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The impact of atmospheric wet deposition on roof runoff
quality in an urbanized area
Hua-Peng Qin, Qiao-Ling Tang, Li-Yu Wang and Guangtao Fu

ABSTRACT
Understanding the sources of chemical components in roof runoff can help to prevent water quality
problems in rooftop rainwater harvesting. To identify the contribution of wet deposition to the mass
of components in roof runoff, the samples from air, rainwater, dust buildup and roof runoff were
collected from an urban site in Shenzhen of China in 2011–2012. The results indicate that: (1) wet
–
–
deposition has a dominant contribution to the mass of total organic carbon (TOC), NHþ
4 , NO3, Cl and

organic acids in the roof runoff, while the mass of NHþ
4 , acetic acid and formic acid in the roof runoff
may be greatly reduced by the neutralization between the components with alkaline dust buildup on
þ

þ

2þ

2þ

–

the rooftop; and (2) wet deposition partially contributes to the mass of Na , K , Mg , Ca , F and
SO2–
4 in the roof runoff, while other factors like dust buildup on the rooftop and chemical reactions
–
also have a non-negligible impact. Furthermore, TOC, NHþ
4 , NO3 and organic acids in the wet
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deposition are mainly inﬂuenced by the atmospheric pollution due to fast increase in fossil fuel
consumption (e.g. vehicle emissions). Therefore, the effects of wet deposition should be carefully
considered for rooftop rainwater harvesting in urbanized areas.
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INTRODUCTION
Rooftop rainwater harvesting has increasingly become an

Leaching from metal rooﬁng tends to raise the levels of zinc,

important supplementary means of water resources manage-

copper, cadmium and sometimes lead in rooftop runoff

ment in the areas where surface water and ground water are

(Clark et al. ; Wang & Li ; Rentz & Öhlander

absent (Ragab et al. ). However, many chemical types of

; Wicke et al. ). Rainwater from asphalt ﬁberglass

contaminants have been found in rooftop runoff including

shingle roofs contains high levels of dissolved organic

organic components (Abbasi & Abbasi ; Mendez et al.

carbon (Mendez et al. ). In addition, nutrient releases

), nutrients (Clark et al. ) and metals (Forster ;

in the runoff from rooﬁng made of galvanized metal or

Lee et al. ). Several studies have reported that water

wood products (Clark et al. ).

quality of rooftop runoff exceeded the international or

The atmospheric dry and wet deposition may have sig-

national guidelines set for portable or non-portable water

niﬁcant effects on the chemical composition in roof runoff

(Abbasi & Abbasi ; Lee et al. ; Gikas & Tsihrintzis

(Burian et al. ; Polkowska et al. ). A study in an

; Hou & Zhang ). Thus, understanding the sources

urban area of Shanghai indicated that the main contribution

of chemical components in the rooftop runoff is essential

source to pollutant loads from roofs was atmospheric dry

for rainwater harvesting in order to control the water quality

precipitation rather than the rooﬁng materials (Wang & Li

and develop appropriate measures to bring it within accep-

). Rocher et al. () measured the bulk atmospheric

table levels.

depositions (including dry and wet depositions) of hydrocar-

Roofs themselves can be a source of contamination

bons and metallic pollutants in central Paris (France). They

through the leaching and disintegration of rooﬁng materials.

found that atmospheric deposition acts as the main source
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of hydrocarbons and major elements (e.g. Ca, K, Mg, Na, P


Ca2þ, Naþ, Mg2þ and Kþ), inorganic anions (SO2
4 , NO3 ,

and S), while metallic and slate roofs act as sources of some



PO3
4 , Cl , F ), total organic carbon (TOC), and organic

heavy metals. Lamprea & Ruban () reported that the

acids (formic acid, acetic acid, methanesulfonic acid, gluta-

morphology and composition of particles in the roof

ric acid malonic acid, succinic acid, adipic acid). These

runoff are very similar to those observed in bulk atmos-

chemical components are chosen not only because they

pheric deposition. Huston et al. () measured the bulk

are widely found in the wet deposition in many urban

deposition at 16 sites in Brisbane and found that there was

areas (Huang et al. ), but also because they are relevant

an increase in the deposition ﬂux in trafﬁc/industrial areas

to the nutrient level, chemical oxygen demand or pH in the

compared to outer suburbs.

roof runoff, which has effects on the rainwater utilization.

Wet deposition has been investigated to reveal the

Heavy metals were not measured due to economic con-

mechanism of acid precipitation (Huang et al. a; Tsai

straints.

et al. ) or understand the local and regional dispersion

characterize chemical components in both wet deposition

of pollutants (Tian et al. ; Zhang et al. ). However,

and roof runoff and (2) to identify the contributions of

much less attention has been paid to the impacts of wet

wet deposition to the mass of different components in

deposition on the roof runoff quality (Melidis et al. ;

roof runoff.

