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Nutrient leaching from extensive green roofs with
different substrate compositions: a laboratory study
Wei Zhang, Xing Zhong and Wu Che

ABSTRACT
To investigate nutrient leaching from extensive green roofs, green roof platforms were established to
investigate the efﬂuent quantity and quality during artiﬁcial rainfall. When the inﬂuent volume
reached three times the empty bed volume, for which the cumulative rainfall was around 300 mm,
the efﬂuent TP and COD concentrations of green roof platforms ﬁlled with peat soil did not tend to
stabilize. For a long-term operation, the substrate depths had little signiﬁcant inﬂuence on TN, TP and
COD concentrations of the green roof efﬂuents. A normalized cumulative emission process method
was proposed to discuss the difference in various pollutant leaching processes. Obvious differences
in the leaching process of different contaminants for green roof platforms ﬁlled with various
substrates were observed. For the green roof ﬁlled with modiﬁed substrates, the nitrogen and
phosphorus pollutant leaching rates were relatively high in the initial stage of green roof operation
and the phosphorus leaching rate was higher than that of nitrogen. The green roof is a sink for TN,
but not for TP and COD in this study. The outcomes are critical for the selection of green roof
substrates and also contribute to green roof maintenance.
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INTRODUCTION
Green roofs are one of most used technical practices in
urban stormwater management, such as sustainable urban
drainage systems (SUDS), low-impact development (LID),
best management practice (BMP), water-sensitive urban
design (WSUD) and other sustainable drainage systems
(Fletcher et al. ), as well as the sponge cities proposed
in China (Zhang & Che ). Green roofs may have great
potential for managing urban stormwater but their effect
on the quality of inﬁltrating water is variable. It is also a
method of recovering and increasing biologically active
spaces in urban areas, but the main function of green roofs
is slowing down the outﬂow of rainwater (Getter & Rowe
). Intensive vegetated roofs can be designed as gardens
with deep soil layers supporting bigger plants such as trees
and bushes, which require maintenance (Berndtsson et al.
). The extensive green roof is another typical type of
green roof with a shallower substrate layer and less planted
vegetation, which has a greater potential for application as it
is simple in structure and easy to implement.
The hydrological performance of green roofs has been
investigated through experimental plots (Stovin ;
doi: 10.2166/wst.2017.622
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Gregoire & Clausen ; Stovin et al. ), ﬁeld studies
(Bengtsson et al. ; Ouldboukhitine et al. ), and
mathematical modelling (Vesuviano & Stovin ;
Locatelli et al. ; Yang & Wang ). The previous
researchers indicated that green roofs can effectively
retain stormwater, reducing runoff peaks and decreasing
the annual runoff volume. Green roofs have the function
of controlling stormwater volume, but the impact of green
roofs on the quality of inﬁltrating water can be either positive or negative (Malcolm et al. ; Harper et al. ;
Vijayaraghavan ).
Runoff water quality from intensive and extensive
vegetated roofs have been the subject of much research
(Hathaway et al. ; Berndtsson et al. ; Teemusk
& Mander ). The green roof structure has a deterministic effect on runoff quality. In addition, factors inﬂuencing
the water quality of the green roof’s runoff include type
and composition of substrate, thickness of the substrate
layer, type of vegetation cover, roof age, atmospheric
deposition, bird droppings and roof maintenance (Berndtsson et al. ; Bus et al. ). For a particular area with
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same climatic conditions, the substrate types and the
