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Metal roofs have always been in the focus of stormwater runoff contamination.

However, other roofing materials are also suspected of releasing metals and

other inorganic substances with stormwater runoff. Hence, this review focuses

on the impact of commonly used non-metal roofs - vegetated and non-

vegetated - on stormwater runoff quality. Results from 42 studies were

compiled and assessed to gain an overview of substances in runoff from

nine roofing types with a special focus on green roofs. Concentrations of

27 substances including nutrients, heavy metals, and other inorganic

substances were compared. Results show that the nine roof types that were

assessed can be a potential source for inorganic substances in the runoff.

Threshold values for groundwater protection are exceeded especially for PO4
3-,

Cu, Pb, and Zn for some roofing materials. As the concentrations vary strongly

for different parameters, no roofingmaterial can be identified as clearly superior

or inferior to the others. Gravel roofs act as a sink for NH4
+ and can retain some

heavy metals. Elevated heavy metal concentrations were found in runoff from

wood shingle roofs treated with preservative chemicals and in runoff frommost

roofing types usually due to the used gutter materials. Green roof runoff shows

increased concentrations of Ptot, PO4
3-, Na, K, Ca, and Mg. The concentrations

depend strongly on the green roof age, the growth substrate, and applied

fertilizers. In addition to the roofingmaterials, external factors dependent on the

location (rural or urban site) influence the runoff quality. Runoff from the

analyzed roofs must be seen as a diffuse source of environmental pollution

and requires appropriate treatment before it is released into the environment or

used for further applications. Overall, there are only a few studies on the topic so

it is not possible to make statistically significant statements. More serious in-

depth studies are urgently needed.
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Introduction

Due to the increasing population, more and more formerly

green land surfaces are being sealed, especially in growing cities

(EU European Commission’s Directorate-General

Environment, 2012). Thereby, stormwater’s exposure to

contaminants originating from the impermeable surface

materials increases. One type of impermeable surface is

roofs, which can be constructed using a wide variety of

materials. Until now, metal roofs have always been a strong

focus as a source of contamination of stormwater runoff and

thus also of water bodies (e.g., Gromaire et al., 2002; Hedberg

et al., 2014; Galster and Helmreich, 2022). However, non-metal

roofing materials are also suspected of releasing pollutants in

stormwater runoff (e.g., Förster, 1996; Müller et al., 2020).

Studies analyzing pollution in roof runoff especially came up

when countries started to infiltrate stormwater runoff into

the soil and respectively groundwater in the 1970s and

1980s (Lye, 2009). In these early studies, particularly runoff

from non-vegetated roofs was monitored. In 2021, De Buyck

et al. (2021) reviewed literature about pollutants in roof

runoff from different metal and non-vegetated roofs as well

as atmospheric characteristics. However, the review does not

focus on green roof runoff. In the 2000s studies analyzing

the runoff from green roofs appeared more frequently. Reviews

like Berndtsson (2010), Li and Babcock (2014), and

Vijayaraghavan (2016) summarized findings on green roof

runoff. On the one hand, green roofs are of special interest

as they fulfill a retention function in water-sensitive cities,

support evapotranspiration, and thus reduce runoff and

contribute to a more natural stormwater management. On

the other hand, green roofs have an impact on the runoff

quality. The recent review of Müller et al. (2020) named green

roofs as a potential source of pollutants.

However, no review could be found that combines the

available literature data on the runoff quality from non-metal

roofs. Therefore, this review aims to close this gap by directly

comparing concentrations of individual parameters of the runoff

of non-metal roofs, which are non-vegetated, and green roofs

with a focus on inorganic substances. In addition, it is analyzed

whether the substances in the runoff can negatively affect

groundwater quality by comparing runoff values with

threshold values for groundwater and consider background

concentrations due to atmospheric pollution of rainwater, if

available.

Organic substances (e.g., Mecoprop, which is used to protect

against root penetration), are also found in some roof runoffs,

particularly in flat gravel roofs, bitumen roofs, and green roofs

(e.g., Bucheli et al., 1998; Vialle et al., 2013). However, organic

substances are not the subject of this review, as it requires

separate consideration.

Materials and methods

Selected roofing types and data evaluation

The following non-metal roofing types have been considered:

wood shingle roof, flat gravel roof, concrete tile roof, concrete flat

roof, asbestos concrete roof, asphalt shingle roof, bitumen roof,

clay tile roof, and green roof. Detailed findings from 42 scientific

studies were analyzed. All considered studies sampled runoff

from at least one relevant roof either in full-scale or pilot-scale

design. Publications were only included in the review if values for

the relevant parameters were gained from two or more natural

rain events–no investigations from simulated rain events were

considered. Results of each investigation were only considered

once if released in different articles.

In Results and discussion Section, studies analyzing runoff

from the same roof materials are compiled and results for the

different parameters are compared. The main aspects of the

respective studies are described and possible analogies or dissents

are highlighted. The following information about the examined

publications were considered: the location of the study site and

the surroundings (urban, suburban, rural), the scale of the roof

(full-scale or pilot-scale), the number of analyzed storm events,

whether a first flush division was conducted or not and the tested

parameters (see Supplementary Tables S1–S9 in Supplementary

Material). Parameters analyzed in the respective study but not

relevant for this review are not listed in Results and discussion

Section.

To compare results of different studies from the same roof

types, median concentrations found in the runoff are displayed

and compared amongst each other and with the respective

threshold values. If no median value is given the mean value

was extracted from the publication as a replacement. The values

were either taken from text or tables or deduced visually from

figures from the respective studies.

The values always represent concentrations in runoff from

complete rain events. If “first flush” and “after first flush” values

are given they have not been compared to results from a complete

runoff analysis. The first flush is the first stage of stormwater

runoff that typically contains a larger number of pollutants than

the later runoff (Gupta & Saul, 1996; Lee et al., 2002). In case one

study monitored two or more roofs of the respective roofing

material, results from every study site are listed. However, only

parameters are displayed which have been analyzed at least in

two independent publications.

The values represent concentrations in runoff without

distinguishing the contribution of atmospheric deposition or

leaching from roofing materials. The focus is set on which

pollutant concentration can occur in runoff from the analyzed

roof types. Differences might occur not only through leaching

out of different materials but also due to varying influences of
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surface characteristics on atmospheric deposition. If the

information is given in the respective study, influences of

used gutters, pipes, or preservative chemicals on the roofs

are mentioned. It is, however, beyond the scope of this

study to consider further factors that might influence runoff

quality like the roof’s orientation, antecedent dry weather

period, wind characteristics, and others as there are only a

few data.

Analyzed parameters and threshold values

For comparison of the runoff quality, results of the following

27 parameters were analyzed in detail: nutrients like nitrate

(NO3
−), nitrite (NO2

−), ammonia (NH4
+), sulphate (SO4

2-),

phosphate (PO4
3-), total phosphorous (Ptot), total nitrogen

(Ntot), other anions like chloride (Cl−) and fluoride (F−), the

heavy metals cadmium (Cd), chrome (Cr), copper (Cu), iron

(Fe), lead (Pb) and zinc (Zn) as well as other metals like arsenic

(As), aluminum (Al), manganese (Mn), sodium (Na), potassium

(K), magnesium (Mg) and calcium (Ca). Other chemical and

physical parameters like pH value (pH), electrical conductivity

(EC), and total suspended solids (TSS) were also analyzed.

