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Abstract: The issue of combined sewer overflow (CSO) triggered by rainfall has become a significant
obstacle to the improvement of water environment quality. This study conducted a long-term moni-
toring of three types of rainwater outlets, i.e., combined sewer overflows (Test-CSO), separated sewer
outlets (Test-SSO), and partially separated sewer outlets (Test-PSSO), to reveal the characteristics
of overflow pollution and trace its sources by monitoring the pollutants from different underlying
surfaces across various urban functional areas. The results showed that the major pollutants in over-
flow events exhibited the following order: COD ≥ TSS > TN > TAN > TP. Rainwater elevated COD
and TSS in the Test-CSO, while reducing nitrogen and phosphorus concentrations by dilution. The
Test-PSSO experienced varying degrees of overflow pollution, primarily due to the sewer sediment.
A negative relationship between the rainfall and peak time of overflow pollution was observed. The
traceability analysis indicated the overall pollution intensity exhibited the following order: residential
areas > industrial parks > commercial areas. In addition to commercial areas, the pollution intensity
across underlying surfaces generally exhibited the following order: roofs > roads > grasslands. The
roof runoff was an important source of pollutants for overflow pollution, and TSS and COD were the
major contributors. Notably, grasslands had a buffering effect on pollutants and pH.

Keywords: overflow pollution; combined sewer; underlying surface; rainfall; first flush

1. Introduction

In recent years, the quality of water environments in most regions of China has been
improved significantly. However, non-point source pollution remains a major challenge,
particularly overflow pollution during the flood season. This type of pollution is difficult
to control due to its dispersed, hidden, random, and cumulative nature. Challenges in
laying out monitoring points and quantifying pollution intensity in the flood season make
it a significant barrier to further water quality improvements. In some urban areas, there
is a notable problem of pollution accumulating during dry seasons and being discharged
in bulk during the rainy seasons. This issue is common in older districts with combined
sewer systems or incomplete separated sewer systems. This situation is a major cause of
water quality deterioration of urban river.

During the rainfall in flood seasons, large amounts of rainwater enter drainage pipes,
often exceeding the pipes’ design capacity. Consequently, sewage is discharged into urban
water bodies through overflow, causing serious pollution [1]. In areas with combined
sewers, the intensity of this pollution is magnified, a phenomenon known as combined
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sewer overflows (CSOs) [2]. Overflow sewage contains complex pollutants, including
domestic sewage, rainwater, and sediments from drainage pipes [3–5]. These pollutants
consist of organic matter, suspended solids, nitrogen, phosphorus, heavy metals, pesticides,
hydrocarbons, pathogens, etc. [6–8]. Upon entering urban water bodies, organic matter
rapidly depletes dissolved oxygen, negatively affecting the survival and growth of the
aquatic life [9]. Nitrogen and phosphorus lead to eutrophication, causing harmful algal
blooms and even functional loss of water bodies [10]. High concentrations of suspended
solids accelerate water darkening and odorization [5]. Additionally, pathogens in the
overflow sewage pose threats to public health [11].

The intensity of overflow pollution is influenced by the characteristics of water quality
and is closely related to the functional characteristics of the urban area [12,13]. For example,
overflow pollution differs significantly between residential and industrial areas. Overflow
pollution’s duration and intensity are also affected by rainfall parameters [14]. Factors such
as rainfall volume, duration, and the characteristics of underlying surfaces alter the nature
of the rainwater entering drainage pipes, thereby affecting the process of the overflow
pollution [15,16].

In the present study, long-term monitoring of pollutants from rainwater outlets under
different rainfalls and pollutant concentrations in the rainwater from various underlying
surfaces were conducted. Using correlation analysis, the study revealed the characteristics
of overflow pollution during the flood season and explored the role of the rainwater
in the overflow pollution process, aiming to provide a theoretical basis for controlling
overflow pollution.

