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This paper attempts to disclose the features of roof rainwater runoff pollution under the effects
of air pollution, season, rainfall intensity, and antecedent dry period. Targeting an inclined tile
roof in Yantai, China, this paper samples rainwater multiple times from March to November,
2018. The quality of roof rainwater samples in 12 representative natural rainfalls was
monitored, and the curves of the main pollutants in these samples were plotted. On this basis,
the authors analyzed the change features and outflow laws of the main pollution indices of roof
runoff rainwater under the effects of different factors. The results show that: The degree of air
pollution directly bears on rainwater quality. The rainfall also has a certain impact on air
pollution indices. Season is the leading influencing factor of the quality of roof runoff
rainwater. The best rainwater quality was observed in autumn, followed by that in spring and
then that in summer. In the first 10-20min of each rainfall, the pollutant contents decreased at
a growing rate with the increase of rainfall intensity. The increments of the initial pollutant
contents reached the maximum at the antecedent dry period of 10d. The changes of all
pollution indices of roof runoff rainwater could be divided into the sudden change phase, the
transition phase, and the stable phase. Roof rainwater runoff has an obvious initial washing
effect, and exerts a secondary washing effect. The research results provide a good reference

for northern coastal cities to rationalize the parameters of rainwater purification facilities.

1. INTRODUCTION

Rainwater is a water resource that can be accessed at a low
cost. Many countries have attached great importance to
rainwater, due to its importance in conserving water sources,
maintaining water and soil, and protecting the eco-
environment [1-3]. For better use of rainwater resource, China
has recently released a series of national and local polices and

measures to promote the collection and utilization of rainwater.

For example, The Promotion Measures for Green Buildings in
Shandong Province, which was issued on March 1, 2019,
stipulate that the newly built civil buildings, whose
construction area surpasses 20,000m?, must have a rainwater
collection and utilization system that meets national and
provincial standards. The Measures also require newly built
civil buildings to prioritize the use of rainwater and other
nonconventional water sources for landscape, greening, and
road washing [4].

Much results have been achieved on the features of roof
rainwater runoff pollution [5-7]. Some explored how different
roofing materials affect the features of rainwater runoff
pollution [8-10], while some studied the impact of various
environmental factors on runoff rainwater quality [11-13]. The
most significant environmental impact is the spatiotemporal
migration of pollutants in rainwater during social activities
[14-16], especially that of air pollutants [17-19]. However,
there are clear regional differences in the features of roof
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rainwater runoff pollution [20-22]. The rainwater runoff
pollution of a region should be characterized accurately in the
light of regional conditions, rather than generalized from the
features in other regions [23]. Moreover, scholars have
emphasized the roof rainwater runoff pollution in inland
regions [24-26] over that in northern coastal cities like Yantai.

To characterize the roof rainwater runoff pollution in
northern coastal cities, it is necessary to collect representative
local samples of natural rainfall and roof rainwater. This paper
briefly analyzes the necessity and feasibility of rainwater
utilization in Yantai, and select the inclined tile roof, the
typical roof in that city, as the object. Following control
variates method, the features of roof rainwater runoff pollution
in Yantai were examined under the effects of air pollution,
season, rainfall intensity, and antecedent dry period. Besides,
the outflow laws of roof runoff rainwater were summarized
from the variation curves of pollutants. The research results
provide a good reference for northern coastal cities to utilize
rainwater, and enrich the evidence for urban non-point source
pollution, laying the basis for the design of reasonable
rainwater purification facilities.

2. RAINFALL SITUATION IN YANTAI

Located in the northeast of the Shandong Peninsula, Yantai
is a coastal city bordering the Bohai Sea and the Yellow Sea.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijsdp.150403&domain=pdf

The annual mean rainfalls of Yantai in 2009-2019 were
collected from Yantai Meteorological Bureau, and prepared
into a bar chart (Figure 1). Obviously, the annual mean
rainfalls of Yantai were evenly distributed in the past ten years,
exhibiting a declining trend after 2013. Despite the relatively
abundant rainfall, Yantai is in lack of water resources: the per-
capital amount of water resources is less than 1/5 of the
national level [27]. Facing the tight water supply, it is
imperative to develop and utilize the rainwater resource in a
reasonable fashion.
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Figure 1. Annual mean rainfalls in Yantai

3. INFLUENCING FACTORS OF ROOF RAINWATER
QUALITY

Roof rainwater runoff pollution is mainly measured by the
common indices of water quality, namely, chemical oxygen
demand (COD), suspended solids (SS), ammonia nitrogen
(NH4-N), turbidity, total nitrogen (TN), and hydrogen ion
concentration (pH).