Some studies measured concentrations of NO3
−, NO2

−,

NH4
+, and PO4

3-, others NO3-N, NO2-N, NH4-N, or PO4-P.

To make the results consistent and comparable all values were

converted with the respective factors to the ion-concentration.

Total concentrations of heavy metals are used when values for

dissolved, particulate, and total concentrations were given in the

reviewed study. In the supplementary information all considered

studies, the location, scale (full-scale or pilot-scale), a number of

analyzed rain events, information about the first flush analysis,

and the analyzed parameters are listed in Supplementary Tables

S1–S9.

To assess the level of pollution and the influence on the

aquatic environment this study considers the insignificance

threshold values (GFS), which are defined as concentrations at

which no relevant ecotoxic effects occur even with an increase in

the content of the respective substance (LAWA, 2016). These no-

effect levels represent evaluation criteria for changes in

groundwater quality in Germany; for concentrations below

these levels, no adverse modification of groundwater exists

(LAWA, 2016). The following GFS threshold values are used

for evaluation in the study: SO4
2-: 250 mg/L, Cl−: 250 mg/L, F−:

900 mg./L, Cd: 0.3 μg/L, Cr: 3.4 μg/L, Cu: 5.4 μg/L, Pb: 1.2 μg/L,

Zn: 60 μg/L, As: 3.2 μg/L.

To evaluate the concentrations of NO3
−, NO2

−, NH4
+, and

PO4
3- for which no GFS values exist, the threshold values of the

German Groundwater Ordinance (GrwO, 2010) were used:

NO3
−: 50 mg/L, NO2

−: 0.5 mg/L, NH4
+: 0.5 mg/L, PO4

3-:

0.5 mg/L. Additionally, in the GrwO the following

concentrations are relevant for the study: SO4
2-: 250 mg/L, Cl−:

250 mg/L, Cd: 0.5 μg/L, Pb: 10 μg/L, As: 10 μg/L.

Results and discussion

About 16% of the reviewed studies were published between

1989 and 1999, approximately 23% in the years from 2000 to

2010, and over 60% in the last 10 years. Regarding the location of

the analyzed roofs, about 50% of the study sites were in Europe,

23% in Asia, 19% in North America, 6% in Africa, and 2% in

Australia. About half of the studies analyzed the runoff with

respect to the potential pollution of the receiving ground or

surface water bodies. Nearly the same share of the studies

evaluated the runoff quality regarding the suitability for

rainwater harvesting with potable and non-potable

applications. Therefore, the focus was not on the evaluation of

environmental impacts.

Wood shingle roofs

Only four studies investigated the runoff data from sloped

wood shingle roofs (Supplementary Table S1). Chang & Crowley

(1993) compared data from wood shingle roofs with clay tile

roofs, asphalt shingle roofs, and rock and tar roofs over a six-

month period. Of these, wood shingle roof runoff showed the

highest concentrations of most analyzed parameters, and the

concentrations of Zn, Pb, and NH4
+ were clearly higher than

rainwater without contact with the roofing material and Zn and

Pb exceeded the GFS thresholds. A second study by Chang et al.

(2004) aimed to revisit the study from 1993 eliminating its design

shortages and focusing on the eight parameters mentioned in

Supplementary Table S1. Eight pilot-scale roofs were built using

the four-roofing materials wood, shingles, asphalt shingles,

aluminum, and galvanized iron. Runoff from wood shingle

roofs showed the lowest pH values and the highest

concentrations for all other parameters, particularly for Zn

and EC. Reasons for the high Zn concentrations are the

impregnation with Zn-containing chemicals that have a

preservative function and leach out over time. Additionally,

on the wood’s rough surface water and particles get trapped

and thus mosses and plants can grow. Due to the decomposition

of the roofing material, ions were released. As a result, the

pH value dropped and other parameters like EC and Zn

concentrations increased (Chang et al., 2004). The median

concentration of Zn in the second study (9 717 μg/L) was

even higher than the values in the first study (2 549 μg/L).

Both studies far exceed the GFS threshold of 60 μg/L. As the

investigated wood shingle roof in the first study was over 20 years

old compared to the newly built pilot-scale roofs in the second

study, Chang et al. (2004) concluded that the chemicals for

impregnation wash out over the years. Chang & Crowley

(1993) and Chang et al. (2004) give further reasons for the

high Zn concentrations: the galvanized gutters in combination

with the acidic runoff, elevated dry deposition, and relatively high

median concentrations in pure rainwater due to several industrial
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influences in the area. Overall, the Zn runoff concentrations of

wood shingle roofs with impregnation are comparable to Zn roof

runoff concentrations. For example, in a field study, Schriewer

et al. (2008) found a median of 5 600 μg/L (n = 38 rain events) in

the runoff of a zinc roof. Therefore, the runoff of an impregnated

wood shingle roof must be treated prior to discharge into

groundwater, as is the case for Zn roof runoff (Galster &

Helmreich, 2022).

The study by Winters et al. (2015) also confirms that

impregnation can lead to high metal concentrations in the

runoff. The data were collected in two rounds of ten rain

events respectively. Round 2 corresponded roughly to one

year of exposure. Two types of wood shingle roofs were

monitored: wood shingles treated with chromated copper

arsenate and untreated wood shingles. The concentrations are

calculated on the basis of all samples from the first and second

rounds. In the runoff of the treated wood shingle roof the median

concentrations of As and Cu were 139 μg/L and 835 μg/L,

respectively. Both runoff values exceeded the GFS thresholds,

caused by the treatment with copper arsenate. In contrast, the

runoff of untreated wood shingle roofs had maximum

concentrations of As and Zn of 1 μg/L each. The median Cu

concentration in the runoff of wood shingle roofs treated with

chromated copper arsenate is in the range of copper roof runoff

concentrations (Galster and Helmreich, 2022). Median Zn

concentrations were elevated for treated compared to

untreated wood shingle roof runoff and compared to the

control slope runoff of frosted glass, but under the GFS value

(see Table 1). Comparing the two rounds of sampling, the

elevated levels of Cu and As found in the runoff from treated

wood shingle roof panels were considerably lower in round 2

(Winters et al., 2015). However, it can be assumed that the

effectiveness of the impregnation decreases as the concentration

of As and Cu decreases.

The heavy metal concentrations for the three studied WSRs

without first flush separation are displayed in Table 1.

In addition to metals, anions were also found in the runoff

fromwood shingle roofs. Lee et al. (2012) monitored the runoff of

a wood shingle roof as one of four pilot-scale roofs in South

Korea. Before building the roofs, the materials were stored in an

outdoor environment for one year. On the wood shingle roof, the

greatest number of lichens and mosses were found. This resulted

in comparatively high concentrations of NO3
− and SO4

2- in the

respective runoff, but which were below the GFS thresholds.