The

objectives

of

this

paper

are

(1)

to

Polkowska et al. ). In addition, wet deposition has not
been fully considered in the water quality management for
rooftop rainwater harvesting. Before control measures are

METHODS

considered, it is necessary to characterize the input of wet
deposition to the chemical components in roof runoff

Study sites

(Huston et al. ).
This paper focuses on analyzing the contributions of

This study was conducted on the roof of a four-storey build-

atmospheric wet deposition to the chemical components

ing at the campus of Peking University Shenzhen Graduate

in the roof runoff at an urban site in Shenzhen, China,

School (PKUSZ) (Figure 1). The study site is located in the

where the samples were systematically collected from

middle east of Shenzhen. There are no obvious pollution

atmospheric environment, rainwater, dust buildup on the

sources nearby. The experimental area is a 112 m2 ﬂat roof

rooftop and roof runoff in 2011–2012. The chemical com-

made of cement mortar. This roof was selected because

(NHþ
4,

the cement mortar roof is typical for the buildings in

ponents investigated in this study include: cations

Figure 1

|

The location of the sampling site.
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Observed rainfall data

W

climate with a mean annual temperature of 22.4 C and
Date

ADP
(day)

11 June 2011

2

1.8

2

11 June 2011

0.42

76.7

6.2

12 June 2011

0.25

18.6

4.3

10 July 2011

7.8

4.8

2.17

To identify the contribution of atmospheric wet deposition

11 July 2011

1

51.6

1.2

to the chemical components in roof runoff, a comprehensive

19 July 2011

0.5

4.6

2

measurement campaign was carried out from June 2011 to

28 July 2011

7

11.4

0.6

May 2012. The measurement included not only the com-

29 July 2011

0.58

4.1

0.5

ponents in the rainwater and the roof runoff during

9 August 2011

0.42

61.8

5.2

rainfall events, but also those in the dust buildup on the roof-

9 August 2011

0.33

56.4

0.8

top and the atmosphere.

17 August 2011

2.21

5.3

0.33

1 September 2011

12.25

1.8

0.5

mean annual precipitation of 1,933 mm, 85–90% of which
falls from April to September.
Sample collection

Quantity and quality of rainfall

Rainfall amount
(mm)

Rainfall duration
(h)

2 September 2011

0.17

15

0.5

8 March 2012

0.63

3.6

5.93

The rainfall amount was recorded at an interval of 10 min by

5 April 2012

5.24

18.6

4.5

an automated weather monitoring system (DAVIS weather

16 April 2012

2.89

1.3

2.08

station, Hayward, CA, USA) installed at PKUSZ. A plastic

16 April 2012

0.12

23.8

2.62

open tray was used to collect the rainwater. Before its use,

18 April 2012

0.91

2.7

0.83

the tray was washed with deionized water. The tray was

19 April 2012

0.84

60.8

7.25

placed on the roofs and a water quality sample was collected

20 April 2012

0.66

52.3

11.02

from the tray at the end of the rainfall event. Twenty-ﬁve

25 April 2012

1.72

1.6

1.67

rainfall events were monitored and the rainwater quality

27 April 2012

1.72

76.8

8.5

samples were collected (Table 1). The antecedent dry

4 May 2012

3.28

10.8

0.33

period (ADP), rainfall amount and rainfall duration ranged

13 May 2012

2.12

2.8

0.17

from 0.17 days to 12.25 days, 1.8 mm to76.8 mm and

13 May 2012

0.22

15.6

4

0.33 h to 11.02 h, respectively.
Quantity and quality of roof runoff

the rainfall intensity and duration of the event. A total of
113 samples were collected from the roof runoff during

A 10-L PVC bucket was placed at the ﬁnal point of the roof

the 25 rainfall events.

drain pipes for runoff collection. Before its use, the bucket
was washed with deionized water. When a bucket was

Air quality

ﬁlled, the next bucket was applied in its place after
10 min intervals for rising water ﬂow or 20–30 min inter-

The air quality in the study area was measured in the non-

vals for receding ﬂow. For each process, the start and

rain days. Nitrogen oxides (NOx), sulfur dioxide (SO2) and

end time for ﬁlling the runoff into the bucket was

inhalable particles less than 10 microm in diameter (PM10)

recorded, and then the average ﬂow rate can be estimated

were continuously measured by Model 42i-D NOx Analyzer,

by dividing the volume of the bucket by the time for ﬁlling

Model 43i SO2 Analyzer and TEOM 1405 (Thermo Scienti-

the bucket; in addition, a water quality sample was col-

ﬁc, West Palm Beach, FL, USA), respectively. The means for

lected from each bucket of the roof runoff. For each

air quality within 30 min before each of the 25 rainfall

rainfall event, 1–8 samples were collected depending on

events were selected for analysis in the study.
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deposition monitoring in China (State Environmental Pro-

Dust buildup on the rooftop

tection Administration of China ). Field blank samples
The dust buildup on the rooftop comprises the dry depo-

were collected monthly using deionized water (18.2 MΩ cm)

sition and the debris of the rooﬁng material. The dust was

(Millipore, Billerica, MA, USA) to ﬂush the bucket and tubes

sampled by a 1,200 W water ﬁltration vacuum cleaner

of the sampler in the same way as for normal sampling.