thickness of substrate may be the two main inﬂuencing
factors.
Green roofs leach signiﬁcantly higher concentrations of
the nutrients phosphorus and nitrogen than gravel roofs, but
reduction in runoff volume does not similarly mitigate the
nutrient load (Malcolm et al. ). Organic matter, nutrients, and contaminants in the growing medium or roof
membranes can cause discharged water to be a new
source of surface-water pollution (Oberndorfer et al. ).
Berndtsson et al. investigated inﬂuence on runoff water
quality from two full-scale vegetated roofs (an intensive
roof in Japan and an extensive roof in Sweden), and the
results indicated that both extensive and intensive vegetated
roofs are a sink of nitrate nitrogen and ammonium nitrogen
with similar performances (Berndtsson et al. ). Total
phosphorus (TP) and PO4–P mean concentrations in green
roof runoff were higher than in precipitation but lower
than in runoff from the control. The green roof was a sink
for NH3–N, Zn, and Pb, but not for TP, PO4–P, and total
Cu (Gregoire & Clausen ). Green roofs acting as a sink
or a source of contaminants in stormwater outﬂows are
still being investigated (Gnecco et al. ; Vijayaraghavan
& Joshi ). Despite the fact that green roof leachate can
impact runoff quality, whether they are a positive inﬂuence
on urban water quality mentioned in previous research
(Rowe ; Vijayaraghavan et al. ) can be generalized
to other climatic conditions and ﬁlled with different substrates need to be further discussed.
In this study, pilot-scale green roof platforms were
established to assess the nutrient leaching from extensive
green roofs with different substrate compositions. The
study objectives were: (1) to quantitatively assess the nutrient leaching process from extensive green roofs, and the
cumulative leaching load; (2) to determine the factors
inﬂuencing the nutrient leaching process from extensive
green roofs.
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Based on previous research in our group, the size is not
the main inﬂuential factor. If the substrate depth and
planting density are similar, the test bed size may not
impact the results signiﬁcantly. Small test beds are easier
for implementing a batch experiment with different substrate compositions. The test platform size in this study
was similar to green roof facilities in previous research
(Mickovski et al. ; Wang et al. ).
The green roof platforms had a longitudinal slope of 5%,
and the lower end of the device was provided with an outﬂow pipe. They were built according to the Chinese
engineering standard ‘Technical speciﬁcation for green
roof (JGJ 155-2013)’, a national standard to guide the
design and construction of green roofs in China. The drainage layer at the bottom of the device was a concaveconvex plastic drainage plate, non-woven geotextile was
used as the ﬁltration material to prevent the particulate
matter in the ﬁller from ﬂowing out with the efﬂuent, and
the drainage layer thickness was 3 cm. Sedum lineare
Thunb was selected as the green roof plant with a planting
density of 240 plants/m2.
Considering the low organic matter content of the local
soil in Beijing, peat soil rich in organic matter was selected
for its organic matter composition, and vermiculite and perlite were selected for its inorganic lightweight materials to
reduce the effective load per unit area of green roof. Several
main physical-chemical properties of the substrates are
shown in Table 1.
A total of six platforms were established in this study.
Platform C was ﬁlled only with local soil. Platform B was
used to represent the traditional roof with no substrates.
Platforms V1 and P1 were ﬁlled with 10 cm depth of
different substrates. Platforms V2 and P2 were ﬁlled with
the same substrates as platforms V1 and P1, but the substrate depth was 5 cm to evaluate the inﬂuence of
substrate depth on water quality of green roof runoff.
The composition of simulated green roof substrates is
shown in Table 2.