In summary, the water quality parameters in runoff from

wood shingle roofs exceeded the respective GFS and GrwO

values for metals in the studies where the roof was impregnated.

The runoff quality of wood shingle roofs seems to be strongly

dependent on the chemicals used for the preservation, the age,

and the used guttering materials. It can be concluded that if

TABLE 1 Heavy metal concentrations in WSR runoff (TWO: Wood shingles treated with chromated copper arsenate; WOS: untreated wood shingles).

Parameter Unit Median values in roof runoff

Chang
& Crowley (1993)

Chang et al. (2004) Winters
et al. (2015) TWO

Winters
et al. (2015) WSO

Cu µg/L — 22.0 825 0.99

Pb µg/L 28.0 25.0 0.05 0.06

Zn µg/L 2 549 9 717 8.80 5.00

TABLE 2 Values of different parameters in flat gravel roof runoff.

Parameter Unit Mean/Median values in roof runoff

Zobrist
et al. (2000) a

Farreny
et al. (2011) b

Malcolm
et al. (2014) a,c

NH4
+ mg/L 0.22 0.10 —

Cu µg/L 18.0 — 2.00

Fe µg/L 90.0 — 31.0

Zn µg/L 9.00 — 27.0

amean values
bmedian values
conly one rain event but n = 3 due to 3 identical roof plots
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metal-containing preservatives are applied on wood shingle

roofs, treatment of the runoff is imperative before discharge

into groundwater. Nevertheless, the number of studies on

WRSs is limited. More data for a statistical analysis would

be desirable.

Flat gravel roofs

Five relevant publications were found that monitored

inorganic substances in runoff from flat gravel roofs in

Europe and North America (Supplementary Table S2). Quek

& Förster (1993) collected data on a flat gravel roof in

comparison with four other roofing materials (clay tile,

asbestos concrete, tar felt, and zinc) during two rain events

for the first 3 mm of runoff. The runoff from the flat gravel

roof showed the lowest substance concentrations due to its

storage function and filtering through the gravel stone layer

(Quek & Förster, 1993). This tendency was also described by

Zobrist et al. (2000), who reported that most of the heavy metals

and phosphorus are retained by the flat gravel roof material.

NH4
+ values are low as it gets oxidized to NO3

− on the gravel roof

during the retention period (Zobrist et al., 2000). The same effect

was monitored by Farreny et al. (2011) who found the lowest

concentrations of NH4
+ in the flat gravel roof runoff due to the

nitrification process. Farreny et al. (2011) compared runoff from

a flat gravel roof with a clay tile roof, metal sheets, and

polycarbonate plastic roof. They demonstrated that the flat

gravel roof runoff contains the highest EC levels. The reasons

are probably the accumulation of particles and colonization

trough plants promoted by the low slope (Farreny et al., 2011).

Malcolm et al. (2014) analyzed runoff from the different pilot

and full-scale flat gravel roofs and green roofs in Virginia.

Concentrations of Ntot and Ptot were lower in the runoff from

the flat gravel roofs compared to green roofs (Malcolm et al.,

2014).

Apart from Cu in runoff analyzed by Zobrist et al. (2000)

which exceeded the GFS value, all other parameters were below

the threshold values of the GFS and GrwO. However, no further

explanation for the high Cu concentrations is given in Zobrist

et al. (2000) and the guttering system of the monitored roof was

made of polyvinyl chloride (PVC).

Overall, runoff from flat gravel roofs shows low NH4
+

concentrations because of nitrification occurring on the roof.

Additionally, due to their structure, FGRs can act as a sorption

filter. However, more studies are required for more specific

statements.

Concrete tile roofs

Seven studies published between 1989 and 2020 analyzed

stormwater runoff from sloped concrete tile roofs

(Supplementary Table S3), of which six analyzed the first

flush concentrations. Yaziz et al. (1989) compared the first

five liters of runoff from a concrete tile roof with a galvanized

iron roof as the first flush. The concrete tile roof runoff showed

higher values for TSS and EC than the iron roof, which probably

relates to the rougher surface facilitating the accumulation of

pollutants from the atmosphere. Runoff pH values were higher

than in the rainwater without contact with the roofing material

for both roofs. Pb concentration in concrete tile runoff was

higher than the GFS threshold (Table 2), probably as a result

of elevated concentrations in the rainwater (mean: 200 μg/L)

caused by a major highway close to the study site (Yaziz et al.,

1989). A study from Texas analyzed runoff from a pilot-scale

concrete tile roof in comparison to four other roof types at pilot-

scale or full-scale. The concrete tile runoff showed the highest

pH values of all other pilot-scale roofs (Mendez et al., 2010). Lee

et al. (2012), Nosrati (2017) and Zdeb et al. (2020) confirmed the

finding of elevated pH values in runoffs of concrete tile roofs.

Concrete tile runoff has the highest pH values with an average of

7.2 in the first flush and after the first flush. This is caused by

alkaline ingredients which react with the rainwater (Lee et al.,

2012). With an increasing pH value, the acidity of the runoff is

lowered, which may cause public health risks as some bacteria

hazardous to health to grow best in neutral conditions (Zdeb

et al., 2020).

Winters et al. (2015) found higher Pb concentrations in

concrete tile roof runoff than in runoff from other roof types

and a glass control roof. Thomas & Greene (1993) monitored

runoff after the first flush from three concrete tile roofs and

three galvanized iron roofs each in a rural, urban, and industrial

environment. The pH and EC values were higher and Zn values

lower in concrete tile roof runoff compared to the metal roofs.

Pb and Zn concentrations were highest in runoff in the

industrial area, followed by the urban environment. Thomas

& Greene (1993) explain high Zn values in roof runoff, which

exceeded the GFS value, with an extensive Zn use in the

industrial area. Lee et al. (2012) propose that atmospheric

deposition might be the reason for elevated Cu

concentrations in concrete tile roof runoff. Gutters for the

pilot-scale concrete tile roof in Mendez et al. (2010) were

made of aluminum. No further explanation for the elevated

Zn value is given. NO3
− concentrations showed the highest

levels in rural roof runoffs (Thomas & Greene, 1993).

Nonetheless, this concentration is well below the GrwO

threshold value.

Most investigations differentiated between first-flush analysis

and an analysis of the collected runoff after the first flush. The

values collected after the first flush are presented in Table 3.

In summary, runoff values of Zn and Cu exceed the

thresholds in some studies (see Table 2). While elevated levels

of heavy metals seem to be caused by atmospheric pollution, the

increased pH value in runoff is a result of alkaline compounds in

the concrete.
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Concrete flat roofs

Six studies from China and Greece provide information

about runoff from concrete flat roofs (Supplementary Table

S4). Stormwater runoff from three concrete flat roofs was

analyzed in comparison to other roofing types by Melidis

et al. (2007). The pure rainwater without contact with the

roofing material had pH values between 6.7 and 7.9, caused

by dust and particles from rock erosion due to strong winds from

nearby mountains and increased by contact with the roofing

material. Due to the elevated pH value, the runoff has low

corrosive properties. This results in low runoff concentrations

of heavy metals from gutters and piping material (Melidis et al.,

2007). Gikas & Tsihrintzis (2012) analyzed concrete flat roofs

and clay tile roofs at a pilot scale in the same areas as Melidis et al.