(ZW12-18EFT, Ogilvy, Korea) after a few days of dry

A pH difference of less than 0.05 and an electrical conduc-

weather. The cleaner inhales the dust into a water bucket,

tivity difference of less than 1 μS/cm between deionized

which is half-ﬁlled with deionized water, and the soluble

water and the ﬁeld blank solution were adopted as the

fraction of dust can dissolve in the water, resulting in a ﬁlter-

standard to check the cleanliness of the sampler. Duplicate

ing effect up to 99%. Sample collection was undertaken on

measurements of pH and electrical conductivity were

1 × 1 m roof surfaces plots. A plastic frame was used to

carried out and a difference of less than 0.05 for pH and

demarcate the plot boundary during sample collection.

less than 1 μS/cm for electrical conductivity was acceptable.

Vacuuming was done three times in perpendicular direc-

The relative standard deviations of the measured inorganic

tions in order to ensure that all the dust was collected.

and organic ions and TOC were all less than 5% for

After the sampling, the mixed water solution was poured

reproducibility tests. The quality assurance was routinely

from the water bucket into a sampling bottle. Then, the

carried out using Standard Reference Materials produced

water bucket was rinsed three times by deionized water,

by National Research Center for Certiﬁed Reference

and the rinsed water was also poured into the sampling

Materials, China. Owing to the strict measures of sample

bottle. A total of 46 samples were collected in different

collection, quality assurance and quality control during the

plots of the roof at the time with ADP ranged from 0.17 to

experiment, we can assure the reliability and authenticity

12.25 days.

of data.

Sample analysis
Indicators
The pH of samples was measured by the pH meter (PHS-3C,
Shanghai Leici Instruments Co., Shanghai, China) immedi-

In the study, the bulk concentration of the ith chemical com-

ately after collection. Then, samples were ﬁltered through

ponent in the rainwater was denoted as Crain,i. It was

0.45 μm pore size PTFE ﬁlters and stored at –20 C in a

compared with the event mean concentration (EMC) of

refrigerator for further chemical analysis within 2 weeks.

the ith chemical component in roof runoff during a rainfall

The TOC measurement was performed using a TOC analy-

event (EMCi), which can be expressed as

W

zer (Multi N/C 3100, Analytik-jena, Jena, Germany). Ions
were analyzed using an ion chromatography system (ICS-

EMCi ¼

X

Ct,i Qt Δt=

X

Qt Δt

(1)

2500, Dionex, Sunnyvale, CA, USA) equipped with an elec

3
trochemical detector. The anions (SO2
4 , NO3 , PO4 , Cl ,

where Ct,i and Qt are concentration of the ith chemical com-

F, HCOO, CH3COO and C2O2
4 ) were determined

ponent and runoff discharge, respectively, at time t; Δt is

using an AS-11 column and a gradient elution solution of

discrete time interval. EMC is regarded as a good measure

2þ
þ
2þ
NaOH. The cations (NHþ
and Kþ) were
4 , Ca , Na , Mg

to represent rainfall runoff quality (Kim et al. ).

determined using a CS-12A column and an isocratic elution
solution of methanesulfonic acid.

The mass of the ith component in the wet deposition
(WDrain,i) during a rainfall event can be expressed as

The test parameters for Multi N/C 3100 used in this
W

study are furnace heating temperature of 800 C, injection

WDrain,i ¼ Crain,i Rrain A

(2)

volume of about 20 mL, analysis time of about 15 min.
The sampling and analysis procedures were conducted fol-

where Rrain is the rainfall amount during a rainfall event; A

lowing the technical speciﬁcations required for acid

is the area of the roof. The WDrain,i was compared with the
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X

(3)

Another indicator used in this study is the ratio of mass
of the ith component in the wet deposition to that in the roof

Pw,i≫Pb,i

no or insigniﬁcant change
signiﬁcant increase
signiﬁcant decrease

Ri ≈ 1
Ri < 1
Ri > 1

Pw,i ≈ Pb,i

no or insigniﬁcant change
signiﬁcant increase
signiﬁcant decrease

Ri < 1
Ri < 1
Ri ≧ 1

Pw,i≪Pb,i

no or insigniﬁcant change
signiﬁcant increase
signiﬁcant decrease

Ri < 1
Ri < 1
Ri < 1 or Ri ≧ 1

(4)

Ri can be used to denote the contribution of wet deposition to the component mass in roof runoff. Generally,

2015

Possible
contribution

runoff during a rainfall event, Ri, which can be expressed as
Ri ¼ WDrain,i =Mrunoff,i

|

Possible effects of chemical reactions on
the component mass in roof runoff

Pw,i and Pb,i

Ct,i Qt Δt

46.6

Impacts of dust buildup and chemical reaction on contribution of wet deposition

fall event (Mrunoff,i). Mrunoff,i can be expressed as
Mrunoff,i ¼

|

Pw,i the proportion of the ith component in the wet deposition; Pb,i the proportion of the ith
component in the dust buildup on the rooftop; Ri the ratio of mass of the ith component in
the wet deposition to that in the roof runoff.

the higher the ratio is, the more wet deposition contributes
to the mass in roof runoff. If Ri is signiﬁcantly higher than
0, WDrain has a signiﬁcant contribution to Mrunoff. Further-

signiﬁcantly increase the component mass in the roof

more, if Ri is signiﬁcantly close to or higher than 1,

runoff; or Ri may be close to 1 or even higher than 1 if

WDrain has a dominant contribution to Mrunoff.

chemical reactions can signiﬁcantly decrease the component mass in the roof runoff.