MATERIALS AND METHODS
Table 1

|

Several physico-chemical properties of the substrates

Experimental sites
The study period started on 30 September 2016 and lasted
until 30 December 2016. The study included six pilot-scale
green roof platforms having external dimensions of 13 cm
wide × 42 cm long × 12 cm high. They were placed on the
roof of the stormwater laboratory building at the Beijing
University of Civil Engineering and Architecture, China.
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Substrates

Particle

Organic

Available

Alkali

density

matter

phosphorus

solution N

g/cm3

content %

mg/kg

mg/kg

Local soil

1.22

0.3

1.79

7.35

Peat soil

0.59

17.7

59.85

9.80

Vermiculite

0.14

0.5

–

–

Perlite

0.08

0.2

–

–
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Depth
(cm)

Composition (volume ratio)

Organic matter
content (%)

Available phosphorus
(mg/kg)

Alkali solution N
(mg/kg)

C

10

Local soil 100%

0.30

1.79

7.35

1,220

V1

10

Local soil 40% þ peat soil 30% þ
vermiculite 30%

3.98

61.27

382.2

774

P1

10

Local soil 40% þ peat soil 30% þ
perlite 30%

2.85

56.86

394.6

711

V2

5

Local soil 40% þ peat soil 30% þ
vermiculite 30%

3.98

61.27

382.2

774

P2

5

Local soil 40% þ peat soil 30% þ
perlite 30%

2.85

56.86

394.6

711

B

–

–

–

–

–

–

Sampling and laboratory testing
To assess the ability of the green roofs to attenuate and
retain rainwater, rainfall simulation tests were performed.
The rainfall simulation tests were performed by peristaltic
pumps to control the simulated rainfall intensity, and the
water was sprayed onto the surface of the devices to simulate the actual rainfall process. The design rainfall depth,
corresponding to 80% rainwater volume control rate in Beijing, is 25 mm. Hence, the rainfall intensity was 12.5 mm/h
for 2 hours’ rainfall duration. It was assumed that rainfall
intensity was uniform, and that there may be some differences with the actual rainfall. Because the average
antecedent dry period (ADP) is 7.3 days during June to September (rainy season) in Beijing, the ADP in this study was
determined as 7. The average rainfall events are around 15
for the rainy season in Beijing, and the rainy season is normally 3 to 4 months. Hence, the experiment period was
determined as 3 months (12 rainfall events over about 3
months). Moreover, before a rainfall simulation test, each
tray was exposed to a dry period of 7 days. A total of 12 rainfall simulation tests were performed in this study and the
total rainfall depth was approximately 300 mm.
A drain hole with polyvinyl chloride piping was installed
at the low end of each test plot to collect runoff from individual platforms. The runoff was sampled manually with a ﬁxed
time interval. Runoff samples were tested for turbidity (with
results given in nephelometric turbidity units, NTU),
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Composition of simulated green roof substrates

No.

Table 3

77.4

Particle density
(kg/m3)

chemical oxygen demand (COD), total nitrogen (TN) and
TP using standard methods (APHA ). Tap water was
usually used to simulate rain events in similar research
(Bus et al. ; Kuoppamäki & Lehvävirta ). The
local tap water was used to simulate rain water, and the
characteristics of tap water are shown in Table 3.

RESULTS AND DISCUSSION
Nitrogen leaching
The concentration and leaching process of nitrogen substances for 12 rainfall simulation tests is illustrated in
Figure 1. In the third simulation test, the concentration
peak of TN appears for green roof platforms V1 and P1.
With the increase of the simulation tests times, the TN concentration of the efﬂuent for six platforms decreased with a
slight ﬂuctuation, and basically stabilized. For the green roof
platforms with a high organic matter composition (peat
soil), including platforms V1, P1, V2 and P2, the TN concentrations of the efﬂuent were much higher than the
corresponding concentration of platform C which was
ﬁlled with only local soil (Figure 1(a)). This is because the
alkali solution N of green roof substrates in platforms
V1, P1, V2 and P2 was much higher than in platform C
(Table 2). The high alkali solution N in substrates may
result in the TN leaching at the beginning of the green

Characteristics of tap water used in this study

Pollutant

TN (mg/L)

NO
3 -N (mg/L)

NHþ
4 -N (mg/L)

TP (mg/L)

PO
4 -P (mg/L)

COD (mg/L)

Turbidity (NTU)

Concentration

2.78

1.79

0.04

0.01

0.01

6.0

0.23
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Concentration and leaching process of nitrogen substances. (a) TN. (b) TN cumulative leaching mass.