(2007). One concrete flat roof was in a rural and one in a

suburban region. Higher values of NH4
+ and Ptot, found in

the concrete flat roof and clay tile roof runoff in the rural

areas, may be caused by bird and animal excrements and

plants on the respective roofs. For both parameters, values in

the first flush runoff were higher than in the storage tank (Gikas

& Tsihrintzis, 2012) in which the rest of the runoff was collected.

Zhang et al. (2014) observed two pilot-scale concrete flat

roofs and compared these with bitumen roofs, green roofs, and

clay tile roofs. Remarkably higher levels of mean pH (7.6) and

TSS (120 mg/L) were found in runoff from the concrete flat roofs.

Qin et al. (2015) analyzed runoff from a flat cement mortar roof.

In the study, this roof is categorized as a concrete flat roof due to

similar properties of the material and the flat slope. The pH from

the runoff with a median value of 7.8 was clearly higher than in

the associated rainwater where the median pH value was 5.0. A

clear upwards trend can also be seen for dissolved Mg, Ca, Na, K,

Cl−, F−, SO4
2- and NO3

−. The NH4
+ concentration found by Qin

et al. (2015) exceeded the GrwO threshold. Nevertheless, the

NH4
+ concentration in the concrete flat roof runoff was lower

compared to the analyzed rainwater showing that the NH4
+

concentration is not from the roofing material. Furthermore,

Qin et al. (2015) showed that there is a positive correlation

between NOx and PM10 (Particulate matter with 10 µm) in the

atmosphere with measured NH4
+ and NO3

− in the wet

deposition.

Gikas & Tsihrintzis (2017) compared runoff from a concrete

flat roof and a clay tile roof in a village in Greece close to the main

highway with a high traffic load. Concentration differences were

found for NH4
+ and PO4

3- which were higher in the clay tile roof

runoff while Ca values were higher in the concrete flat roof

runoff. As the roof was approximately 30 years old, the increased

Ca value was assigned to the erosion processes of the concrete.

Liu et al. (2020) gathered water quality parameters from two

green roofs and a concrete flat roof. Compared to rainwater, the

pH value increased in runoff from all three roofs. Values of the

study sites described previously in which no first flush division

was conducted are summarized in Table 4. Zhang et al. (2014)

evaluated mean and median values; here the mean values of the

study are used as the other three studies analyzed the mean

concentrations.

No explanation is given for the elevated SO4
2- value in the

study by Zhang et al. (2014), but the concentration was far below

the GFS threshold. High concentrations of Zn were found in

runoff from two roofs by Melidis et al. (2007). The reasons were

TABLE 3 Values of different parameters in concrete tile roof runoff after the first flush.

Parameter Unit Mean/Median values in roof runoff after the first flush

Thomas &
Greene (1993) a

rural

Thomas &
Greene (1993) a

urban

Thomas &
Greene (1993) a

industrial

Mendez et al.
(2010) b,c

Lee et al.
(2012) a

Zdeb et al.
(2020) b

Zdeb et al.
(2020) b

NO3
− mg/L 0.35 0.16 0.15 1.30 0.28 2.80 2.80

NO2
− mg/L — — — 0.02 — 0.04 0.06

SO4
2- mg/L — — — — 0.38 — —

Cu µg/L — — — 5.27 15.0 — —

Fe µg/L — — — 230 48.0 — —

Pb µg/L 0 52.0 90.0 1.29 5.00 — —

Zn µg/L 15.0 20.0 1,500 91.3 38.0 — —

Al µg/L — — — 318 99.0 — —

pH — — — — 7.7 7.3 6.6 6.7

EC µS/cm — — — 39.0 — 148 70.0

TSS mg/L — — — 34.0 45.0 — —

amean values
bmedian values
cvalues of pilot-scale roof runoff Tank 2
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mostly the erosion of drainage pipe material, which was iron and

zinc alloy (Melidis et al., 2007).

In summary, for concrete flat roofs, most parameters do not

exceed the thresholds. Elevated concentrations of Zn may come

from the guttering system. However, the data situation is also

very limited for concrete flat roofs.

Asbestos concrete roofs

Six publications, summarized in Supplementary Table S5,

give information about asbestos concrete roof runoff. Quek &

Förster (1993) found pH values to be highest in runoff from the

asbestos concrete roof, caused by CaCO3 dissolution. Due to the

higher pH values, more heavy metals are present in the

particulate phase. Additionally, the high roughness of the

material enables particles to stay on the roof. Thus, in

comparison with the other sloped roofs in Quek & Förster’s

study, the asbestos concrete roof showed the lowest runoff

pollution.

Nevertheless, in all studies, the heavy metal concentrations

in asbestos concrete roof runoff are very high and almost all

exceed the GFS values. Ayenimo et al. (2006) found an

extremely high concentration of Pb (1 430 μg/L) in the

runoff which exceeds the GFS value by a factor of 1,000. A

possible source of Pb can be the joints of asbestos concrete roofs

which are sometimes made of Pb. In addition, the primary

pollution of the rainwater by atmospheric pollution is relevant

in this study. However, in this study, the rainwater without

contact with the roofing material already showed high mean

values for Pb (530 μg/L) and also for many other parameters:

PO4
3-: 13.7 mg/L, SO4

2-: 5.39 mg/L, Cd: 350 μg/L, Zn: 880 μg/L,

Fe: 470 μg/L. This demonstrates that the primary

contamination of rainwater must not be ignored when

analyzing runoff data.

A study in Poland gathered information about roof runoff

from asbestos concrete roofs, clay tile roofs, bitumen roofs, and

zinc roofs. Apart from high Zn concentration in Zn roofs, results

showed no clear differences between the roofing types

(Tobiszewski et al., 2010). Akoto et al. (2011) analyzed

stormwater runoff from asbestos concrete roofs, clay tile roofs,

and metal sheet roofs. They collected no runoff in the first 15 min

of the rain event. Runoff from asbestos concrete roofs showed

higher Pb and Cd concentrations than from metal roofs (Akoto

et al., 2011). A study in Nigeria found–analog to observations of

the study of Quek & Förster (1993)—pH values to be highest in

asbestos concrete roof runoff. Concentrations of TSS, PO4
3-,

NO3
−, Cd, Cu, Fe, and Pb are elevated in runoff from the

asbestos concrete roof in the study by Chizoruo & Onyekachi

(2016). Quality differences in runoff from asbestos concrete

roofs, concrete tile roofs, and galvanized zinc roofs were

observed by Wahyuningsih et al. (2020). NO2
− concentration

was highest in asbestos concrete roof runoff. Similarly, the mean

Zn values in asbestos cement roof runoff sampled by

Wahyuningsih et al. (2020) were high (240 μg/L) but did not

exceed the GFS thresholds.

