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ABSTRACT. Frequency and intensity of floods and droughts are increased across the world due to global climate change. However, the 

responses of water quality in urban and non-urban areas to extreme weather events are not well understood. The heavy and extensive 

precipitation during the summer of 2011 and 2012 caused two severe floods in Beijing of China. This work evaluated the impacts of 

these two floods on the water quality of 10 urban lakes, 3 non-urban reservoirs, and 8 non-urban rivers through comparing the pre-flood 

and post-flood water quality as well as those in reference period (2006 ~ 2010). Results indicated that the lagging response of water 

quality to flood is more significant in non-urban areas than the urban areas. In addition, comprehensive pollutant index (CPI) during the 

first flood period in most sites were much higher than the reference values with the average increasing rate of 46%. The values of 

chemical and biological oxygen demand were elevated in most sites; total nitrogen in the non-urban areas and total phosphorous in the 

urban areas were higher than those in the reference period. The different responses of nitrogen and phosphorus to the flood events of the 

two areas were mainly due to the high nitrogen contents in non-urban soils and high phosphorus contents in the urban soils. Whereas, 

most pollutant concentrations during the second flood period were lower than the first flood period, or even lower than the reference 

period. This can be explained by that the first flood, belonging to the post-drought flood, scoured the land surface and brought plenty of 

pollutants into the aquatic environments, and the non-point source pollution caused by the second flood was less effective and mainly 

reflected as dilution effect. This study suggests that the response of surface water quality to floods caused by climate change will differ 

between urban and non-urban areas, as well as among different flood events. 
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1. Introduction 

Climate change refers to the variations in distribution of 

meteorological factors (i.e., temperature, precipitation, wind 

velocity, and radiation), which is also associated with extreme 

weather events (Stott et al., 2016; Ummenhofer and Meehl, 

2017). Future climate is predicted to have an increasing fre-

quency, intensity, and duration of extreme weather-related wa-

ter events such as floods and droughts (Beniston, 2012; Cann 

et al., 2013; Mosley, 2015; Xia et al., 2015a). The changes in 

frequencies and magnitudes of extreme water events might fur-

ther affect the water quality and aquatic ecosystem by altering 

the hydraulic residence time and migration/transformation of 

pollutants (Dotto et al., 2010, 2012; Hubbard et al., 2011; 

Beaver et al., 2013; Mccarthy et al., 2014; Delpla and Rod-

riguez, 2014; Xia et al., 2015a; Fink et al., 2016). For instance, 

Hrdinka et al. (2012) studied the impacts of the flood and 

drought on the water quality in central Bohemia, Czech Re-

public, and found that both flood and drought significantly 

deteriorate the water quality, and the impact of flood was se- 
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verer. In addition, the post-drought flood could also result in 

more serious water quality problems by flushing more pollu- 

tants previously accumulated in the surface soils to the water 

environment. Whitworth et al. (2012) reported that the post-

drought floods in southern Murray-Darling Basin, Australia 

scoured large quantities of dissolved organic carbon stored in 

the soils into the water, depleting the dissolved oxygen and 

caused the severe hypoxic black water event. In general, floods 

can lead to the inundation and erosion of surface area that 

change the redox-oxidizing environment. And heavy rainfall 

can easily cause the diffusion pollution and a redistribution of 

pollutants between contaminated sediments and uncontaminat- 

ed water (Wu et al., 2014a, b). Droughts can affect the water 

quality and aquatic ecosystem through concentrating the pollu- 

tants (VanVliet and Zwolsman, 2008), or reducing the water 

level, further leading to the exposure of pollutants and chang- 

ing biogeochemical processes (Aherne et al., 2006).  

Streams, reservoirs, and lakes, acting as the receiving wa-

ter of non-point source pollution, their response to floods might 

be different between urban and non-urban areas due to the dif-

ferent land use types, pollution sources, and hydrological con-

ditions (Wang et al., 2008; Madarang et al., 2014; Vincent and 

Kirkwood, 2014; Ramachandran et al., 2018). For instance, re-

sults of our previous study showed that the mean total phos-
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phorus (TP) contents in urban soils were 112 mg∙kg−1 higher 

than those in rural soils of Beijing; meanwhile, the mean total 

nitrogen (TN) contents in rural soils were 2.6-fold higher than 

those in urban soils (Xia et al., 2013). In addition, the impervi-

ousness of the urban areas due to rapid urbanization would en-

hance partitioning of rainfall into runoff, leading to higher run-

off ratios and longer runoff duration than those in the non-urban 

areas (Gallo, 2011). Therefore, we hypothesize that there exist 

different responses of water quality in urban and non-urban 

areas to extreme weather events due to their different hydrolog-

ical conditions and pollutant concentrations. 