2. Materials and Methods
2.1. Sample Collection from Rainwater Outlets

This study was conducted in the old urban areas of Zhengzhou, Henan Province, China
(E 113◦41′–113◦46′, N 34◦39′–34◦57′). Zhengzhou has a temperate continental monsoon
climate with distinct seasons, an average annual temperature of 15.4 ◦C, and an annual
rainfall of 631.3 mm. The period of May to September is the flood season of Zhengzhou,
and the July and August are the major stages. Three rainwater outlets were selected as
long-term sampling points: a combined sewer outlet (Test-CSO), a separated sewer outlet
(Test-SSO), and a partially separated sewer outlet (Test-PSSO) that irregularly discharges
sewage on dry days (Figure 1). From July 2023 to August 2024, the effluent in 14 rainfall
events was sampled, with the rainfalls ranged from 1.1 mm to 114 mm (Table S1).

Long-term sampling was carried out using an automatic sampler (LHMCT-2018,
Lihero, Changsha, China; Figure 1). A 30 cm high removable baffle was installed at the
outlets to facilitate sample collection. The automatic sampler was equipped with a rainfall-
triggered device that activated the sampling program when the rainfall reached 0.4 mm.
The triggering parameter was determined according to the minimum threshold required to
form runoff. The sampler collected water samples every 10 min. This was later was adjusted
to 15-min intervals with a 2-min sampling period for longer duration rains. Sampling
continued until the rainfall fell below 0.4 mm or 12 samples were collected. Each water
sample consisted of 500 mL of sewage, following an initial 200 mL flush. Samples were
kept at 4 ◦C and transported to the laboratory for the further analysis.
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device. 
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Figure 1. The positional information of the sewer outlets and the equipment for the sampling.
(a) Study area (data from the Google Map); (b) autosampler; (c) sewer outlet; (d) rainfall monitor-
ing device.

2.2. Sample Collection from Different Underlying Surfaces

To investigate rainwater’s role in overflow pollution, rainwater samples were collected
from various urban functional areas, specifically from industrial parks, residential areas,
and commercial areas. Rainwater was sampled from different underlying surfaces in
these areas, i.e., roofs, grasslands, and roads. Sampling processes began once runoff was
formed, with a 10-min interval between collections. Samples were stored at 4 ◦C until
laboratory testing.
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2.3. Water Quality Testing

Water samples were analyzed for chemical oxygen demand (COD), total ammonia
nitrogen (TAN), total nitrogen (TN), total phosphorus (TP), and total suspended solids (TSS)
using standard methods published by the American Public Health Association (APHA) [17].
For COD, samples were digested at 150 ◦C for 2 h after the addition of potassium dichromate
and other reagents, and absorbance was measured at 420 nm. Nitrogen and phosphorus
concentrations were determined using a spectrophotometer (DR6000, HACH, Loveland,
CO, USA) after color development, with absorbance readings taken at 420 nm, 220 nm,
275 nm, and 700 nm, depending on the indicator. Total suspended solids were measured
by filtration, drying, and weighing. pH was measured using a pH meter (PHS-3C, Lei Ci,
Shanghai, China).

3. Results and Discussion
3.1. Characteristics of the Overflow Pollution

The rainfall events at the three sampling points were not identical due to their different
locations. For instance, one point may meet the collection threshold while another may
not experience rainfall. To ensure data comparability, water quality data were classified
and analyzed to identify the characteristics of the overflow pollution at the three types of
rainwater outlets.

3.1.1. Water Quality Characteristics of the Three Types of Outlets

A complete short-time rainfall event (50 min, 3.8 mm) was used to analyze the over-
all water quality characteristics of the three target outlets (Figure 2). Among the three
outlets, the Test-SSO exhibited the lowest concentrations of COD, TAN, TN, TSS, and TP.
Throughout the entire rainfall event, no significant fluctuations were observed, indicating
no obvious overflow pollution. The primary source of pollution may be rainwater rather
than residual pollutants washed out from its pipeline. The following order of pollutant
concentrations was observed: COD > TSS > TN > TAN > TP. These results suggested that
the efforts to remold combined systems into separate systems were regarded as a thorough
and effective method to control overflow pollution [18].