Table 5 displays values of only three studies as the others

analyzed either the first flush volume, and the volume after the

first flush, or gave only minimum and maximum values.

In summary, asbestos concrete roofs act as a source of most

heavy metals and nutrients in runoff. Values of PO4
3-, Cd,, Pb

and Zn in all studies exceed the thresholds. Nevertheless, here,

too, more numerous samples and sampling sites would be

desirable.

TABLE 4 Mean values of different parameters in concrete flat roof runoff.

Parameter Unit Mean values in roof runoff

Melidis et al.
(2007)

Melidis et al.
(2007)

Melidis et al.
(2007)

Zhang et al.
(2014)

Qin et al.
(2015)

Liu et al.
(2020)

NO3
− mg/L 0.29 0.62 0.32 — 2.81 —

NH4
+ mg/L 0.39 0.22 0.18 — 1.24 —

Ntot mg/L — — — 5.00 — 4.10

SO4
2- mg/L 0.09 0.04 0.21 30.0 4.41 —

Ptot mg/L — — — 0.18 — 0.05

Cl− mg/L — — — 8.00 1.09 —

Zn µg/L 520 540 100 9.72 — —

Na mg/L — — — 1.20 1.24 —

K mg/L — — — 4.00 1.64 —

Mg mg/L — — — 1.00 0.15 —

Ca mg/L — — — 28.0 10.1 —

pH — 8.3 7.8 7.7 7.6 7.8 7.6
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Asphalt shingle roofs

Five studies in the U.S. analyzed runoff from asphalt shingle,

asphalt fiberglass shingle, asphalt composition shingle, or

composition shingle roofs. All of these are summarized with

the term asphalt shingle roofs and are listed in Supplementary

Table S6.

The two studies by Chang & Crowley (1993) and Chang et al.

(2004) that also investigated wood shingle roof runoff showed

that for most parameters, asphalt shingle roof runoff had lower

concentrations compared to wood shingle roof runoff and higher

concentrations than runoff from the clay tile roof runoff in

Chang & Crowley (1993). One conclusion of the study is that

the roofing material overall seems to influence the runoff quality,

especially on the pH, EC, and Zn values. Runoff from the asphalt

shingle roof has lower Zn values than runoff from the wood

shingle roof runoff (Chang et al., 2004), but was still over the GFS

threshold value. Chang & Crowley (1993) and Chang et al. (2004)

used galvanized gutters which could be one reason for the

elevated Zn levels.

Mendez et al. (2010) analyzed runoff from two full-scale and

one pilot-scale asphalt shingle roof and compared it to another

roofing material. Runoff quality from the two full-scale asphalt

shingle roofs of similar age differed because of other influencing

factors like the geographical location and the amount of

vegetation. The pilot-scale asphalt shingle roof runoff showed

a high Cu concentration (median 339 μg/L in the first flush),

which exceed the GFS thresholds. The pure rainwater was

uncontaminated (median 0.98 μg/L in the first flush). The

source was not clear, as no copper gutters or fittings were

used on the pilot-scale asphalt shingle roof (Mendez et al.,

2010). Winters et al. (2015) analyzed runoff from different

asphalt shingle roofs with and without algae-resistant copper

granules. Runoff from the asphalt shingle roof with the algae-

resistant copper granules contains higher concentrations of Cu

(median 30 μg/L) than the other asphalt shingle roof (median

2.1 μg/L) and runoff from a glass control panel (median

0.5 μg/L).

Toland et al. (2012) compared runoff from asphalt shingle

roofs with other roofing materials (green roof, bitumen roof, and

metal roof). Compared to the green roof runoff, Ptot, and Ntot

concentrations were lower in the asphalt shingle roof runoff.

Concentrations of NH4
+, NO3

−, and NO2
− showed no clear

difference (Toland et al., 2012). Buffam et al. (2016)

monitored stormwater runoff from an asphalt shingle roof

and rainwater over 22 months. Only the Zn concentration in

asphalt shingle roof exceeded the GFS thresholds, and in

rainwater itself the concentrations were low. No information

about the gutter material is given in Buffam et al. (2016),

therefore the origin of Zn in runoff cannot be assessed.

Table 6 summarizes the runoff data from the studies. Chang

& Crowley (1993) and Chang et al. (2004) had no explanation for

the elevated Pb values in the runoff. More studies with detailed

information about the used gutter materials and preservation

chemicals would be needed to make assumptions about the heavy

metal concentrations in asphalt shingle roof runoff.

Bitumen roofs

Nine publications were found that analyzed runoff data from

so-called bitumen, flat tar, and asphalt roofs, which are

summarized here with the term bitumen roofs. All roofs had

a gentle slope (<10°) or were completely flat. An overview is given

in S.7.

Teemusk & Mander (2007) analyzed runoff from a bitumen

roof and a green roof during two moderate and one heavy rain

event as well as snowmelt. The value in Supplementary Table S7

is the calculated average of the three rain events. Regarding these

rain events, NO3
− and SO4

2- levels were always lower in the

TABLE 5 Mean values of different parameters in asbestos concrete roof runoff.

Parameter Unit Mean values in roof runoff

Ayenimo et al. (2006) Chizoruo
& Onyekachi (2016)

Wahyuningsih et al. (2020)

NO3
− mg/L 5.10 4.35 —

PO4
3- mg/L 17.5 2.23 —

SO4
2- mg/L 6.65 — 6.60

Cd µg/L 810 52.0 —

Fe µg/L 900 636 110

Pb µg/L 1 430 49.0 —

Zn µg/L 870 552 280

pH — 7.2 7.1 6.2

EC µS/cm 152 65.7 —
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bitumen roof runoff than in the green runoff, and Ptot
concentration was higher. The reasons are stated to be dust

and other contaminants. However, due to the small number of

events sampled, the available data are not sufficient to make

reliable statements.

There is more data from Lamprea & Ruban (2008) who

monitored the runoff of four roofing materials, namely bitumen

roof and concrete tile roof (both with PVC gutter), slate and zinc

sheets (both with galvanized gutters) over a period of five months

in France (Lamprea & Ruban, 2008). No obvious concentration

differences could be found for Cd, Cr, and Cu. Roofs with

galvanized gutters showed higher Zn concentrations and those

with PVC gutters elevated Pb values. The elevated Pb value in

bitumen roof runoff in this study, which exceeded the GFS

threshold, can be explained by the addition of Pb to the PVC

for higher resistance.

Van Seters et al. (2009) collected runoff samples from a

bitumen roof and compared them with green roof runoff. The

concentrations of the investigated inorganic substances with the

exception of Ptot were higher in bitumen roof runoff compared to

green roof runoff, but mostly under the GFS or GrwO thresholds.

Only Cu in bitumen roof runoff lay beyond the GFS threshold,

which was not further explained. Tobiszewski et al. (2010) found

no clear differences between runoff from bitumen roofs, concrete

tile roofs, asbestos cement roofs, and zinc roofs. However, the

study only lists the minimum and maximum values and thus the

values cannot be directly compared to the mean and median

values of the other studies.