So far, most studies on the impacts of floods on water envi-

ronment mainly focus on observing the changes in water flow 

or assessing the flood induced diffuse pollution by hydrological 

models (Yang et al., 2011). The impact of heavy rainfall on 

water quality in urban and non-urban areas is still unknown and 

need be studied and compared. Here we studied the impact of 

two heavy storms occurred in 2011 and 2012 on water quality 

in 21 sampling sites from non-urban reservoirs/rivers and ur-

ban lakes in Beijing, China. We analyzed the changes of pre-

flood and post-flood water quality. We also compared the water 

quality during the two extreme flood periods and the reference 

periods (2006 ~ 2010 for non-urban area and 2009 ~ 2010 for 

urban areas). The analyzed water quality parameters include 

the chemical oxygen demand (CODcr), biological oxygen de-

mand (BOD), dissolved oxygen (DO), TN, and TP. The influ-

encing mechanism and factors of flood on different water types 

were identified and compared. 

2. Materials and Methods 

2.1. Study Sites 

Beijing (39°28′N ~ 41°05′N, 115°25′E ~ 117°30′E), the 

political and economic center of China, is located in the Haihe 

River Basin with semi-humid continental climate and four dis-

tinct seasons. Annual precipitation is between 470 ~ 500 mm 

with uneven temporal and spatial rainfall distribution. General 

characteristics and locations of the studied lakes, reservoirs, 

and rivers are shown in Table S1. The studied non-urban reser-

voirs and rivers as well as urban lakes sites are shown in Figure 

1. The studied non-urban reservoirs and rivers are located in 

Miyun Reservoir catchment (Figure 1), where water quality is 

less affected by human activities and can well reflect the influ-

ence of variations in meteorological factors; the major land use 

types are agricultural lands, barren lands, orchards, and forests. 

Relative high nitrogen and soil organic matter concentrations 

in non-urban soils have been reported (Xia et al., 2013; Hei- 

mann et al., 2015). These reservoirs and rivers are located in 

the upstream of the Miyun Reservoir watershed; they are shal- 

low waters, flowing through the farmland and forestry land, 

then into the Miyun Reservoir. The metropolitan area of Beijing 

covers 1,381 km2 with a population of 12.8 million people. The 

main land use types of the urban area are residential and com- 

mercial lands as well as recreational parks. High phosphorus 

concentrations in urban soils have been reported (Xia et al., 

2013). As discussed in our previous study (Wu et al., 2014a, b), 

most urban lakes in Beijing are artificial and shallow lakes, 

locating in the recreational parks with similar land use/scope. 

 

2.2. Extreme Water Events 

After a decade-long drought period, Beijing experienced 

two intense rainfalls, which caused severe floods in the whole 

city including urban and non-urban areas. The first flood oc-

curred on June 23rd of 2011 with average daily precipitation of 

96 mm. The second flood occurred on July 21st and 22nd of 2012 

with parts of the region received 519 mm of precipitation, 

which was the heaviest storm and flood disaster during the past 

60 years in Beijing. It lasted for 19 hours with the characteris-

tics of short time, strong intensity, and large rainfall. During the 

flood period (June to September) of 2012, the accumulated pre-

cipitation reached 532 mm, accounting for 75% of the total an-

nual precipitation, and the precipitation is 11% higher than the 

value of 497 mm during the same period of 2011 (Figures 2 and 

S1). 