In contrast, the TEST-CSO had the highest concentrations of nitrogen and phosphorus
pollutants, which decreased over time as rainwater continuously diluted the sewage.
Nitrogen and phosphorus in domestic sewage were the main sources of inorganic pollution,
with ammonia nitrogen as the dominant nitrogen form. COD and TSS showed an initial
increase followed by a decrease, peaking at 40 and 30 min, respectively. This suggests that
rainwater exacerbated the overflow pollution, particularly for COD and TSS. The outlet had
similar pollutant types as observed at Test-SSO. Similar results were observed in the study
by Chen et al. [19], in which the concentration of particulate pollutants increased sharply in
a short time, while the concentration of dissolved pollutants decreased at a certain dilution.
The phenomenon of “sharp increase in a short time” is known as the first flush effect [20].
However, the study by Niazkar et al. [20] demonstrated that the occurrence of the first
flush could not be unanimously confirmed by all types of pollutants, and it could occur
for various types of pollutants in different rainfall events, which was consistent with the
results of the present study.

The Test-PSSO displayed significant first flush overflow pollution for TAN, total TN,
and TP, with peaks at 10 min. This outlet discharged intermittently during the dry season,
retaining large amounts of pollutants in the pipeline, which were later flushed out by
rainwater in the wet season. The first flush effect was regarded as an important source
of overflow pollution [21]. In the first flush effect, the first 30% of runoff should carry
at least 80% of the pollution load during a rainfall [22]. The trend of these pollutants’
concentrations indicated that nitrogen and phosphorus pollution mainly originated from
residual pipeline pollutants. Importantly, COD and TSS concentrations increased after
10 min and continued to rise even after the rain stopped. Li et al. [18] reported that the
peak pollutant concentrations occurred 40–60 min after the overflow began in the separate
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stormwater systems inappropriately connected with sewage. The peak time was closely
related to the rainfall intensity. The results suggested that the impact of overflow pollution
can even last very long periods. Notably, the concentrations of COD and TSS were even
higher than that of Test-CSO. Similar results were observed in the study by Yin et al. [23], in
which the overflow concentrations of storm drains with inappropriate sewage entry were
close to or even higher than that of combined sewers under wet weather period, due to the
serious sediment accumulation in the pipes. This suggests that at Test-PSSO, TSS and COD
were the dominant pollutants, but their overflow occurred later, with longer durations and
higher intensities than nitrogen and phosphorus.
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Figure 2. The water quality characteristics of the three target outlets in a short rainfall event: (a) pH;
(b) COD; (c) TSS; (d) TAN; (e) TN; (f) TP.

In summary, the main pollutants during overflow events across the three outlets
followed the order: COD ≥ TSS > TN > TAN > TP. The separated sewer outlet experienced
minimal overflow pollution, primarily sourced from rainwater. In contrast, rainwater
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worsened the overflow pollution at the combined sewer outlet by increasing COD and TSS
but reducing nitrogen and phosphorus pollution intensity. The partially separated sewer
outlet exhibited varying degrees of overflow pollution across all pollutants, mainly due
to residual pipeline pollutants, with delayed but prolonged and more intense overflow
pollution for COD and TSS.

3.1.2. Effect of the Partial Separation

A longer rainfall monitoring (110 min) was conducted at Test-PSSO and Test-SSO to
analyze overflow pollution characteristics (Figure 3). At the Test-PSSO site, pH levels were
consistently lower than at Test-SSO, but both remained weakly alkaline. The pH trend
at Test-PSSO continuously rose, while it declined at Test-SSO as rainfall increased. This
suggests that Test-PSSO contained more alkaline substances in its pipes, which interacted
with rainwater during overflow.
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Pollutants such as TSS, TN, TP, COD, and TAN followed a similar pattern at each
site. However, Test-PSSO showed a sharp increase in pollutant concentrations, which later
declined to similar levels to that of Test-SSO, while Test-SSO exhibited a gradual increase.
This suggests that the pollutants at Test-PSSO, which were retained in its pipes during
dry periods, were flushed out by rainwater, but the rainwater will be the main source of
pollution as the rainfall increases. In contrast, the slower increase at Test-SSO indicated
that runoff from various underlying surfaces was the main contributor.