roof operation, and it is similar to previous research (Emilsson et al. ; Beecham & Razzaghmanesh ).
In order to assess the inﬂuence of substrate depth on the
efﬂuent water quality, green roof platforms ﬁlled with same
substrates, but different depths were established in this
study. The green roof platforms V1 and P1 were 10 cm,
and V1 and P1 were 5 cm. In the ﬁrst three simulation
tests, the efﬂuent TN concentration of platforms V1 and
P1 were obviously higher than platforms V2 and P2. It is
indicated that the higher the substrates depth, the more
TN is leached at the initial stage of the green roof’s operation, and the result in this study is similar to previous
research (Seidl et al. ). However, from the fourth simulation test, the TN concentrations of platforms V1, P1, V2
and P2 tend to be stable. There was no signiﬁcant difference
in the efﬂuent TN concentrations between green roof platforms with 10 cm substrate depth (V1, P1) and green roof
platforms with 5 cm substrate depth (V2, P2) for the last
eight simulation test (P > 0.05).
Based on results in this study, at the initial stage of green
roof operation (when the inﬂuent was within one empty bed
volume, around 100 mm), the larger the substrate depth, the
greater the amount of nitrogen that may leach. However, the
substrate depth had little effect on the efﬂuent TN concentrations for a long-term operation.
As shown in Figure 1(b), TN cumulative leaching mass
of green roof platforms C, V1, P1, V2 and P2 were
obviously lower than the corresponding discharge mass
from platform B, which represents a typical traditional
roof. It is indicated that a green roof could retain nitrogen
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pollutants whichever substrates were used relative to the
traditional roof.
Phosphorus leaching
The concentration and leaching process of phosphorus substances for 12 rainfall simulation tests is shown in Figure 2.
As the available phosphorus in the substrate of green roof
platforms V1, P1, V2 and P2 were much higher than platform C, the efﬂuent TP concentrations remained at a
higher level in the ﬁrst ﬁve simulation tests. This is because
of phosphorus leaching in peat soil within the simulation
tests. When the inﬂuent volume reaches three times the
empty bed volume, for which the cumulative rainfall is
around 300 mm, the efﬂuent TP concentrations of green
roof platforms ﬁlled with peat soil (V1, P1, V2 and P2) did
not tended to stabilize.
For green roof platforms ﬁlled with different substrates,
there was little difference in the efﬂuent TP concentration,
and the trend of change is basically consistent. There was
no signiﬁcant difference in the efﬂuent TP concentrations
between green roof platforms with 10 cm substrate depth
(V1, P1) and green roof platforms with 5 cm substrate
depth (V2, P2) (P > 0.05). The substrate depth had little
effect on the efﬂuent TP concentrations for a long-term
operation.
As shown in Figure 2(b), TP cumulative leaching mass of
green roof platforms V1, P1, V2 and P2 were obviously
higher than the corresponding discharge mass from platform B (representing a typical traditional roof) and
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Average concentration and leaching process of phosphorus substances. (a) TP. (b) TP cumulative leaching mass.

platform C (representing a typical green roof without modiﬁed substrates). It is indicated that the green roof could be
regarded as a source of phosphorus substances relative to
the traditional roof, especially for green roofs with modiﬁed
substrates, such as peat soil etc. Although peat soil is a commonly used substrate for green roofs (Berndtsson et al. ;
Vijayaraghavan et al. ; Zhang et al. ), there is still a
risk of phosphorus leaching in the initial stage of the green
roof’s operation.
COD leaching
The concentration and leaching process of COD and turbidity for 12 rainfall simulation tests is illustrated in Figure 3.
The efﬂuent COD concentration for six platforms shows a
large ﬂuctuation, and there was no obvious trend when
the cumulative rainfall reached 300 mm. This may be
caused by the gradual release of organic matter in peat soil.
In the ﬁrst six simulation tests, the efﬂuent COD concentrations of green roof platforms V1, P1, V2 and P2 was much
higher than the corresponding concentration of green roof
platform C. This is because the organic matter content of
green roof substrates in platforms V1, P1, V2 and P2 was
much higher than in platform C (Table 2).
The available phosphorus and alkali solution N of local
soil is much lower than in modiﬁed substrates, and the nutrients may be not sufﬁcient for the plants’ growth needs. The
nitrogen and phosphorus leaching process of green roof platform C also conﬁrms this (Figures 1 and 2). In this study, the
plants in green platform C are not lush enough during this
experiment period. From the fourth test, as the ambient
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temperature decreased, some of the stems and leaves in
green platform C gradually withered and decayed. This
may have been the main reason for the increase of COD
concentration in the efﬂuent of platform C during the sixth
to ninth simulation tests.
As illustrated in Figure 3(b), obvious trends were
observed in the turbidity efﬂuent for the green roof platforms. The turbidity in the efﬂuent decreased signiﬁcantly
in the ﬁrst three simulation tests. After a slight ﬂuctuation,
the overall performance tended to be stable once the cumulative rainfall reached 100 mm. With the increase of inﬂuent
volume, the ﬁlling of the device gradually stabilized and the
loss of particulate matter decreased.
As shown in Figure 3(c), the COD cumulative leaching
mass of green roof platforms V1, P1, V2 and P2 was
obviously higher than the corresponding discharge mass
from platform B (representing a typical traditional roof)
and platform C (representing a typical green roof without
modiﬁed substrates). It is indicated that the green roof
could be regarded as a source of COD relative to the traditional roof. There is also a risk of COD leaching when
peat soil and other modiﬁed substrates are used.