 

 
 

Figure 1. Sampling sites of non-urbanand urban watersin Bei- 

jing. (R1 Banchengzi Reservoir; R2 Yaoqiaoyu Reservoir; R3 

Shachang Reservoir; S1 Sihetangqiao Station; S2 Daguanqiao 

Station; S3 Baimaguan Station; S4 Gubeikou Station; S5 Xin-

zhuangqiao Station; S6 Qiangzilu Station; S7 Putaoyuanqiao 

Station; S8 Baihe main dam; U1 Lake Kunming; U2 Lake Fu- 

hai; U3 Lake Yuyuantan; U4 Lake Zizhuyuan; U5 Lake Houhai; 

U6 Lake Qianhai; U7 Lake Longtan; U8 Lake Qingnian; U9 

Lake Lianhua; U10 Lake Liuyin). 

 

2.3. Water Quality Sampling and Analysis 

The water sampling was carried out monthly except for the 

frozen period (mainly from January to March) from 2006 to 

2012 for non-urban area and from 2009 to 2012 for urban area. 

The detailed measurements of Secchi depth, water temperature, 

pH, dissolved oxygen (DO), COD, BOD, TN, and TP of the 

water samples can be found in our previous study (Wu et al., 

2014a; Xia et al., 2015b). Monthly stream discharges were 

collected from the online Water Resource Yearbook of the 

Haihe River Basin (http://www.hwcc.gov.cn/hwcc/wwgj/xxgb/ 

szygb/). Meteorological data including monthly mean air tem-

perature, cumulative precipitation, and maximum precipitation 

in Beijing were collected from the online China Meteorological 
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Data Sharing Service System (http://data.cma.cn/data).  

We averaged the monthly value of each parameter from 

2006 to 2012 except the flood season (June to September) as 

the reference values in non-urban areas. Due to the limited data 

in urban area, we took the same period with non-urban areas 

from 2009 to 2012 as the reference in urban regions. We choose 

the water quality in the non-flood seasons because we did not 

know how floods would affect the water quality during the 

flood season, adding these values could interrupt the compari-

son. We firstly compared the pre-flood and post-flood water 

quality. Then we compared the water quality in the same flood 

month with those in different years. In addition, we compared 

the water quality during the flood month in 2011 and 2012 with 

the reference values. 

 

 
 

Figure 2. Precipitation of wet season in Beijing during the 

period of 2006 ~ 2012. 

 

2.4. Statistical and Assessment Method  

Here we applied the comprehensive pollution index (CPI) 

to assess the water quality. Calculation of each water quality 

parameter is shown as follows: 

 

i
i

i

M
P

S
    (1) 

 

where Pi is the individual index of water quality parameter i, 

Mi is the measured concentration of i (mg∙L−1); Si is the concen-

tration of stipulated standard of pollutant i (mg∙L−1); here we 

took the Class III standard of national classification of pollut-

ants for surface water, which is the basic standard for second 

protection zone of centralized drinking water source, detailed 

information is shown in Table S2. If Pi > 1, concentration of 

pollutant i has exceed the stipulated standard. According to the 

reported high nutrient and organic matter contents in soil and 

water of Beijing (Xia et al., 2013; Yuan et al., 2016), we took 

parameters including COD, BOD, TN, TP, and DO into the CPI 

equation. Detailed calculation is shown as follows:  

 

COD BOD TN TP DOCPI P P P P P        (2) 

 

We used the same CPI assessment standard from previous 

study of Liu et al. (2011); the water quality is classified as ex-

cellent when CPI < 0; water quality is good when 0 ≤ CPI < 1, 

water is beginning to be contaminated when 1 < CPI < 2, water 

body is lightly polluted, moderately polluted, and heavily pol-

luted when 2 < CPI < 3, 3 < CPI < 4, CPI > 4, respectively. 

All data were tested for normality and homogeneity of var-

iance. Pollutant concentrations measured during the flood peri-

od were compared with the corresponding mean concentrations 

in the reference period. Statistical significance tests of these 

differences in different periods and regions were examined us-

ing ANOVA test. All the statistical analysis was performed with 

Microsoft Excel 2007 (Microsoft Inc., USA) and IBM SPSS 

Version 19.0 (SPSS Inc., Chicago, IL, USA). 