Roof rainwater quality could be affected by various factors,
such as roof properties (roof material, age, slope, etc.),
environmental features (air pollution, geographic location,

season, etc.), and rainfall features (rainfall
antecedent dry period, rainfall duration, etc.)

This paper mainly investigates how rainwater quality is
influenced by air pollution, season, rainfall intensity, and
antecedent dry period.

(1) The air pollution reflects the impact of local air pollution
on the quality of natural rainwater. During the rain, the
rainwater washes the air before falling onto the roof, forming
a runoff. The pollutants in roof rainwater are partly entrained
in natural rainfall.

(2) The season reflects the impact of air temperature and
seasonal light intensity on roof rainwater pollution. The
quality of roof rainwater depends heavily on sunshine and
other high-temperature conditions. The roof rainwater is of
poor quality in summer, owing to the lasting sunshine.

(3) The rainfall intensity reflects the impact of the rainfall
per unit time on roof rainwater quality. In general, the greater
the rainfall intensity, the lighter the pollution load of the
sample.

(4) The antecedent dry period reflects the impact of the
previous rainfall frequency, i.e. the interval between the
current and the previous rainfalls, on roof rainwater quality.
Normally, the longer the interval, the more polluted the
rainwater on the same roof.

intensity,

4. SAMPLING PRINCIPLES

The sampling site is a typical multi-story building in Zhifu
District, Yantai. The roof of the building is the inclined tile
roof, which is common in the region. The sampling was
carried out during 12 rainfalls in 2018, respectively on April
14, April 22, May 2, June 13, June 25, July 9, July 10, August
13, August 19, September 20, October 8, and November 7. On
each of these dates, effective roof runoff was formed, under
the combined effects of rainfall intensity, season (spring,
summer, and autumn), and antecedent dry period. Each
sampling began after runoff was formed by roof rainwater.
The samples were collected with a SO0mL plastic bottle at an
interval of 2-10min, depending on the rainfall and turbidity.
The values of influencing factors of the collected samples are
listed in Table 1.

Table 1. The values of influencing factors for the collected samples

Date Rainfall Mean rainfall Antecedent dry period Number of
(mm) intensity (mm/h) (d) samples (each)

April 14 6 4 9 11
April 22 423 25 7 9
May 2 16 10 8 10
June 13 34.6 18 21 13
June 25 54.4 20 1 15
July 9 58 21 10 12
July 10 35.9 20 0 11
August 13 37.1 17 16 10
August 19 44.5 23 9 10
September 20 21.5 21 7 11
October 8 9.4 5 6 9
November 7 8.5 7 7 8
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5. RESULTS ANALYSIS
5.1 Air pollution

Air pollution, which depends on the geographical location,
is the main cause of natural rainfall pollution. The degree of
natural rainfall pollution greatly affects the quality of roof
rainwater. The monthly air pollution indices of Yantai in 2018
and the quality of the 12 natural rainfalls are sorted out as in
Figures 2 and 3, respectively.

As shown in Figures 2 and 3, the water quality indices of
natural rainfalls changed in the same trend as the degree of air
pollution: climbing up to the peak in spring, falling to the
valley in summer, and rising month by month in autumn. Thus,
the degree of air pollution directly bears on rainwater quality.

According to the relationship between monthly cumulative
rainfalls and air pollutant contents (Figure 2), the rainfall has
a certain impact on air pollution indices; the greater the

monthly rainfall, the lower the air pollutant contents, and the
better the air quality.

Then, the control variates method was employed to further
disclose the impact of air pollution on the pollution indices of
natural rainfall in different seasons. Similar in rainfall intensity
and antecedent dry period, three natural rainfalls occurring on
April 22, July 9, and September 20 were selected from spring,
summer, and autumn, respectively. The mean pollutant
contents of the three natural rainfalls are compared in Table 2.