Method to explain the contributions of wet deposition
Generally, the components in the roof runoff are derived
from wet deposition or dust buildup on the rooftop. However, the chemical reactions between the rainwater and
dust buildup (e.g. neutralization reaction between acid and
alkali) may change the component mass in the roof runoff.

3. Pw,i≪Pb,i
Ri is usually lower than 1 no matter the chemical have
impacts on the roof runoff water quality or not. However,
Ri is possible to be close to or even higher than 1 if chemical
reactions can signiﬁcantly decrease the component mass in
the roof runoff.

Assume that the proportions of the ith component in the
wet deposition and the dust buildup on the rooftop are Pw,i

Statistical analysis

and Pb,i, respectively. The contributions of wet deposition
to the component mass in the roof runoff may be possibly

The proportions of the components in the wet deposition

investigated by comparing Pw,i with Pb,i and considering

and the dust buildup on the rooftop are highly variable,

the possible chemical reactions in the roof runoff. The fol-

dependent upon different samples. Thus, the two-group

lowing three cases may exist (Table 2)

independent sample t-test was used to detect whether the

1. Pw,i≫Pb,i
Ri may be close to 1 if the chemical reactions have no or

results of comparison of the component proportion between
the wet deposition and the dust buildup are statistically signiﬁcant or not.

insigniﬁcant impacts on the roof runoff water quality; or Ri

Ri is also highly variable, dependent upon different rain-

may be lower (or higher) than 1 if chemical reactions can

fall events, and thus the one sample t-test was used to detect

signiﬁcantly increase (decrease) the component mass in

whether or not there is a statistically signiﬁcant difference

the roof runoff.

between Ri and 0 or between Ri and 1.

2. Pw,i ≈ Pb,i

was used to determine the relationship between the air qual-

Ri may be lower than 1 if the chemical reactions have no
or insigniﬁcant impacts on the roof runoff water quality or
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events is shown in a box-whisker plot, which indicates that
the concentrations of components in the rainwater are
highly variable, dependent upon different rainfall events

Rainwater and runoff quality

(Figure 2(a)).
The volume-weighted mean concentrations (VWMs) of

EMCs of each component in 25 rainfall events were cal-

components in the rainwater were calculated based on

culated in terms of Equation (1). The VWMs of the

the rainfall amount and rainwater quality data of 25 rain-

components in the roof runoff were calculated based on

fall events during 2011–2012. TOC has a VWM of

the EMCs and runoff data of 25 rainfall events during

3.98 mg/L, which is the highest among all the measured

2011–2012. In the roof runoff, TOC has a VWM of

2þ

NHþ
4

have VWMs of 0.86 mg/L

5.42 mg/L, which is the second highest among the measured

and 0.47 mg/L, respectively, which are much higher than

components; Ca2þ, Kþ and Naþ have VWMs of 10.01 mg/L,

the other cations; NO–3 and SO2–
have VWMs of
4

1.64 mg/L and 1.24 mg/L, respectively, which are much

1.74 mg/L and 1.71 mg/L, respectively, which are much

–
higher than the other cations; NO–3, SO2–
4 and Cl have

higher than the other inorganic anions; and formic acid

VWMs of 2.81 mg/L, 4.41 mg/L and 1.09 mg/L, respect-

and acetic acid have VWMs of 0.26 mg/L and 0.12 mg/L,

ively, which are much higher than the other inorganic

respectively, which are higher than the other organic

anions; and formic acid and acetic acid have VWMs of

acids. Furthermore, the VWMs of PO3–
4 , glutaric acid,

0.128 mg/L and 0.095 mg/L, respectively, which are

succinic acid, malonic acid, methanesulfonic acid in the

higher than the other organic acids. In addition, the VWM

samples are lower than 0.1 mg/L, and some of them are

pH in the roof runoff is 7.78, showing the alkalinity of

lower than detective limits. In addition, the VWM pH

roof runoff in the study area. VWM of NHþ
4 in the study is

in the rainwater is 4.99, showing the acidity of rainfall in

much lower than that in Beijing and a little lower than

the study area. The concentrations of components in

that in France and Greece; while VWM of NO–3 in the

rainwater in the study area are lower than those in

study area is higher than that in the cities listed in Table 4.