Nutrient leaching characteristics
As mentioned above, there were different leaching characteristics for nitrogen, phosphorus and COD in these 12
simulation tests. In order to discuss the differences in the
leaching processes of the various pollutants, their normalized cumulative emission mass versus normalized
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cumulative emission volume for the 12 simulation tests were
plotted as shown in Figure 4.
Platform B represented the typical traditional roof. As
illustrated in Figure 4(d), the leaching processes of TN, TP
and COD were close to each other, although TN leaching
was slightly faster than TP and COD. This is because the
conditions of the 12 simulation tests were almost the
same. The TN emission of the traditional roof is mainly
related to atmospheric nitrogen deposition. The nitrogen
deposition rate at the initial stage of the experiment was relatively high. Thus, TN leaching was slightly faster in the
initial few simulation tests.
For the green roofs ﬁlled with modiﬁed substrates (V1
and P1), the nitrogen and phosphorus pollutant leaching
rate was relative high in the initial stage of green roof operation, and the leaching rate of phosphorus was higher than
that of nitrogen (Figure 4(b) and 4(c)). This is similar to the
typical ﬁrst ﬂush in urban runoff pollution (Lee & Bang
; Sansalone & Cristina ). Meanwhile, the COD
leaching process was close to a uniform discharge process,
which means that the COD leaching rate changed little
during the experiment.
However, for the green roof ﬁlled with only local soil,
the leaching rate of phosphorus was lower than that of nitrogen (Figure 4(a)). This was because the alkali solution N of
the substrate was low. Meanwhile, as COD leaching was
lead by the stems and leaves gradually withering and decaying, the COD pollutants leaching rate was relative high in
the middle and late phases of green roof operation.
For green roofs ﬁlled with modiﬁed substrates,
especially for substrates rich in nitrogen and phosphorus
as peat soil, more attention should be paid to the nitrogen
and phosphorus leaching in the initial stages of the green
roof operation.

CONCLUSION

Figure 3

|

Concentration and leaching process of COD and turbidity. (a) COD. (b) Turbidity.
(c) COD cumulative leaching mass.
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The nutrient leaching process from extensive green roofs
were quantitatively assessed by six pilot-scale green roof
platforms in this study.
At the initial stage of green roof operation (when the
inﬂuent was within one empty bed volume, around
100 mm), the larger the substrate depth, the greater the
amount of nitrogen that may leach. However, the green
roof could retain the nitrogen pollutant whichever substrates were used relative to the traditional roof. When
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Pollutant cumulative emission process.

the inﬂuent volume reached three times the empty bed
volume (300 mm cumulative rainfall depth), the efﬂuent
TP concentrations of green roof platforms ﬁlled with
peat soil did not tend to stabilize. The green roof could
be regarded as a source of phosphorus substances relative
to the traditional roof, especially for green roofs with
modiﬁed substrates, such as peat soil etc. The COD concentration of the efﬂuent for the six platforms showed a
large ﬂuctuation, and there was no obvious trend when
the cumulative rainfall reached 300 mm. The turbidity in
the efﬂuent decreased signiﬁcantly in the ﬁrst three simulation tests, and it tended to be stable once the cumulative
rainfall reached 100 mm cumulative rainfall depth.
A normalized cumulative emission process method was
proposed and used to discuss the difference in the various
pollutant leaching processes. Obvious differences in the
leaching process of different contaminants for green roof
platforms ﬁlled with various substrates were observed. For
green roofs ﬁlled with modiﬁed substrates, especially for
substrates as rich in nitrogen and phosphorus as peat soil,