The comparison shows that the main pollution indices like
COD, TP, and pH of the three natural rainfalls were close to
the thresholds for level III water quality, as specified in
Environmental Quality Standards for Surface Water
(GB3838-2002). Hence, the natural rainwater is lightly
polluted and basically safe. However, the TN and SS of the
three natural rainfalls seriously surpassed the limits, indicating
that the TN and SS of natural rainwater are greatly affected by
air pollution.
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Figure 2. Monthly air quality in Yantai Figure 3. Curve of mean pollutant contents in natural rainfall
Table 2. Mean pollutant contents of three natural rainfalls
Date COD (mg/L)  Color  Turbidity (NTU) TN (mg/L) TP (mg/L) SS (mg/L) NH4-N (mg/L) pH
April 22 24 <4 <3 6.11 0.267 32 0.15 6.4
July 9 18 <4 <3 3.87 0.071 22 0.07 6.6
September 20 20 <4 <3 4.32 0.132 25 0.11 6.7
A 20-30 30 10 - - 5-10 10-20 6'95-
B 20 - - 1 0.2 - 1 6-9

Note: A stands for Technical Code for Rainwater Management and Utilization of Building and Sub-District (GB50400-2016); B stands for level Il in Environmental

Quality Standards for Surface Water (GB3838-2002).

5.2 Effect of influencing factors of roof rainwater runoff
pollution

From the start of rainfall to the formation of roof runoff,
pollutants are gathered as the rainwater washes the air and the
roof. The mean pollutant contents of the roof runoff rainwater
were monitored in each of the 12 rainfalls. Part of the
monitoring results are presented in Figure 4.

Comparing Figures 3 and 4, the COD and SS of roof runoff
rainwater were found to be much higher than those of natural
rainfall, indicating that roof rainwater runoff is polluted more
seriously than natural rainfall. This means the pollutants of
roof rainwater runoff mainly come from roof pollutants, rather
than pollutants in the air. The roof is the major pollution source
of the samples collected in the early phase.

Figure 4 also shows the relationship between different

433

factors and the quality of roof runoff rainwater. It can be found
that the quality of roof runoff rainwater was always affected
by season, rainfall intensity, and antecedent dry period.
Overall, the best rainwater quality was observed in autumn,
followed by that in spring and then that in summer. Therefore,
season has a greater impact on the quality of roof runoff
rainwater than the other two factors.

For the rainfalls in each season, the mean pollutant contents
are negatively correlated with rainfall intensity. For the
rainfalls in all three seasons, the COD and SS contents
followed the same trend as the antecedent dry period,
revealing the good correlation between these contents and this
influencing factor. By the control variates method, the natural
rainfalls with similar rainfall intensities and antecedent dry
periods were selected to further analyze the change laws of
roof rainwater pollution under the effects of different factors.
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Figure 4. The mean pollutant contents of roof runoff rainwater in 12 rainfalls
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Figure 5. Changes of COD and SS in roof runoff rainwater with rainfall duration in different seasons

5.2.1 Season

Different seasons vary in temperature and light intensity,
which may affect the quality of roof runoff rainwater. Similar
in rainfall intensity and antecedent dry period, three natural
rainfalls occurring on April 22, July 9, and September 20 were
selected as the typical rainfall of spring, summer, and autumn,
respectively. The quality of roof runoff water in each rainfall
was measured, and used to plot the curves of runoff pollutants
(Figure 5).

As shown in Figure 5, the initial pollutant contents of roof
runoff rainwater changed greatly from season to season. In
summer, the initial pollutant contents were maximized. The
initial contents of COD and SS were 157mg/L and 121mg/L,
respectively. The main reasons include the high temperature
and light intensity in summer. The organic pollutants within
the roof are easily decomposed at high temperature, while the
water quality is prone to degradation under intense light. In
spring, the contents of COD and SS were 143 mg/L and 110
mg/L, respectively, higher than those in autumn. This is the
result of the lack of rainfall in winter and spring. After long-
term accumulation, the roof pollutants could not be washed
away. The largest differences between the three rainfalls in
initial contents of COD and SS were 40mg/L and 20mg/L,
respectively, which are not significant.
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Che et al. [25] monitored the quality of runoff rainwater on
a black asphalt linoleum roof in Beijing. The monitoring
results show that the roof runoff rainwater contained lots of
pollutants in spring and summer. For example, the COD in
spring and summer was about 1,500mg/L higher than that in
autumn. The huge difference arises from the roofing material.
The linoleum roof releases a huge amount of pollutants at high
temperature [28, 29]. The roof in our research is made of tiles,
which differs greatly from the linoleum.