For all parameters monitored by Toland et al. (2012) (NO2
−,

NH4
+, Ntot, and Ptot), runoff from the bitumen roofs showed

lower or similar concentrations compared to those from the

asbestos shingle roofs, the green roofs, and the metal roof. The

bitumen roof runoff in the study by Zhang et al. (2014) showed

higher Zn concentrations than runoff from cement tile roofs and

clay tile roofs. No obvious concentration difference between

bitumen roof and concrete tile roof runoff was detected in the

study by Nosrati (2017). Nawrot & Wojciechowska (2018)

collected data from the copper roofs, clay tile roof, and

bitumen roof runoffs during the first 15 min of rainfall.

Runoff from the bitumen roof showed the greatest mean

concentrations of Al (152 μg/L), Cd (0.60 μg/L), Pb (6.00 μg/

L), and Zn (15,520 μg/L). The roughness and lower inclination

angle compared to the other roofs are seen as reasons for the

highest Pb and Al concentrations in bitumen roof runoff and no

explanation for the other parameters are given (Nawrot &

Wojciechowska, 2018). As the study of Nawrot &

Wojciechowska (2018) analyzed only the first flush, the data

are not listed in Table 7, which summarizes runoff

concentrations of bitumen roofs.

Regarding Table 7, especially concentrations of heavy metals

exceed the thresholds. High Pb values in Lamprea & Ruban

(2008) are explained by the use of a PVC gutter. No explanation

for the high concentrations of other heavy metals in bitumen roof

runoff is given in this study and also in the studies of Van Seters

et al. (2009) and Nawrot & Wojciechowska (2018).

As with the evaluation of the data from the roofing materials

described previously, further investigations must be carried out

for a scientific evaluation of bitumen roof runoff.

Clay tile roofs

Eighteen publications about runoff from clay and ceramic tile

roofs, both referred to as clay tile roofs, were analyzed. Most of

the studies were conducted in Europe and some in Asia, see

Supplementary Table S8. Chang & Crowley (1993) found

stormwater runoff from the clay tile roof to show the best

quality when compared with wood shingle roof, asphalt

shingle roof, and rock and tar roof runoff. Ca and pH values

were higher which is attributed to acidic rain and weathering of

the clay tiles containing Ca (Chang & Crowley, 1993). The same

process for clay tile roofs was observed by Quek & Förster (1993).

TABLE 6 Values of different parameters in asphalt shingle roof runoff.

Parameter Unit Median values in roof runoff

Chang &
Crowley (1993)

Chang et al.
(2004)

Toland et al.
(2012)

Winters et al.
(2015)

Winters et al.
(2015)

Buffam et al.
(2016)

NH4
+ mg/L 0.86 — 0.40 — — 0.20

Cu µg/L — 18.0 — 30.0 2.10 —

Pb µg/L 43.0 25.0 — 0.06 0.07 —

Zn µg/L 1,000 859 — 7.00 2.50 300

Al µg/L — 0.18 — — — 0.01

Mg µg/L — 0.01 — — — 0.30

pH — — 6.7 — — — 6.5

EC µS/cm — 22.0 — — — 15.0
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Wahyuningsih et al. (2020) found the highest pH values and the

best overall quality in clay tile roof runoff compared to other

roofing materials. Zdeb et al. (2020) also monitored an increase

in pH value in clay tile roof runoff.

Regarding heavy metals, clay tile roof runoff from the study

of Melidis et al. (2007) showed elevated concentrations of Zn and

Fe which are probably caused by the metal gutters. The relatively

high median Zn concentration of 620 μg/L in the runoff in the

study of Chang & Crowley (1993) may also be caused by the

galvanized gutters and high concentrations in the rainwater.

Lamprea & Ruban (2008) explain high Pb values with Pb

leaching from the PVC gutters. No explanation for the

elevated Zn concentrations is given. However, runoff from the

zinc sheets and slate roof showed 3 to 9 times higher Zn

concentrations than from the clay tile roof. Zobrist et al.

(2000) found elevated Cu values in the clay tile roof runoff

that are probably caused by the copper gutters. Furthermore, the

clay tile roof seems to act as a source for TSS, Mn, Fe, and Pb.

However, the Pb values may also be elevated due to a highway

close by in the study by Zobrist et al. (2000).

In the first flush study by Nawrot & Wojciechowska (2018),

mean Zn and Cu concentrations in clay tile roof runoff (Zn:

1 470 μg/L, Cu: 20 μg/L) were far above the recommended GFS

thresholds, which did not result from primary rainwater

contamination. No information about the gutter material or

other possible reasons is given in the study. As described in

Concrete flat roofs Section, Gikas & Tsihrintzis (2017) found that

NH4
+, PO4

3-, and Ca2+ values showed differences in the roof

runoff from concrete flat roofs and clay tile roofs. The main

sources of elevated NH4
+ and Ptot runoff concentrations in the

rural area are lichens, birds, and rodents (Gikas & Tsihrintzis,

2012; Gikas & Tsihrintzis, 2017). In comparison, the NH4
+ and

Ptot values in runoff from the other clay tile roofs in a suburban

and urban environment were lower. Hence, the local conditions

may have a great impact on the quality of the runoff. Lee et al.

(2012) compared four roof types with first the flush analysis in

South Korea. PH values in clay tile roof runoff were higher than

in the metal and wood shingle roof samples. This is in accordance

with findings from the studies mentioned previously.

Ghazali & Sulaiman (2018) analyzed runoff from a clay tile

roof and a galvanized roof in Malaysia. Fe and Zn

concentrations were lower in the clay tile roof runoff, and

EC and pH were marginally higher. The authors recommend

the usage of runoff from clay tile roofs rather than from

galvanized metal roofs for domestic purposes. Due to the

low values of nearly all runoff quality parameters of the clay

tile roof, Zhang et al. (2014) also consider the clay tile roof to be

most suitable for rainwater harvesting (compared to a concrete

flat roof, bitumen roof, and green roof). The reasons for this are

better resistance to aging and weathering and no leaching of

nutrients and organic pollutants (Zhang et al., 2014). In

accordance with this, Mao et al. (2021) also claimed clay tile

roofs are the best roofing material for rainwater harvesting.

Within the scope of Mao’s study, stormwater runoff from

sloped pilot-scale roofs (clay tile roof, galvanized metal,

concrete, and asphalt) were monitored.

TABLE 7 Values of different parameters in bitumen roof runoff.