Downloaded from http://iwaponline.com/wst/article-pdf/77/4/1007/674565/wst077041007.pdf
by guest

more attention should be paid to the nitrogen and phosphorus leaching in the initial stages of the green roof
operation.
The outcomes of this study are critical for the selection
of green roof substrates, and also contribute to green roof
maintenance. The green roof is a sink for TN, but not for
TP and COD in this study, and the mechanism of nitrogen
and phosphorus leaching from green roofs with different
substrates should be further investigated.

ACKNOWLEDGEMENTS
This study was ﬁnancially supported by the National Natural Science Foundation of China (No. 51608026), Beijing
Advanced Innovation Center for Future Urban Design Projects (No. UDC2016040100), and Beijing University of
Civil Engineering and Architecture Foundation (No.
00331616049). The authors acknowledge the research
team members for their enthusiastic support.

1014

W. Zhang et al.

|

Nutrient leaching from extensive green roofs: a laboratory study

REFERENCES
APHA, AWWA, WEF  Standard Methods for the Examination
of Water and Wastewater, 22nd edn. American Public Health
Association, Washington.
Beecham, S. & Razzaghmanesh, M.  Water quality and
quantity investigation of green roofs in a dry climate. Water
Research 70, 370–384.
Bengtsson, L., Grahn, L. & Olsson, J.  Hydrological function
of a thin extensive green roof in southern Sweden. Hydrology
Research 36 (3), 259–268.
Berndtsson, J. C., Bengtsson, L. & Jinno, K.  Runoff water
quality from intensive and extensive vegetated roofs.
Ecological Engineering 35 (3), 369–380.
Bus, A., Karczmarczyk, A. & Baryła, A.  The use of reactive
material for limiting P-leaching from green roof substrate.
Water Science and Technology 73 (12), 3027–3032.
Emilsson, T., Berndtsson, J. C., Mattsson, J. E. & Rolf, K. 
Effect of using conventional and controlled release fertiliser
on nutrient runoff from various vegetated roof systems.
Ecological Engineering 29 (3), 260–271.
Fletcher, T. D., Shuster, W. D., Hunt, W. F., Ashley, R., Butler, D.,
Arthur, S., Trowsdale, S., Barraud, S., Semadeni-Davies, A.,
Bertrand-Krajewski, J., Mikkelsen, P. S., Rivard, G., Uhl, M.,
Dagenais, D. & Viklander, M.  SUDS, LID, BMPs,
WSUD and more The evolution and application of
terminology surrounding urban drainage. Urban Water
Journal 12 (7), 525–542.
Getter, K. L. & Rowe, D. B.  The role of extensive green roofs
in sustainable development. Horticultural Science 41 (5),
1276–1285.
Gnecco, I., Palla, A., Lanza, L. G. & La Barbera, P.  The role
of green roofs as a source/sink of pollutants in storm water
outflows. Water Resources Management 27 (14), 4715–4730.
Gregoire, B. G. & Clausen, J. C.  Effect of a modular extensive
green roof on stormwater runoff and water quality.
Ecological Engineering 37 (6), 963–969.
Harper, G. E., Limmer, M. A., Showalter, W. E. & Burken, J. G.
 Nine-month evaluation of runoff quality and quantity
from an experiential green roof in Missouri, USA. Ecological
Engineering 78, 127–133.
Hathaway, A. M., Hunt, W. F. & Jennings, G. D.  A field study of
green roof hydrologic and water quality performance. American
Society of Agricultural and Biological Engineers 51, 37–44.
Kuoppamäki, K. & Lehvävirta, S.  Mitigating nutrient
leaching from green roofs with biochar. Landscape and
Urban Planning 152, 39–48.
Lee, J. H. & Bang, K. W.  Characterization of urban
stormwater runoff. Water Research 34 (6), 1773–1780.
Locatelli, L., Mark, O., Mikkelsen, P. S., Arnbjerg-Nielsen, K.,
Jensen, M. B. & Binning, P. J.  Modelling of green roof
hydrological performance for urban drainage applications.
Journal of Hydrology 519, 3237–3248.
Malcolm, E. G., Reese, M. L., Schaus, M. H., Ozmon, I. M. &
Tran, L. M.  Measurements of nutrients and mercury in