The variation in each pollutants’ concentrations indicated that the Test-SSO achieved
complete separation of rainwater and sewage, and the overflow pollution at this outlet is
not obvious. However, the first flush overflow pollution at Test-PSSO occurred rapidly,
peaking within 10 min, and stabilizing after 30 min, indicating that the initial rainfall
caused significant overflow pollution that lasted for 30 min at least. The overflow pollution
characteristics at Test-PSSO was similar to that observed during the shorter rainfall (50 min).
However, this rainfall event presented an advanced peak time and shorter duration for
COD and TSS, possibly due to the higher rainfall intensity [18,23]. The rainfall of this
rainfall event was 20 mm, while that of the shorter rainfall event was 3.8 mm. The higher
rainfalls led to the stronger scour of the pipeline pollutants and the higher overflow
pollution intensity.

3.1.3. Effects of the Combined Sewer

Longer rainfall monitoring (230 min) was conducted at Test-PSSO and Test-CSO to
analyze the impact of combined sewer systems on overflow pollution (Figure 4). The pH
at Test-CSO was higher than at Test-PSSO, mainly influenced by the characteristics of the
sewage from the nearby residential areas, as Test-CSO was located near a food market in
the old urban area.

At Test-CSO, the concentrations of all pollutants were significantly higher than that
at Test-PSSO, indicating the greater severity of combined sewer overflows. TAN and TN
concentrations decreased over time, suggesting that the rainwater with lower nitrogen con-
tents diluted these dissolved pollutants [19]. However, COD, TSS, and TP concentrations
increased significantly with rainfall. This was closely related to the nature of sewage and
rainwater. The inflow of rainwater rich in these pollutants worsened the overflow pollution,
creating a dual pollution effect of sewage and rainwater. Importantly, the previous study
reported that the concentrations of pollutants in the rainfall runoff of the market area was
much higher than that of other urban underlying surfaces [24]. The sewer sediment was
another important contributor to the overflow pollution. Some previous studies demon-
strated that the sewer sediment was the main source of overflow pollutants [25–27], with a
contribution of 30%–80% [19]. Among the various pollutants, the contribution rate of sewer
sediment was 20.9%–44.6% for TN, 35.66%–47.3% for TP, 35%–66% for TSS, and 24%–65%
for COD; however, the contributions differ under different rainfall intensities and scouring
flow rates [19,28–32]. Therefore, the control of sewer sediment should also be given more
attention in the overflow pollution from combined sewer.

The pollutant behavior at Test-CSO during the longer rainfall was similar to the shorter
rainfall events, but the peak times of COD and TSS concentrations were advanced, and
the duration of higher pollutant concentrations was longer, due to the increased rainfall
(12.2 mm). As the causes of overflow pollution are different from Test-PSSO, the stronger
the rainfall intensity is, the more rainwater with higher concentrations of COD and TSS
entered the overflow of Test-CSO, the longer the overflow pollution time, and the faster the
concentration increased.
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3.2. Analysis of Key Influencing Factors of Overflow Pollution

Rainfall is a crucial parameter affecting overflow pollution. The present study con-
ducted the Pearson correlation analysis on the rainfall, the peak time, the overflow duration,
and the peak concentration. Since the first flush overflow pollution was not significant
at Test-SSO and the discharge of Test-CSO was all considered as overflow pollution, they
were excluded from the analysis.

The analysis showed that rainfall was negatively correlated with the peak time and
the overflow duration at Test-PSSO, particularly for COD and TSS (Table 1). This confirmed
that higher rainfall led to earlier overflow peaks, which was consistent with the results
in Section 3.1.2. However, the correlation between rainfall and overflow duration were
weaker for most pollutants, despite that noted for TP. The correlation between rainfall and
the peak concentration was very low. These were mainly because the overflow duration
and peak concentration were greatly affected by the total amount of residual pollutants
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in the pipeline. The greater the total amount of residual pollutants is, the longer the
overflow duration, and the higher the peak concentration correspondingly. In fact, the
peak time, peak concentration, and duration were affected by many factors, such as spatial
scales [33]. The larger the catchment area, the more random and complex the transmission
and confluence process of runoff would be, further affecting the peak time and peak
pollutant concentration [34–37].

Table 1. Pearson correlation between rainfall and key parameters.

