution.
The 5.8m spectral bands image was pan-sharpened to the 2.1 m image
through a Gram Schmidt spectral sharpening method. The vector data
of roads was acquired from OpenStreetMap (http://www.
openstreetmap.org/#map=12/39.9045/116.4812) as lines. The
polygon data of roads was derived from lines after matching the road to
the ground transportation lines of the image, inspecting and editing in
geographic information system software (ArcGIS). And it was prepared
to segment the image.

Catchments with area below 30 km2 were digitized based on a
1:450,000 map of the small basins in Beijing, provided by the Beijing
Hydrological Station. The delineation of catchments was carried out by
combining multi-source data, the 1:10,000 DEM, the urban drainage
pipelines data, sewage outlets and water dams, with the drainage di-
rection investigated by field observation. That resulted in independent
and closed drainage areas, and ensured that the catchments do not cross
basins and villages. The study area was divided into 77 catchments. In
addition, the flooding information of Beijing’s underpasses during the
7.21 Rainstorm was obtained through field investigations and a col-
lection of the recording materials provided by the traffic office.

2.2. Overview of the methodology

The Geographic Object Based Image Analysis (GOBIA) was adopted
to extract land cover information and PGRs from the high resolution
images, along with a definition of PGRs. The SCS-CN model was em-
ployed to calculate the runoff generation at catchment scale. PGRs and
land cover were then generalized at each catchment where CN values of
the reference and retrofitting scenarios were computed. The reduction
rate was calculated under four synthetic rainfall events, indicating the
runoff reduction effect. The storage volume was computed under 7.21
Rainstorm and was compared with the flood water volume, demon-
strating the flooding mitigation effect (Fig. 2). All the information ex-
traction was processed on the Ecognition Trimble 8.9 platform, and the
spatial analysis was processed on the ArcGIS 10.1 platform.

The GOBIA method becomes prevalent with the development of
high resolution images (Cheng and Han, 2016; Yao et al., 2015; Sebari
and He, 2013). By considering objects as the basic units, the GOBIA can
avoid the problem of mix pixels, and include spatial information like
shape, and context. A GOBIA approach was adopted here to identify
both the land cove types and the PGRs distribution.

2.3. Extraction of land cover information

Multi-scale segmentations were carried out to extract land cover
information based on the preprocessed images. Then using the nearest
neighbor supervised classification, the land cover was classified as six
types: impervious surface, woodland, grass, wasteland, farm, and water
(Fig. 1). Results with satisfied precision were generated by selecting
training samples, configuring the classification features repeatedly,
transferring the difference of several characters of grass, farm and
woodland to compiled rules and editing manually. The overall accuracy
and kappa coefficient were chosen to validate the classification. 342
test samples were generated throughout the study area by the random
point method (ArcGIS 10.1 platform). The land cover types of test
samples were obtained through higher resolution images in google
earth. Then based on those samples, an error matrix was generated. The
overall precision was 86% and the Kappa coefficient was 0.81.

2.4. Definition and extraction of PGRs

The PGRs are defined as building roofs suitable for retrofitting into
extensive green roof with substrate depth less than 15 cm (Yang et al.,
2008), considering the scenario of large-scale roof retrofit in the city.
The suitability of a specific roof was determined by two aspects of the
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