In all three seasons, the COD and SS contents both
decreased with the growing rainfall duration, and eventually
stabilized. After stabilization, the three seasons can be ranked
as summer>spring>autumn in descending order of pollutant
contents.

5.2.2 Rainfall intensity

Both rainfall intensity and rainfall have multiple effects on
roof pollutants, such as washing, dilution, and dissolution.
Hence, the quality variation of roof runoff rainwater water
with rainfall duration is largely determined by rainfall
intensity and rainfall. Similar in antecedent dry period, three
spring rainfalls occurring on April 14, April 22, and May 2
were selected for water quality measurement. Figure 6 shows
the pollutant contents of roof runoff rainwater in each rainfall



at different rainfall intensities. Figure 7 displays the variation
of COD and SS of roof runoff rainwater with rainfall duration
in all three rainfalls at different rainfall intensities.

As shown in Figure 6, the pollutant contents in roof runoff
rainwater are not positively correlated with rainfall intensity.
In the first 10-20min of each rainfall, the pollutant contents
decreased at a growing rate with the increase of rainfall
intensity. After 20-30min, the pollutant contents decreased at
a reducing rate until stabilization, despite the increase of
rainfall intensity.
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Figure 6. The pollutant contents of roof runoff rainwater in
each rainfall at different rainfall intensities
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Figure 7. The variation of COD and SS of roof runoff
rainwater with rainfall duration in all three rainfalls at
different rainfall intensities

As shown in Figure 7, the contents of COD and SS in all
three rainfalls exhibited a downward trend with the growth of
rainfall duration, and eventually stabilized. The best quality of
roof runoff water was observed on April 22. Besides, the
pollutant indices decreased faster and deeper under the initial
runoff on April 22 than on the other two dates. Take the COD
variation on April 22 for example. Within 15min, the COD
contents dropped by 92mg/L at 6.1mg/min from 143mg/L to
51mg/L.

Table 3 lists the decrements and decreasing rates of COD
contents within 15min at different rainfall intensities. It can be
learned that, with the growth in rainfall intensity, the rainwater
washed the roof more effectively, and the roof pollutants were
diluted faster and faster. Therefore, the more intense the
rainfall, the faster and the deeper the decline of pollutant
content, and the better the quality of roof runoff rainwater.

5.2.3 Antecedent dry period

On sunny days, pollutants will accumulate on the roof. The
contents of the accumulated pollutants directly bear on the
quality of roof rainwater runoff. Hence, the antecedent dry
period was used to characterize the degree of accumulation of
roof pollutants, laying the basis for the prediction of roof
runoff water quality [30].



Table 3. COD variations within 15min

Date Initial content (mg/L) 15min content (mg/L) Decrement (mg/L) Decreasing rate (mg/min)
April 14 131 93 38 2.5
April 22 143 51 92 6.1

May 2 128 64 64 43

To reveal the relationship between antecedent dry period
and initial pollutant contents, six rainfalls with similar rainfall
intensities were selected from the same season: June 13, June
25, July 9, July 10, August 13, and August 19. As shown in
Figure 8, the initial COD and SS contents in roof runoff
rainwater increased with the antecedent dry period, but
differed in increment. Once the antecedent dry period
exceeded 10d, the initial COD and SS contents both increased
at much slower rates. Thus, the antecedent dry period has a
great impact on the initial pollutant contents in roof rainwater
runoff. The longer the antecedent dry period, the higher the
initial pollutant contents in roof rainwater runoff. However,
the increments of the initial pollutant contents reached the
maximum at the antecedent dry period of 10d.
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Figure 8. The relationship between initial pollutant contents
and antecedent dry period

5.3 Outflow laws of roof runoff rainwater

The changes of roof rainwater runoff pollution show
different features under the effect of different factors.
However, there are general outflow laws of the roof runoff
rainwater:

(1) The main pollution indices of roof rainwater runoff
basically changed in the same trend. The changes of all indices
could be divided into the sudden change phase, the transition
phase, and the stable phase.