Pearson
Correlation COD TSS TN TAN TP

Peak Time −0.89 −0.90 −0.61 −0.59 −0.54
Duration −0.02 −0.21 −0.48 −0.35 −0.72
Peak Con. 0.27 0.17 −0.17 −0.20 0.22

The dry period preceding each rain event was another important parameter affecting
the pollution caused by the stormwater runoff [38]. The present study conducted the
Pearson correlation analysis on the dry period, the peak time, the overflow duration, and
the peak concentration (Table 2). The results showed that the dry period was positively
correlated with the peak time but had a weakly negtive correlation with the peak concen-
tration of pollutants. Some studies have demonstrated that the pollutant concentrations in
the stormwater runoff increase with the extension of the dry period [39,40]. The weakly
negtive correlation observed in the present study indicated that the pollutants in the over-
flow pollution of Test-PSSO were mainly from the pipe sediment, which was consistent
with the results in Section 3.1.2. The dry period had a strongly positive influence on the
duration of TN, TAN, and TP, but the correlation with COD and TSS was very low. These
suggested that the dry period affected both the accumulation of TN, TAN, and TP in the
piple sediment and the pollutant concentration in the stormwater runoff. However, the
parameters affecting the characteristics of COD and TSS in the overflow pollution events
were complex.

Table 2. Pearson correlation between dry period and the key parameters.

Pearson
Correlation COD TSS TN TAN TP

Peak time 0.70 0.81 0.86 0.68 0.91
Duration −0.34 −0.13 0.80 0.63 0.90
Peak Con. −0.46 −0.48 −0.26 −0.23 −0.50

3.3. Traceability Analysis of Overflow Pollution

The water quality of the rainwater was directly influenced by the functional charac-
teristics of urban areas and the types of underlying surfaces. Therefore, the present study
analyzed the runoff of the roof, grassland, and road from industrial parks, residential
areas, and commercial areas to trace the sources of overflow pollution in a rainfall event
(27.5 mm).

3.3.1. Effects of Different Underlying Surfaces in Industrial Parks

In industrial parks (Figure 5), COD concentrations were similar across different under-
lying surfaces. The pH in this area had the characteristics of acidification under different
underlying surfaces, especially road runoff, but grassland had the ability to mitigate the
pH decline. Nitrogen pollutants were highest on roofs, while grasslands showed the lowest
nitrogen concentrations. The results showed that grassland had a certain ability to alleviate
the nitrogen concentration in the rainwater, and the situation was also similar for total
phosphorus. In terms of TP, although the highest concentrations were observed in the road
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runoff. The highest concentrations were less than 0.15 mg/L, indicating that the environ-
mental impact was small. TSS levels were the highest in grassland runoff since there was
no reasonable drainage channel in this grassland, and its runoff contained a large amount
of grassland floating soil. When the floating soil was washed out, the concentrations of TSS
decreased sharply. Overall, the main pollutants in the industrial park followed the order:
TSS > COD > TN > TAN > TP. The main pollution underlying surfaces followed the order:
roof > road > grass. Additionally, the concentrations of all pollutants decreased with the
rainfall time.
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3.3.2. Effects of Different Underlying Surfaces in Residential Areas

In residential areas (Figure 6), the main pollution underlying surfaces followed the
same order as industrial parks: roof > road > grassland. The concentrations of all pollutants
decreased with the rainfall time, following the order: COD > TSS > TN > TAN > TP.
The grassland had a better drainage system, and the concentrations of TSS decreased
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significantly compared with that in the industrial park. Therefore, the grassland with a
good drainage system had an effective buffering effect on rainwater pollution. Moreover,
the infiltration capacity of grassland was significantly affected by the maintenance practices.
The study by Galli et al. [41] declared that the unsaturated hydraulic conductivity may
decrease rapidly after about 9–12 years in the absence of soil and vegetation maintenance.
Soil rehabilitation and vegetation cover were efficient methods to improve the infiltration
capacity of grassland. The grassland in the residential area had better and more frequent
maintenance by the specialized management organizations than that in the industrial
park, resulting in the higher infiltration capacity. However, the concentrations of various
pollutants on the other underlying surfaces in the residential area were higher than that
in the industrial park, indicating that the industrial park had effective pollution control
measures and its impact on the environment was significantly reduced. In contrast, the
residential area had more frequent human activities, and its impact on the environment
was more significant.
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3.3.3. Effects of Different Underlying Surfaces in Commercial Areas