Parameter Unit Mean/Median values in roof runoff

Teemusk &
Mander (2007) a

Lamprea &
Ruban (2008) b

Van Seters
et al. (2009) a

Toland et al.
(2012) b

Zhang et al.
(2014) b

Nosrati (2017) a

NO3
− mg/L 1.56 — 0.41 — — 9.30

Ntot mg/L 2.60 — — 0.42 4.00 —

Ptot mg/L 0.10 — 0.05 0.03 0.10 —

SO4
2- mg/L 3.00 — — 18.0 23.8

Cl− mg/L — — 1.00 — 5.00 —

Cd µg/L — 0.97 0 — — —

Cu µg/L — 5.70 108 — 5.00 —

Pb µg/L — 57.0 0 — — —

Zn µg/L — 394 9.85 — 50.0 —

Na mg/L — — 1.10 — 0.50 —

K mg/L — — 1.90 — 0.15 —

pH — 8.4 5.4 7.3 — 7.0 8.1

EC µS/cm — — 45.0 — 100 114

amean values
bmedian values
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Ayenimo et al. (2006) reported that runoff from clay tile roofs

shows better quality than from asbestos concrete roofs. Vialle

et al. (2011) analyzed harvested roof runoff from a clay tile roof

for one year. The values for most parameters correspond to the

concentrations measured by other authors for clay tile roofs. This

finding is also confirmed by Tobiszewski et al. (2010). Thresholds

especially for Zn are exceeded in five studies. High Pb and Zn

concentrations in Chang & Crowley (1993) and Melidis et al.

(2007) may be explained by metal gutters. High Pb runoff

concentrations may be caused by leaching out from the PVC

gutter (Lamprea & Ruban, 2008). Wahyuningsih et al. (2020)

reported mean Zn concentrations of 240 μg/L in rainwater

without contact to the roofing material. Thus, the clay tile

roof itself did not act as a source for Zn in that case. The

same applies to Ayenimo et al. (2006) where the control

samples of the rainwater showed mean concentrations of

880 μg/L.

The individual results of these studies are compared in

Table 8.

Overall, it can be stated that high heavy metal concentrations

in clay tile roof runoff often seem to be caused by guttering systems

or already elevated values in the rainwater itself. Increased values of

NH4
+ and Ptot appear to depend on characteristics of the local

conditions like animals or plants, whereas material properties of

the clay tile roof lead to increased pH and Ca values. Several

authors recommend clay tile roofs for rainwater harvesting

applications in comparison to other roofing types.

Green roofs

The fourteen publications listed in Supplementary Table S9

analyzed complete runoff from green roofs. Green roofs can be

divided into two categories: extensive and intensive. Extensive

green roofs are built with thin substrate layers for vegetation like

grasses or mosses and are planned to require no maintenance. In

contrast, intensive green roofs contain a deep soil layer for bigger

plants like bushes or trees and usually need maintenance

(Berndtsson, 2010). In this review the term green roof is used

for extensive green roofs.

Green roofs can act as a sink or as a source of inorganic

substances. The intensity of the rain event and thus the runoff

rate strongly influence the substance concentrations in green roof

runoff (Teemusk & Mander (2007). For example, NO3
− and

PO4
3- concentrations were higher in the runoff of heavy rain

events compared to low rain events.

Above all, phosphorus in form of dissolved PO4
3- and Ptot as

well as nitrogen as Ntot is washed out of the substrate as proven in

TABLE 8 Values of different parameters in clay tile roof runoff.

Para-
meter

Unit Mean/Median values in roof runoff

Chang
&
Crowley
(1993) b

Ayenimo
et al.
(2006)

Melidis
et al.
(2007) a

Lamprea
&
Ruban
(2008) b

Farreny
et al.
(2011) b

Vialle
et al.
(2011) b

Zhang
et al.
(2014) b

Ghazali
&
Sulaimann
(2018) a

Wahyuningsih
et al.
(2020)

NO3
− mg/L — 4.58 0.35 — 1.20 2.40 — — —

NH4
+ mg/L 0.53 — 0.35 — 0.20 0.32 — — —

PO4
3- mg/L 0.04 15.6 — — 0 0.19 — — —

SO4
2- mg/L — 7.34 0.02 — 2.20 1.80 20.0 — 4.20

Cl− mg/L — 7.23 — — — 1.70 5.00 — —

Cd µg/L — 550 — 0.44 — — — — —

Cu µg/L — — — 4.40 — — 4.00 — —

Fe µg/L — 190 39.0 — — — — 10.0 120

Pb µg/L 19.0 1,110 — 109 — — — — —

Zn µg/L 620 850 410 567 — — 20.0 1.00 230

Na mg/L — — — — — 0.93 0.80 — —

K mg/L — — — — — 0.78 2.00 — —

Mg mg/L — — — — — 0.24 0.08 — —

Ca mg/L — — — — — 2.90 10.0 — —

pH — — 6.7 7.6 5.1 7.6 6.2 7.1 7.1 6.4

EC µS/
cm

— 138 — — 75.0 38.2 70.0 0.02 —

amean values
bmedian values
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TABLE 9 Values of different parameters in green roof runoff.

Parameter Unit Mean / Median values in roof runoff

Berndtsson
et al.
(2006) a

Berndtsson
et al.
(2006) a

Berndtsson
et al.
(2006) a

Berndtsson
et al.
(2006) a

Berndtsson
et al.
(2006) a

Van
Seters
et al.
(2009)
a

Gregoire
&
Clausen
(2011) a

Toland
et al.
(2012) b

Toland
et al.
(2012) b

Toland
et al.
(2012) b

Gnecco
et al.
(2013) b

Seidl
et al.
(2013) b, c

Seidl
et al.
(2013) b, c

Zhang
et al.
(2014) b

Buffam
et al.
(2016) b

Chai
et al.
(2018) a, c

Liu
et al.
(2020) a

Liu
et al.
(2020) a

NO3
- mg/L 0.04 0.35 0.44 1.33 0.44 0.69 0.40 2.55

NO2
- mg/L 0.06 0.04 0.07 0.04

NH4
+ mg/L 0.01 0.03 0.06 0.19 0.13 0.18 0.19 0.26 0.10 0.52

Ntot mg/L 0.75 0.60 1.20 1.60 2.20 0.49 0.70 1.60 1.90 17.0 1.07 2.55 15.7

PO4
3- mg/L 0.61 0.03 4.29 2.45 0.83 0.24 0.08 0.11 3.00 2.10 5.46 8.51 1.60

Ptot mg/L 0.20 0.01 1.60 1.00 0.31 0.32 0.04 0.14 3.30 2.10 1.10 0.17 0.09 0.16

SO4
2- mg/L 19.4 40.0

Cl- mg/L 9.00 11.0

Cu µg/L 0.70 0 0 0 44.8 6.00 28.0 29.8 12.5 10.0

Fe µg/L 0 0.04 0.11 0.08 70.0 25.5 110 70.0

Pb µg/L 0 0.01 0 0 0 0

Zn µg/L 0.01 0.02 0.06 0.07 120 6.89 11.0 17.0 31.0 18.0 40.0 560

Mn µg/L 0 0.03 0.01 0.01 1.41 1.50

Al µg/L 47.7 40.0

Na mg/L 6.10 3.20 2.50

K mg/L 4.10 4.10 7.00 7.00 3.20 6.60 2.00 7.00 5.70

Mg mg/L 4.16 5.20 3.30

Ca mg/L 20.5 3.00 30.0 19.9

pH - 6.3 8.1 6.6 7.0 7.8 7.6

EC µS/cm 209 142 269 180 152

TSS mg/L 0 20.0 16.0 5.00 20.0 21.5 8.42 9.35

amean values
bmedian values
cresults represent results of 11 events in the third year of observation
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many studies (e.g., Berndtsson et al., 2006; Van Seters et al., 2009;

Gregoire & Clausen, 2011; Liu et al., 2020). Hence, the age of the

roof is one of the decisive factors in determining whether and

how much phosphorus is emitted. Buffam et al. (2016) observed

that especially in the beginning, green roofs act as a source of

PO4
3-. Berndtsson et al. (2006) analyzed runoff from four green

roofs. They stated that only the oldest green roof is not a

substantial source of PO4
3- and Ptot. One reason for

phosphorus in the runoff is the application of fertilizer.