3. Results and Discussions 

3.1. Characteristics of Water Quality during the Reference 

Years  

We found significant differences (p < 0.05) in COD, BOD, 

TP and CPI values in urban and non-urban areas during the re-

ference years (Table S3). Meanwhile high nutrient concentra-

tions of the urban lakes were observed. Average TP and TN 

concentrations during the reference period (non-flood season 

from 2006 ~ 2012) in the urban waters were 0.07 and 3.10 

mg∙L−1, respectively, which were approximately 3-fold and 1.5-

fold higher than those in the non-urban waters during the ref-

erence period (Tables 1 and 2). Contents of oxygen-consuming 

organic pollutants in urban lakes were also higher than those in 

the non-urban waters. For instance, average values of both 

COD and BOD of urban lakes during the reference years were 

30.43 and 6.32 mg∙L−1, respectively, which were more than 6 

times higher than those of non-urban waters (Tables 1 and 2). 

In the non-urban areas, water quality related with COD and 

BOD were better than those in the reservoirs. The difference 

could be explained by the good fluidity of rivers, which means 

short water residence time and strong dilution effect for oxy-

gen-consuming organic pollutants. 

CPI values of R1, R2, and R3 (i.e., Reservoir Banchengzi, 

Yaoqiaoyu, and Shachang) in reference years were 1.1, 0.8, and 

1.2, respectively (Table 1). Meanwhile, the CPI values of most 

non-urban rivers were in the state of excellent water quality (A 

< 0) (Table 1). For all the urban lakes, CPI of U1 (Lake Kun-

ming) during the reference period was the lowest with value of 

0.13, then was U4 (Lake Zizhuyuan, 0.58) and U2 (Fuhai, 0.93), 

indicating that water quality of the three urban lakes were good 

(Table 1). However, CPI values of the other urban lakes ranged 

from 1.47 to 7.79, which showed that water quality of these ur- 

ban lakes were being or been polluted. U7 (Lake Longtan) ex- 

hibited the highest CPI value of 7.79, and was three times high- 

er than the contemporary average values of urban lakes (Figure 

3). 

As shown in Figure 3, average CPI values of non-urban areas 

(A1) was 3-time less compared with average CPI values of 

urban areas (A2), indicating surface water quality in non-ur-

ban area was better than that in urban area. This is mainly be- 

cause Miyun Reservoir Watershed (the non-urban area) be-

longs to the drinking water area with little point source pollu-  
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Table 1. The Average Water Quality and Comprehensive Pollution Index (CPI) in Non-urban Area 

 
DO  CODCr BOD5 

(mg·L-1) (mg·L-1) (mg·L-1) 

N F1 F2 N F1 F2 N F1 F2 

R1 8.90 7.80 7.90 7.40 6.00 7.00 1.60 1.20 0.90 

R2 9.50 8.40 8.30 6.30 8.00 9.00 1.80 0.60 0.90 

R3 9.40 8.90 7.90 9.60 17.00 13.00 2.10 2.60 1.00 

S1 9.70 7.80 8.30 3.80 6.00 5.00 0.90 0.60 <0.50 

S2 9.70 7.70 8.10 4.20 8.00 7.00 1.00 0.90 0.70 

S3 9.90 8.10 8.10 4.40 5.00 6.00 1.00 0.80 <0.50 

S4 9.70 7.90 8.00 6.80 13.00 8.00 1.10 1.80 0.70 

S5 10.00 9.00 8.00 5.60 10.00 7.00 1.00 1.20 0.70 

S6 10.00 8.30 8.30 4.40 7.00 5.00 0.90 0.60 <0.50 

S7 10.60 8.10 8.20 5.50 10.00 8.00 1.10 0.80 0.60 

S8 9.40 8.40 7.00 5.50 11.00 7.00 0.80 0.90 0.60 

 

TP TN 
CPI 

(mg·L-1) (mg·L-1) 