Guangzhou, Beijing, Shanghai, Nanjing, Ankara and

EMCs of the 25 rainfall events are shown in a box-whisker

Galicia; while they are similar to those in other cities

plot, which indicates that the EMCs are highly variable,

listed in Table 3. Water quality of rainwater in rainfall

dependent upon different rainfall events (Figure 2(b)).

components; Ca

Table 3

|

and

The volume-weighted mean pH and component concentrations in rainwater in Shenzhen and other cities (mg/L)

Area

Time

pH

Naþ

NHþ
4

Kþ

Mg2þ

Ca2þ

Cl–

NO–3

SO2–
4

This study

2011

4.99

0.235

0.473

0.180

0.042

0.857

0.554

1.743

1.712

Reference

Guangzhou

2006

4.56

1.265

1.271

1.283

0.204

2.072

3.077

3.311

7.838

Cao et al. ()

Shanghai

2005

4.49

1.152

1.453

0.581

0.355

4.08

2.067

3.088

9.581

Huang et al. ()

Beijing

2003

6.18

1.346

6.768

1.564

1.92

7.94

2.935

10.788

25.008

Hu et al. ()

Jinhua

2004

4.54

0.173

1.746

0.207

0.053

1.122

0.365

2.294

5.611

Zhang et al. ()

Nanjing

1992–2003

5.15

0.529

3.478

0.472

0.38

5.908

5.055

2.455

11.606

Tu et al. ()

Mexico

2001–2002

5.08

0.161

1.663

0.086

0.03

0.528

0.34

2.641

2.971

Báez et al. ()

Ankara

1994–1996

6.3

0.359

1.555

0.382

0.112

1.428

0.723

1.81

2.304

Topçu et al. ()

Singapore

1999–2000

4.2

0.754

0.344

0.281

0.078

0.322

1.212

1.383

4.008

Hu et al. ()

Tokyo

1990–2002

4.52

0.851

0.727

0.113

0.138

0.498

1.957

1.891

2.41

Okuda et al. ()

Seoul

1996–1998

4.7

0.242

1.195

0.137

0.083

0.698

0.645

1.854

3.403

Lee et al. ()

Galicia

1999

6.55

3.358

4.536

1.599

0.528

1.7

6.097

1.55

4.752

Vázquez et al. ()

Newark

2006–2007

4.6

0.251

0.439

0.051

0.04

0.12

0.379

0.893

1.829

Song & Gao ()
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Water quality of rainwater and roof runoff in rainfall events.

Mean pH and EMCs in roof runoff in Shenzhen and other cities (mg/L)

Area

Time

pH

Naþ

1.237

This study

2011

7.78

Beijing

2000

6.82

Southwest France

2009

6.5

Xanthi

2002–2004

7.77

NHþ
4

Kþ

Mg2þ

Ca2þ

PO3–
4

Cl–

NO–3

SO2–
4

0.185

1.644

0.145

10.05

0.01

1.094

2.813

4.413

2.78

1.98

55.24

Che et al. ()

1.9

2.8

1.9

Vialle et al. ()

1.48

0.06

Melidis et al. ()

3.47
1.1

0.58

1.2

0.27

4.4

0.47

5.74

1.20

24.06

0.17

Reference

Compared to the rainwater quality, the concentrations

components, followed by NO–3 (16.3%) and SO2–
4 (15.5%);

of components in roof runoff have signiﬁcant change

Ca2þ accounts for the maximum proportion (14.4%)

(Figure 2), while different components have different

among all the cationic components, followed by NHþ
4

2þ

þ

þ

2þ

change trends. The VWMs of TOC, Ca , Na , K , Mg ,
SO2–
4 ,

–

–

(4.2%). As seen in Figure 3(b), in the dust buildup on the

NO , F , Cl and acetic acid in the roof runoff are

rooftop, Ca2þ accounts for the maximum proportion

higher than those in the rainwater. However, the VWMs

(40.1%) among all the measured components followed

acetic acid and formic acid in the roof runoff are

–
by TOC (25.0%), SO2–
4 (19.5%) and NO3 (4.4%). The ﬁve

lower than those in the rainwater. In addition, pH in the

components, PO3–
4 , glutaric acid, succinic acid, malonic

roof runoff is much higher than that in the rainwater.

acid and methanesulfonic acid, are grouped as ‘others’ in

of

NHþ
4,

3–

Figure 3.
Component proportions in wet deposition and dust

The two-group independent sample t-test was used to

buildup on the rooftop

detect whether or not the population mean of the proportion

Figure 3 shows the average proportion of each chemical

dust buildup (μ2) are different. The hypothesis was set: H0:

component in all the samples collected from the wet depo-

μ1 ¼ μ2; H1: μ1 ≠ μ2, where H0 and H1 are null hypothesis

sition and the dust buildup on the rooftop. As seen in

and alternative hypothesis, respectively. According to the

Figure 3(a), in the wet deposition, TOC accounts for the

results of the independent sample t-test, the components

maximum proportion (30.6%) among all the measured

can be classiﬁed into three groups (Table 5).

of a component in the wet deposition (μ1) and that in the

Downloaded from https://iwaponline.com/hr/article-pdf/46/6/880/370360/nh0460880.pdf
by guest
on 21 August 2018

887

H.-P. Qin et al.