In the sudden change phase, the pollution indices fluctuated
greatly, and decreased deeply at fast rates. In the transition
phase, the pollution indices fluctuated slightly, and decreased
moderately at slow rates. In the stable phase, the pollution
indices changed very slowly, and tended to be stable. In this
phase, the COD and SS contents were close to the
requirements in GB3838-2002. The length of the three phases
depends on multiple factors, especially rainfall intensity. The
more intense the rainfall, the shorter the sudden change phase,
and the earlier the dawn of the stable phase.

To reduce the workload of rainwater purification facilities
and improve the efficiency of rainwater collection, the
rainwater should be collected in the transition phase and the
stable phase, and the parameters of the facilities should be
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optimized in view of the effects of rainfall intensity in different
phases.

(2) During the entire runoff process, the amount of roof
pollutants, which accumulated in the antecedent dry period,
peaked at the start of the rainfall. Thus, the pollution indices
were extremely high in the initial period of roof rainwater
runoff, leading to an obvious initial washing effect. Taking the
samples of June 13 for example, the initial values of COD, SS,
turbidity, TN, and NH4-N were 168mg/L, 138mg/L, 9INTU,
5.82mg/L, and 5.71mg/L, respectively. All of these are above
the limits in the Water Quality Standards for Domestic
Miscellaneous Water (GJ/T48-1999). Therefore, the initial
runoff rainwater should be discarded during the collection of
roof runoff rainwater.

(3) The pollutant contents of roof rainwater did not decrease
linearly with the growth of rainfall duration, but rebounded in
the transition phase and the stable phase. The main reason lies
in the secondary washing effect, which arises from the
nonuniform washing intensity or uneven distribution of roof
debris. Once collected, the rainwater in the two phases should
go through pollutant (e.g. COD and SS) treatment.

6. CONCLUSIONS

Yantai has a humid climate and abundant rainfall. The
natural rainwater is slightly polluted and basically safe, and
thus suitable for collection and utilization. Through the above
analysis, the following conclusions were drawn:

(1) The water quality indices of natural rainfalls changed in
the same trend as the degree of air pollution. The degree of air
pollution directly bears on rainwater quality. The rainfall also
has a certain impact on air pollution indices; the greater the
monthly rainfall, the lower the air pollutant contents, and the
better the air quality.

(2) Season has a greater impact on the quality of roof runoff
rainwater than rainfall intensity and antecedent dry period. For
the rainfalls in each season, the mean pollutant contents are
negatively correlated with rainfall intensity. For the rainfalls
in all three seasons, the COD and SS contents followed the
same trend as the antecedent dry period, revealing the good
correlation between these contents and this influencing factor.
In all three seasons, the COD and SS contents both decreased
with the growing rainfall duration, and eventually stabilized.
After stabilization, the three seasons can be ranked as
summer>spring>autumn in descending order of pollutant
contents.

(3) In the first 10-20min of each rainfall, the pollutant
contents decreased at a growing rate with the increase of
rainfall intensity. After 20-30min, the pollutant contents
decreased at a reducing rate until stabilization, despite the
increase of rainfall intensity. The more intense the rainfall, the
faster and the deeper the decline of pollutant content, and the
better the quality of roof runoff rainwater.

(4) The longer the antecedent dry period, the higher the
initial pollutant contents in roof rainwater runoff. However,
the increments of the initial pollutant contents reached the



maximum at the antecedent dry period of 10d, and started to
shrink when the antecedent period surpassed 10d.

(5) The main pollution indices of roof rainwater runoff
basically changed in the same trend. The changes of all indices
could be divided into the sudden change phase, the transition
phase, and the stable phase. The more intense the rainfall, the
shorter the sudden change phase, and the earlier the dawn of
the stable phase.

(6) Roof rainwater runoff has an obvious initial washing
effect, and exerts a secondary washing effect, which causes the
rebound of pollutant contents in the transition and stable
phases.

The above conclusions provide a reference for northern
coastal cities to control non-point source pollution, the second
largest pollution source of urban rivers. In addition, the
features of rainwater runoff pollution and general outflow laws
of the typical roof in Yantai were summarized under the
effects of different factors. The research results provide
theoretical support to the design of efficient rainwater
utilization plans and rainwater treatment techniques in
northern coastal cities, and lay the basis for determining the
basic parameters of rainwater purification facilities (e.g. initial
discarded flow, and treatment cycle).
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