Toland et al. (2012) analyzed runoff from green roofs with

and without compost-addition. Ptot, as well as Ntot values

were higher when compost was added to a green roof.

Berndtsson et al. (2009) monitored one green roof in Sweden

and two intensive green roofs. The intensive and extensive green

roofs showed different behaviors. High Ptot concentrations were

found in the green roof runoff, while the intensive green roof

released no Ptot and acted as a sink for Ntot. The reason for this

might be higher nutrient requirements of the larger plants

(Berndtsson et al., 2009). Seidl et al. (2013) also reported that

green roofs acted as a source of PO4
3- and Ntot. However, after a

dry period and for small rain events, a sink behavior of the green

roofs for these parameters was observed (Seidl et al., 2013).

Buffam et al. (2016), analyzed runoff from eight green roofs

for three years during summer months only. Overall values

showed that the older the roof, the better the water quality.

This has especially been observed for TSS and NH4
+ due to the

increased stability of the substrate through the roots and a better

adsorption of the positively charged NH4
+ by the substrate. Ptot

concentrations remained constant over the studied time. The

type and thickness of substrate as well as the vegetation type had

an influence on different parameters (Chai et al., 2018). Liu et al.

(2020) reported that mean Ntot concentrations increased in

runoff from the second of their monitored green roofs:

15.7 mg/L Ntot in green roof runoff compared to a mean

concentration in rainwater of 2.18 mg/L. The high value is

attributed to the used substrate as the Ntot content of the

substrate decreased from 1.19 g/kg to 0.51 g/kg during the

monitoring period (Liu et al., 2020). Malcolm et al. (2014)

found levels of Ptot and Ntot being higher in green roof runoff

than in flat gravel roof runoff. Values of this study are not listed

in Table 9 as metal values were analyzed only in one rain event

and no mean or median values of Ntot and Ptot can be given.

Table 9 depicts clearly that especially values of PO4
3- are high and

exceed the threshold value in most of the analyzed studies.

However, no clear trend can be seen for Ntot. Some roofs

show elevated Ntot levels, others had no influence or act as a

sink for Ntot.

There were several studies which reported that green roofs

could retain heavy metals like Cu, Pb, and Zn from rainwater

(Gregoire & Clausen, 2011; Gnecco et al., 2013; Seidl et al., 2013).

Some studies, however, showed elevated Cu or Zn concentrations

in the green roof runoff (Gregoire & Clausen, 2011; Buffam et al.,

2016). For these studies, the influences of gutters or other

materials on the roofs cannot be excluded. However, no

information about gutter material is provided which would

explain the high Zn or Cu values.

Concentrations of SO4
2-, Ca, and Mg, which are ingredients

of green roof substrates, were increased in the runoff (Teemusk

& Mander, 2007). The values of Teemusk & Mander (2007) are

not displayed in Table 9 as only samples from one roof were

taken at two different outflows. Van Seters et al. (2009) found

higher Ca and Mg values in green roof runoff compared to

bitumen roof runoff. In accordance with this, runoff quality

showed strong seasonal variations. Ca, K, Mg and Na

concentrations increased during summer. The authors state

that short-term observations might not adequately represent

green roof runoff. These strong seasonal fluctuations have not

been observed for the asphalt shingle roof runoff and

precipitation quality (Buffam et al., 2016).

Zhang et al. (2014) compared runoff from conventional

pilot-scale roofs with runoff from a pilot-scale green roof.

Runoff from the green roof showed higher EC values, Cl−,

SO4
2-, K, Na, Mg, and Cu concentrations compared to runoff

from the other roofs. The authors state that green roof runoff is

not suitable for rainwater harvesting (Zhang et al., 2014).

Overall, the applied substrate, application of fertilizer, the

plants, the age, the season of the sampling, and other factors can

have a strong influence on the runoff quality. Thus, these factors

should be considered when comparing runoff from different

green roofs. Data in Table 9 is exclusively from green roof runoffs

without first flush separation.

Conclusion

As a result of this study, it can be stated that the studies which

analyzed non-metal roof runoff are very limited and that no clear

or statistically relevant statements can be made regarding

pollutant emissions for most roofing materials. However,

regardless of the number of studies of the different roofs, it

can be clearly demonstrated that heavy metals are also an issue in

runoff of non-metal roofs. In terms of concentration, depending

on the metal they are usually 100 times lower compared to metal

roof runoff, but they very often exceed thresholds, sometimes in

considerable concentrations. In the case of the application of

metal containing chemicals and preservatives, metal

concentrations exceed thresholds up to a factor of 1,000 and

are comparable to metal roof runoff. Additionally, strong

concentration variations can occur due to the material of the

guttering system and other construction materials.

In addition to heavy metals, some roofing materials also act

as sources of nutrient emissions, for example, green roofs. Here,

different substrate compositions and the roof age have an

influence on the runoff quality. Different other factors in the

roof’s surroundings also influence the runoff quality: on a large

scale, pollutants in the air and rainwater from natural or
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anthropogenic sources, and on a small scale, plants and animals

on the roof.

The runoff from non-metal roofs, whether vegetated or not,

must also be considered as a potential source of soil and water

contamination. Therefore, adequate treatment of runoff is

required before entering the environment. Additionally,

treatment is required before harvesting the runoff for

domestic uses or even using it as a drinking water source. A

treatment of at least the first flush could help reduce pollution

with relatively little effort. However, it must be kept in mind that

later runoff also contains contaminants. A detailed review of the

first flush and later runoff qualities was not part of this study and

should be investigated in further studies.

From a pollutant load standpoint, roofs that emit heavy

metals in any way, be it through preservatives or increased

amounts of metals through the guttering system, should be

viewed critically. Particularly critical here are wood shingle

roofs with preservatives. A ranking of the roofing materials

examined cannot be made due to the limited data available on

some roofing materials.

The overall conclusion is that there are only few studies on the

topic which moreover present biases such as gutter materials and

atmospheric depositions for example. More serious studies are

urgently needed to make statistically evaluable statements. It is

becoming apparent that some roofing materials emit water-

relevant substances and therefore the runoffs must be treated to

protect theaquaticenvironment fromseeping into thegroundwater.
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