N F1 F2 N F1 F2 N F1 F2 

R1 0.00 0.00 0.00 2.00 2.70 0.50 1.10 1.60 -0.10 

R2 0.00 0.00 0.00 2.10 3.50 2.90 0.80 2.30 2.20 

R3 0.00 0.10 0.10 2.20 3.80 4.80 1.20 3.20 4.30 

S1 0.00 0.10 0.00 1.10 0.50 1.80 -0.10 -0.10 0.80 

S2 0.00 0.10 0.00 1.70 0.50 1.60 -0.90 0.50 -0.40 

S3 0.00 0.00 0.00 1.30 0.50 0.90 -0.90 -0.70 -0.20 

S4 0.10 0.10 0.10 4.30 0.50 0.50 0.60 -0.10 -0.30 

S5 0.00 0.00 0.10 2.80 0.50 4.90 -0.30 -0.20 -1.20 

S6 0.00 0.00 0.00 1.70 0.50 0.90 -0.80 -0.40 -1.10 

S7 0.00 0.00 0.00 2.60 0.50 1.10 -0.70 -0.70 -1.20 

S8 0.00 0.00 0.00 0.50 0.40 0.60 -0.80 -0.70 -0.50 

*"N" indicates the reference period (2006-2010), and "F1"and "F2" indicate the flood occurred in 2011 and 2012, respectively. 

 

tion (Xia et al., 2015). Whereas, urban water quality is vulnera-

ble due to the large population density, sewerage discharge and 

diffusion pollution. 

 

 
 

Figure 3. Comprehensive pollution index (CPI) in non-urban 

and urban area of Beijing. 

 

3.2. Impact of the First Flood Event on the Water Quality 

of Non-urban Reservoirs and Rivers 

We compared the pre-flood and post-flood water quality 

by comparing the water quality parameters within the flood pe-

riod (from June to September). For the first flood happened in 

the late-June 2011, we can find the decreased DO concentration 

and increased COD, BOD, and TN values right after the flood 

month in the urban lakes. However, this trend of water quality 

parameters was more significantly in the following months (es-

pecially in August and September) in non-urban areas. The in-

creased post-flood pollutants could be contributed by the non-

point source pollution and the sediment resuspension. The lag-

ging responses of water quality to the flood event in the non-

urban areas is probably caused by responding time of storms to 

surface runoff; these phenomena have also been reported in 

other studies (Walling and Foster, 1975; Hamilton, 2012; Chen 

et al., 2014; Change et al., 2015; Putro et al., 2016). The lag ef-

fect of pollutant transportation is caused by hydrologic con-

ditions and biogeochemical processes (Van Meter et al., 2017; 

Chen et al., 2019). The lag time can range from a few hours to 

decades (Walling and Foster, 1975; Li et al., 2011; Hamilton, 

2012; Hu et al., 2018). In most hydrological models in catch- 

ment, the surface runoff lag coefficient is set as 24 days (Chen 

et al., 2019; Liu et al., 2016). In addition, studies of Gao et al. 

(2012) also reported one-month delay of peak phosphorus con-

centrations in southwest China. These results are consistent  
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Table 2. The Average Water Quality and Comprehensive Pollution Index (CPI) in Urban Area 

Number 

DO  CODCr BOD5 

(mg·L-1) (mg·L-1) (mg·L-1) 

N F 1 F 2 N F1 F2 N F1 F2 

U1 10.14 8.00 6.90 14.86 13.00 19.00 2.62 1.00 5.00 

U2 10.23 6.60 11.90 22.66 37.00 39.00 3.44 3.00 9.00 

U3 8.88 4.20 7.00 22.57 48.00 33.00 4.34 6.00 8.00 

U4 8.45 5.60 5.80 21.00 26.00 16.00 3.67 3.00 2.00 

U5 11.48 6.00 7.80 22.56 23.00 26.00 3.46 3.10 3.00 

U6 11.88 6.80 10.10 22.56 22.00 18.00 3.62 3.50 3.40 

U7 9.36 5.90 6.90 45.11 83.00 34.00 5.35 8.20 6.90 

U8 10.02 8.10 8.10 35.80 27.00 37.00 5.04 9.00 8.00 

U9 8.72 6.80 5.80 31.03 26.00 38.00 5.65 9.00 5.00 

U10 7.54 8.90 7.60 66.13 102.00 62.00 26.03 57.70 21.80 

Number 

TP TN 
CPI 

(mg·L-1) (mg·L-1) 