Figure 3
Table 5

|

|

|

Impact of atmospheric wet deposition on roof runoff quality

Hydrology Research

|

46.6

|

2015

Component proportions in wet deposition and dust buildup on the rooftop.
Comparison of components between wet deposition, dust buildup and roof runoff
Two-group independent sample t-test for comparison
between Pw,i and Pb,i

One sample t-test for comparison between Ri and 1

Component

t-value

Sig.

Pw,i vs. Pb,i

t-value

Sig.

Ri vs. 1

TOC

3.204

0.003

Pw≫Pb

–0.010

0.992

≈1

NO–3

6.945

0

Pw≫Pb

–0.222

0.826

≈1

–

Cl

3.153

0.004

Pw≫Pb

–0.502

0.621

≈1

oxalic acid

–1.732

0.094

Pw ≈ Pb

1.028

0.327

≈1

NHþ
4

8.237

0

Pw≫Pb

3.160

0.005

>1

acetic acid

4.405

0

Pw≫Pb

3.453

0.004

>1

formic acid

3.261

0.005

Pw≫Pb

2.569

0.022

>1

Ca2þ

–16.128

0

Pw≪Pb

–59.643

0

<1

–

F

–3.901

0

Pw≪Pb

–7.574

0

<1

Kþ

–0.064

0.949

Pw ≈ Pb

–19.791

0

<1

Mg

1.832

0.076

Pw ≈ Pb

–5.347

0

<1

SO2–
4

–0.98

0.333

Pw ≈ Pb

–5.481

0

<1

2.426

0.023

Pw≫Pb

–15.396

0

<1

2þ

þ

Na

Pw,i the proportion of the ith component in the wet deposition; Pb,i the proportion of the ith component in the dust buildup on the rooftop; Ri the ratio of mass of the ith component in the
wet deposition to that in the roof runoff.

Group 1 includes Kþ, Mg2þ, SO2–
4 and oxalic acid. In

Therefore, the proportions of the components in the wet

this group, the null hypothesis is accepted (p-value > 0.05),

deposition are signiﬁcantly close to those in the dust buildup

and the difference between μ1 and μ2 is insigniﬁcant.

on the rooftop, which can be denoted as Pw ≈ Pb.
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Ca2þ, SO2–
4 are much lower than 1.0 (range from 0.55 to
0.14).

(p-value < 0.05), the difference between μ1 and μ2 is signiﬁ-

Ri is highly variable, dependent upon different rainfall

cant, and μ1 > μ2. Therefore, the proportions of the

events, thus the one sample t-test was used to detect whether

components in the wet deposition are signiﬁcantly higher

or not the population mean (μ3) of Ri for each component

than those in the dust buildup on the rooftop, which can

and 0 is different. The hypothesis was set: H0: μ3 ¼ 0; H1:

be denoted as Pw > Pb.

μ3 ≠ 0. The results indicate that the differences for all the

Group 3 includes Ca2þ and F–. In this group, the null

components except for oxalic acid are signiﬁcant (p-value <

hypothesis is rejected (p-value < 0.05), the difference

0.05), the null hypothesis is rejected, the difference between

between μ1 and μ2 is signiﬁcant, and μ1 < μ2. Therefore, the

μ3 and 0 is signiﬁcant, and the mean difference is positive.

proportions of the components in the wet deposition are sig-

Therefore, the mass of the components in the wet deposition

niﬁcantly lower than those in the dust buildup on the

has a signiﬁcant contribution to that in the roof runoff

rooftop, which can be denoted as Pw < Pb.

during a rainfall event.

Ratio of component mass in wet deposition to that

whether or not the population mean (μ3) of Ri for each

Furthermore, the one sample t-test was used to detect
in roof runoff

component and 1 is different. The hypothesis was set, H0:
μ3 ¼ 1; H1: μ3 ≠ 1. According to the results of the one

The mass of the ith component in the wet deposition

sample t-test, the components can be classiﬁed into three

(WDrain,i) and the roof runoff (Mrunoff,i) during a rainfall

groups (Table 5).

event were calculated in terms of Equations (2) and (3),

Group 1 (including TOC, NO–3, Cl– and oxalic acid). In

respectively. The ratio of the ith component mass in the

this group, the null hypothesis is accepted (p-value > 0.05),

wet deposition to that in the roof runoff during a rainfall

and the difference between the population mean (μ3) for

event (Ri) was calculated in terms of Equation (4). As

the component in the group and 1 is insigniﬁcant. The

shown in Figure 4, different components have different

results implicate that the mass of the components in the

values of Ri. Acetic acid has the highest mean Ri (14.0) fol-

wet deposition is close to that in the roof runoff during a

lowed by formic acid (10.4), NHþ
4 (7.4) and oxalic acid (3.4).
The mean Ri of TOC, F–, NO–3, Cl– are close to 1.0 (range
from 0.75 to 0.99); while the mean Ri of Naþ, Kþ, Mg2þ,