Water Science & Technology

77.4

|

2018

green roof and gravel roof runoff. Ecological Engineering 73,
705–712.
Mickovski, S. B., Buss, K., McKenzie, B. M. & Sökmener, B. 
Laboratory study on the potential use of recycled inert
construction waste material in the substrate mix for extensive
green roofs. Ecological Engineering 61, 706–714.
Oberndorfer, E., Lundholm, J., Bass, B., Coffman, R. R., Doshi, H.,
Dunnett, N., Gaffin, S., Köhler, M., Liu, K. K. Y. & Rowe, B.
 Green roofs as urban ecosystems: ecological structures,
functions, and services. BioScience 57 (10), 823–833.
Ouldboukhitine, S. E., Belarbi, R. & Djedjig, R. 
Characterization of green roof components: measurements of
thermal and hydrological properties. Building and
Environment 56, 78–85.
Rowe, D. B.  Green roofs as a means of pollution abatement.
Environmental Pollution 159 (8), 2100–2110.
Sansalone, J. J. & Cristina, C. M.  First flush concepts for
suspended and dissolved solids in small impervious watersheds.
Journal of Environmental Engineering 130 (11), 1301–1314.
Seidl, M., Gromaire, M. C., Saad, M. & De Gouvello, B.  Effect
of substrate depth and rain-event history on the pollutant
abatement of green roofs. Environmental Pollution 183,
195–203.
Stovin, V.  The potential of green roofs to manage urban
stormwater. Water and Environment Journal 24 (3), 192–199.
Stovin, V., Vesuviano, G. & Kasmin, H.  The hydrological
performance of a green roof test bed under UK climatic
conditions. Journal of Hydrology 414, 148–161.
Teemusk, A. & Mander, Ü.  The influence of green roofs on
runoff water quality: a case study from Estonia. Water
Resources Management 25 (14), 3699.
Vesuviano, G. & Stovin, V.  A generic hydrological model for
a green roof drainage layer. Water Science and Technology
68 (4), 769–775.
Vijayaraghavan, K.  Green roofs: a critical review on the role
of components, benefits, limitations and trends. Renewable
and Sustainable Energy Reviews 57, 740–752.
Vijayaraghavan, K. & Joshi, U. M.  Can green roof act as a
sink for contaminants? A methodological study to evaluate
runoff quality from green roofs. Environmental Pollution
194, 121–129.
Vijayaraghavan, K., Joshi, U. M. & Balasubramanian, R. 
A field study to evaluate runoff quality from green roofs.
Water Research 46 (4), 1337–1345.
Wang, H., Qin, J. & Hu, Y.  Are green roofs a source or sink of
runoff pollutants? Ecological Engineering 107, 65–70.
Yang, J. & Wang, Z. H.  Physical parameterization and
sensitivity of urban hydrological models: application to green
roof systems. Building and Environment 75, 250–263.
Zhang, W. & & Che, W.  Connotation and multi-angle
analysis of sponge city construction. Water Resource
Protection 32 (6), 19–26. (In Chinese)
Zhang, Q., Miao, L., Wang, X., Liu, D., Zhu, L., Zhou, B., Sun, J. &
Liu, J.  The capacity of greening roof to reduce stormwater
runoff and pollution. Landscape and Urban Planning 144,
142–150.

First received 24 August 2017; accepted in revised form 30 November 2017. Available online 12 December 2017

Downloaded from http://iwaponline.com/wst/article-pdf/77/4/1007/674565/wst077041007.pdf
by guest

|