N F 1 F 2 N F1 F2 N F1 F2 

U1 0.05 0.07 0.02 1.33 1.29 0.66 0.13 0.32 0.28 

U2 0.04 0.06 0.02 1.85 1.07 2.83 0.93 0.63 1.47 

U3 0.07 0.26 0.05 2.77 9.76 1.09 1.75 11.45 1.02 

U4 0.06 0.07 0.02 1.38 1.13 0.98 0.58 1.03 0.82 

U5 0.04 0.07 0.06 2.79 3.04 1.06 1.47 2.89 0.37 

U6 0.04 0.03 0.02 2.83 2.14 0.90 1.48 1.80 -0.20 

U7 0.07 0.19 0.09 7.94 1.99 2.53 7.79 3.73 3.37 

U8 0.10 0.18 0.09 3.57 3.60 1.08 3.17 4.17 1.69 

U9 0.08 0.08 0.12 2.78 5.00 1.62 2.46 4.92 1.94 

U10 0.13 0.23 0.04 3.44 4.34 2.45 4.55 5.98 2.03 

*"N" indicates the reference period (2009-2010), "F1"and "F2" indicate the flood occurred in 2011 and 2012, respectively 

 

with our observation that the lagged time of pollutant leaching 

from non-urban soils to waters in Beijing is about 1 month.  

Different from non-urban areas, the altered land cover 

caused by rapid urbanization tends to reduce the lag response 

by fast partitioning of rainfall into runoff. A study of Kjeldsen 

et al. (2013) also observed the reduced lag time in the urban 

areas during flood events in the United Kingdom. In addition, 

TP concentrations were stable after the flood in most non-urban 

sites, whereas, elevated in the urban lakes. This is probably due 

to the low phosphorus concentrations in the non-urban soils and 

high concentrations in the urban soils, further suggesting the 

main influencing approach of first flood on water quality is by 

non-point source pollution.  

Despite the lagging effect, high CPI values in three non-

urban reservoirs of June 2011 and July 2012 were observed 

(Figure S2). As shown in Figure S2, in most non-urban reser-

voirs, COD values were lower and TN concentrations were 

higher during the two flood months than those during the same 

months in other years. This might be explained by the dilution 

effect for oxygen-consuming organic pollutants and high nitro-

gen non-point source pollution. Meanwhile, TP concentration 

did not exhibit consistent change during the flood month. Di-

vergent variations in water quality parameters of non-urban riv-

ers were observed (Figure S3).  

Considering the lag effect of the storm water on water 

quality, we put an emphasis on analyzing the variations in water 

quality during the flood season. Compared with the reference 

years, water quality during the first flood season had a large 

degree of variability. We found significantly (p < 0.05) different 

DO and TP concentrations compared with the reference period 

(Table S4). In addition, we can find high COD values in non-

urban reservoirs and rivers. For instance, COD value of R3 

(Reservoir Shachang) during the first flood season was ap-

proximately 2 times higher than the reference years (Figure 4). 

Meanwhile decreased DO concentration was observed during 

the first flood season (Figure 4). The strong surface runoff pro-

bably flushed plenty of labile carbon into the surface water, de-

composition of organic matter cost DO concentrations and in-

creased the COD values. Contrary to COD, BOD in eight of the 

eleven non-urban reservoirs and rivers was lower during the 

first flood period than the value in reference period (Figure 4). 

This could be explained by that BOD reflects the contents of 

easily degrading organic pollutants, which mainly come from 

domestic sewage and not influenced by precipitation induced 

diffuse pollution. Meanwhile, the large water discharge during 

the flood period can make low values of BOD by dilution ef-

fect. However, BOD in R3 (Shachang Reservoir), S4 (Gubei-

kou Station), and S5 (Xinzhuangqiao Station) were higher than 

other sites, which might be caused by the relative high contents 

of easy degrading organic pollutant around these sampling 

sites. 
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Figure 4. Water quality parameters including (a) DO in non-urban sites, (b) DO in urban sites, (c) COD in non-urban sites, (d) COD 

urban sites, (e) BOD in non-urban sites, (f) BOD in urban sites, (g) TN in non-urban sites, (h) TN in urban sites, (i) TP in non-urban 

sites, and (j) TP in urban sites during the reference, first flood, and second flood period, respectively.
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TN concentrations of the non-urban reservoirs and one 

half of the rivers were much higher during the first flood period 

than those during the reference period (Figure 4). The high TN 

concentrations in the non-urban reservoirs are mainly caused 

by the high nitrogen stored in the soils. While due to the high 

flowability of non-urban rivers during the flood period, they 

probably lead to low TN concentrations in the other non-urban 

river sites. During the flood, high flow rates increased the river 

mixing depth and further affected the pollutant distribution. 