rainfall event, which can be denoted as Ri ≈ 1. However,
different components may have different reasons for it.
The proportions of TOC, Cl– and NO–3 in the wet deposition are much higher than those in the dust buildup on
the rooftop, and the chemical reactions in the roof runoff
have no or insigniﬁcant impact on the mass of the components. This implies that wet deposition has a dominant
contribution to the mass of the components in the roof
runoff.
The proportion of oxalic acid in the wet deposition is
close to that in the dust buildup. However, Ri of oxalic
acid is close to 1. One possible reason is that the chemical
reactions between oxalic acid and alkaline dust buildup on
the rooftop (e.g. calcium carbonate and sodium carbonate)
signiﬁcantly decrease the oxalic acid in the roof runoff.
The possible reactions may be expressed as follows:
CaCO3 þ HO2 C  CO2 H    >CaðC2 O4 Þ þ CO2 ↑ þH2 O

Figure 4

|

Ratio of component mass in wet deposition to that in roof runoff.
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Na2 CO3 þ HO2 C  CO2 H    >Na2 ðC2 O4 Þ þ CO2 ↑ þH2 O

acidic rainwater may corrode the cement mortar roof and

(6)

facilitate the leaching of Kþ, Mg2þ, Ca2þ and SO2–
4 into
the roof runoff.

Group 2 (including NHþ
4 , acetic acid and formic acid).
In this group, the null hypothesis is rejected (p-value <
0.05), and μ3 > 1 is signiﬁcant. The results imply that the
mass of the components in the wet deposition is higher
than that in the roof runoff during a rainfall event, which
can be denoted as Ri > 1.
As seen in Table 5, the proportions of NHþ
4 , acetic acid
and formic acid in the wet deposition are much higher than
those in the dust buildup on the rooftop. Since the runoff
from the cement mortar rooﬁng is alkaline, the reaction
–
between NHþ
4 and OH may produce volatile ammonium

hydroxide and possibly release NH3 into the air. In addition,
because of the existence of weak acid ions (e.g. acetate and
carbonate), NHþ
4 and the ions may occur double hydrolysis
reactions, which promote the transform from NHþ
4 to NH3.
For example, the double hydrolysis reaction of NHþ
4 and
acetate occurs as follows:

The proportion of Naþ in the wet deposition is higher
than that in the dust buildup. However, the cement mortar
rooﬁng usually contains Na2CO3, which is added to composite cement as activator. Owing to the inﬂuence of acid rain,
some mass of Naþ may leach from the rooﬁng materials,
which may signiﬁcantly increase the mass of Naþ in the
roof runoff and cause the Ri of Naþ to be lower than 1.
Therefore, in this group, wet deposition is part of the
contribution to the mass of Naþ, Kþ, Mg2þ, Ca2þ, F– and
SO2–
4 in the roof runoff, while other factors like dust buildup
on the rooftop and chemical reactions also have nonnegligible impact.
Components in wet deposition and atmosphere
The results above indicate that some components (such as
–
TOC, NHþ
4 , NO3, acetic acid, formic acid and oxalic acid)

in wet deposition have dominant contributions to the mass


NHþ
4 þ CH3 COO ! NH3 þ CH3 COOH

(7)

of the components in the roof runoff. Generally, the components in the wet deposition are affected by the air
quality. Spearman rank correlation analysis was used to

The formic acid, acetic acid and oxalic acid may react

evaluate the strength of links between the wet deposition

with alkaline dust buildup on the rooftop (e.g. calcium car-

during the rainfall events and air quality within 30 min

bonate and sodium carbonate), which causes a signiﬁcant

before the rainfall events. The results indicate that TOC,

reduction of the organic acids in the roof runoff. The poss-

–
NHþ
4 , NO3, formic acid and oxalic acid in the wet depo-

ible reactions may be expressed as follows:

sition have moderate or strong positive correlation with
PM10 in the atmospheric environment; both NO–3 and
NHþ
4 in the wet deposition have strong positive correlation

CaCO3 þ 2CH3 COOH ! CaðCH3 COOÞ2 þH2 O
þ CO2

(8)

with NOx in the atmospheric environment (Table 6). This
is because the components may occur either as gaseous or

CaCO3 þ 2CH2 O2 ! CaðHCOOÞ2 þH2 O þ CO2

(9)

aerosol forms in the atmospheric environment, and wet
deposition rather than dry deposition is the main route
through which the components in the atmospheric environ-

Group 3 (including Naþ, Kþ, Mg2þ, Ca2þ, F–, SO2–
4 ). In this
group, the null hypothesis is rejected (p-value < 0.05), and

ment reach the rooftop (Zhang et al. ).
–
Furthermore, TOC, NHþ
4 , NO3 and organic acids in the

μ3 < 1 is signiﬁcant. The results imply that the mass of the com-

atmosphere are mainly inﬂuenced by anthropogenic

ponents in the wet deposition is lower than that in the roof

sources rather than natural and marine sources (Huang

runoff during a rainfall event, which can be denoted as Ri < 1.