In commercial areas (Figure 7), the main pollution underlying surfaces for nitrogen
pollutants followed the order: roof > road > grassland. Among them, the TAN was the
main nitrogen form. In terms of COD, TSS, and TP, the pollutant concentrations in the road
runoff was the highest, while the roof contributed the least, which was mainly due to the
large levels of human traffic on the road in the commercial area. Grasslands buffered pH
and pollutant concentrations, reducing the environmental impact. The main pollutants in
the commercial areas followed the order: TSS > COD > TN > TAN > TP.
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Across the three functional areas, the pollution intensity exhibited the following order:
residential areas > industrial parks > commercial areas. Among them, the residential
areas were significantly higher than the other two areas in terms of various pollutants.
With the exception of commercial areas, the pollution intensity of underlying surfaces
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generally followed the order: roof > road > grassland. The main pollutants were COD
and TSS. TAN was the dominant nitrogen form, representing was over 50% of TN, while
TP contributed less to the total pollution intensity with very low concentrations. These
results were consistent with the study by Lai et al. [24], in which the concentrations of COD
and TSS noted on the roof were higher than that of other underlying surfaces in an urban
residential area. The pollutant concentrations on the different underlying surfaces in each
functional area decreased gradually with the rainfall time, indicating that the pollution
intensity of the initial rain was the highest. The first flush effect has also been observed
in some studies, in which the initial runoff is disproportionately carrying the most of the
pollutants in the whole runoff, resulting in the fact that the concentration of pollutants in
the early stage of rainfall runoff is significantly higher than that in the later stage [42–45].
However, the first flush effect would decrease with the increasing of rainfall intensity and is
even not obvious under moderate and heavy rain conditions, especially on the underlying
surfaces of roof and road [24,46]. Notably, grasslands provided a buffering effect, reducing
pollutant concentrations and pH fluctuations, highlighting the importance of green spaces
in controlling rainwater pollution, which was consistent with the study by Wang et al. [46].
The above results were also consistent with the description of the rainwater in Section 3.1,
and the variation trend of the concentrations of pollutants in the rainwater, especially roof
runoff (gradually decreasing to stability), was similar to the trend of pollutants at rainwater
outlets (gradually decreasing to stability), indicating that the runoff from the roof was
an important contributor to the overflow pollution. In addition, the TSS and COD in the
rainwater contributed the most to the overflow pollution intensity.

4. Conclusions

The present study explored the characteristics and sources of overflow pollution dur-
ing the flood season by monitoring three types of rainwater outlets: combined sewer outlet,
separated sewer outlet, and partially separated sewer outlet. The results revealed that
the primary pollutants during overflow events across all outlets were COD and TSS. The
separated sewer outlet experienced minimal overflow pollution, while rainwater exacer-
bated the overflow pollution at the combined sewer outlet by increasing concentrations
of COD and TSS but reducing the pollution intensity of nitrogen and phosphorus. The
partially separated sewer outlet showed varying degrees of overflow pollution for all types
of pollutants, primarily due to residual contaminants in the pipelines. The peak time was
negatively correlated with the rainfall, meaning higher rainfall led to quicker peaks at
partially separated sewer outlets.

Traceability analysis showed that residential areas had significantly higher pollutant
concentrations on various underlying surfaces compared to the industrial park and the
commercial area. Despite that noted for the commercial area, the pollution intensity of
underlying surfaces followed the order of roof > road > grassland, with COD and TSS
being the main pollutants, followed by nitrogen compounds, where TAN was the primary
form of nitrogen. The runoff from roofs was identified as a significant contributor to the
overflow pollution of rainwater outlets. Grasslands were found to provide an important
buffering effect, reducing the concentration of nitrogen, phosphorus, and COD, while also
stabilizing pH levels, which underscored the role of green spaces in mitigating rainwater
pollution during initial rain events.

The results emphasized the need for targeted control measures to reduce the impact of
overflow pollution during the flood season. Effective separation of rainwater and sewage
systems, increased green space to buffer pollutants, and better management of roof runoff
could significantly reduce pollution intensity and improve urban water quality.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16223159/s1. Table S1: The water quality of the three outlets and
rainfall information during the monitoring period.
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