et al. b). NO–3 derives from the precursor of HNO3

þ

–

and aerosol NO3–, both resulting from fossil fuel com-

in the wet deposition are lower than or close to

bustion (Zhang et al. ). NHþ
4 mainly comes from

those in the dust buildup on the rooftop. Furthermore, the

chemical emissions, vehicle emissions, biomass burning,

2þ

2þ

This is because the proportions of K , Mg , Ca , F
and

SO2–
4
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Correlative coefﬁcients between concentrations of components in wet deposition and atmosphere
NHþ
4

TOC
a

NO–3
b

SO2–
4
b

Acetic acid
b

0.758a

0.612

0.455

0.588

0.624

0.600a

0.576a

0.661a

0.624

0.782

0.891

0.782

NOx

0.527

0.794b

0.842b

b

0.806b

SO2

0.636

0.770

b

Oxalic acid

0.891

0.600

a

Formic acid

0.515

PM10

a

|

0.01 < p < 0.05.

b

p < 0.01.

biological process and agricultural activities (Hu et al.

rooftop rainwater harvesting and storm water quality man-

). Huang et al. () investigated the water-soluble

agement, particularly in the urbanized areas suffering from

organic carbon (WSOC) in Shenzhen and found that bio-

atmospheric pollution due to fossil fuel consumption.

mass burning and in-cloud processing were the major
contributors to the WSOC in ﬁne aerosol particles. Organic
acids in the wet deposition originate from both direct

CONCLUSIONS

anthropogenic and natural emissions and secondary photochemical production from precursors (Chebbi & Carlier

To identify the contributions of atmospheric wet deposition

).

to the chemical components in roof runoff, the main components in rainwater and roof runoff were measured at an

Implications for roof runoff quality management

urban site in Shenzhen from 2011 to 2012. Atmospheric
environment quality and the dust buildup on the rooftop

–
In this study, TOC, NHþ
4 , NO3 and some organic acids in

were also measured to reveal the underlying reasons. The

wet deposition have dominant contributions to the mass of

results obtained are summarized below.

the components in the roof runoff. Wet deposition is usually

The mass of the different components in the wet depo-

affected by the atmosphere pollution before the rainfall

sition may have different contributions to that in the roof

events. To ensure the water quality safety of rooftop rain-

runoff: (1) wet deposition has a dominant contribution to

water harvesting, the initial or total roof runoff from the

the mass of TOC, NO–3, Cl– and oxalic acid in the roof

rainfall event after a period of heavy atmospheric pollution

runoff during a rainfall event, while other factors, e.g. dry

–
should be discarded. In addition, TOC, NHþ
4 , NO3 and

deposition and debris of the rooﬁng material, have an insig-

organic acids in the atmosphere are mainly inﬂuenced by

niﬁcant impact; (2) wet deposition has a dominant

fossil fuel consumption (e.g. vehicle emissions) in the

contribution to the mass of NHþ
4 , acetic acid and formic

study area. Therefore, the effects of wet deposition on the

acid in the roof runoff, while their mass may be greatly

roof runoff quality can be reduced by implementing some

reduced due to consumption in the neutralization between

atmospheric pollution control measures, e.g. improving

the components with alkaline dust buildup on the rooftop;

vehicle fuel quality, promoting public transport system, pro-

and (3) wet deposition partially contributes to the mass of

moting the use of clean energy in the power plants and

Naþ, Kþ, Mg2þ, Ca2þ, F– and SO2–
4 in the roof runoff,

industrial boilers and so on.

while other factors like dust buildup on the rooftop and

With rapid urbanization and industrialization, Shenz-

chemical reactions also have a non-negligible impact. The

hen suffers from the atmospheric pollution problems due

differences may be explained by comparing the component

to fast increase in fossil fuel consumption (e.g. vehicle emis-

proportion in the wet deposition with that in the dust

sions). The water quality of roof runoff in Shenzhen is

buildup on the rooftop and by considering the possible

strongly affected by the atmospheric environment quality

chemical reactions in the roof runoff. In addition, TOC,

and the wet deposition. Therefore, the effects of atmospheric

–
NHþ
4 , NO3 and organic acids in the wet deposition have

wet deposition should be carefully considered for the

moderate or strong positive correlations with PM10 and
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NOx in the atmospheric environment. These components in
the wet deposition are mainly inﬂuenced by the atmospheric
pollution due to a fast increase in fossil fuel consumption (e.
g. vehicle emissions) in the study area. Therefore, the effects
of atmospheric wet deposition should be carefully considered for rooftop rainwater harvesting and storm water
quality management, particularly in the urbanized areas suffering from atmospheric pollution due to fossil fuel
consumption.
It should be noted that this study is limited to 1 year of
measured data and the discussions in the case study are
time- and site-speciﬁc. Further study is required on the
impacts of wet deposition on water quality in roof runoff,
particularly in various types of urbanized areas.
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