Therefore, the water quality of non-urban rivers during the 

flood season is strongly influenced by hydrodynamic character-

istics such as water residence time and physicochemical condi-

tions. Contrast with TN, TP concentration did not show signifi-

cant variation trend during the first flood season. In addition, 

CPI also showed higher values during the first flood period 

(Figure 3), indicating that the integrated water quality of non-

urban water was not good. 

 

3.3. Impact of the First Flood Event on Water Quality of 

Urban Lakes 

As mentioned above, we found the quick response of ur-

ban waters to the first flood by comparing the pre-flood and 

post-flood water quality. In addition, through comparing with 

the water quality of urban lakes in the same flood month of dif-

ferent years, COD values in five of the ten urban lakes were 

higher in June of 2011, and other water quality parameters ex-

hibited inconsistent variations (Figure S4). Despite of the dif-

ferent variations of individual water quality parameters, the 

CPI values of most lakes exhibited high values during the first 

flood month (Figure S4). 

By enlarging the time scale, similar changing trend of wa-

ter quality with non-urban waters during the first flood season 

was observed. DO in urban lakes also showed lower concentra-

tion; COD values of most urban lakes were significantly higher 

than those during the reference period (Figure 4). For instance, 

COD values of U3 (Lake Yuyuantan) during the first flood pe-

riod were 2 times higher than those during the reference years. 

Average COD values of urban waters were 30.4 mg∙L−1 higher 

than those of non-urban waters during the first flood period, 

indicating more oxygen-consuming organic pollutants were 

flushed into the urban waters. Leónet al. (2015) also found the 

significantly increased organic contaminant concentrations in 

Mediterranean coastal lagoon (Spain) during the flood events 

because of the strong flush of surface soils. Compared with the 

reference periods, there was no consistent variation in BOD 

values during the first flood period. The divergent changes of 

water quality parameters in urban lakes were probably as a con-

sequence of the presence of many simultaneous sources. Like-

wise, Launay et al. (2013) also reported that the different tem-

poral variations of organic pollutants in the receiving water 

bodies of River Schwippe, Germany were caused by their dif-

ferent origins (i.e., waste water, urban runoff, or roof runoff, 

and so on).  

Contrary to the nutrients in non-urban reservoirs, higher 

TP concentrations and lower TN concentrations in most urban 

lakes were observed during the first flood event, indicating dif-

ferent influences of flood event on TP and TN. In our results 

the differences mainly represented as enhanced diffusion pollu-

tion impact for phosphorus and dilution effect for nitrogen. 

Combined with the variations in nutrient concentration of non-

urban area and our previous studies (Xia et al., 2013; Wu et al., 

2014a), the difference could be attributed to the higher phos-

phorus contents in the urban soils than that in the non-urban 

soils as well as the higher nitrogen content in the non-urban 

soils than those in the urban soils. The different responses also 

indicate that the surface water quality is mainly controlled by 

the heavy rainfall induced non-point source pollution. Besides, 

various underlying surface conditions of urban and non-urban 

areas may contribute to the different changes in water quality. 

For example, Delpla and Rodriguez (2014) studied the changes 

in water quality with different climate and land use scenarios, 

and their results demonstrated that variations in land use types 

could lead to changes in turbidity and fecal coliforms in the 

aquatic environment. 

Overall, the first heavy rainfall events deteriorated the 

water quality; CPI values in most study sites were much higher 

than the reference period with the average increasing rate of 

46%. According to our previous studies on the impact of mete-

orological variations on water quality of urban lakes, despite of 

the impact of heavy rainfall event, precipitation/temperature to-

gether explained the 11 ~ 37.4% of the variations in COD and 

11 ~ 47.9% of the variations in TP during the period from 2009 

to 2011 (Wu et al., 2014a). Thus, the impact of heavy rainfall 

and high temperature on water quality should have a higher 

impact than the above values. However, different from our 

studies, Liu et al. (2011) assessed the sea water quality of Hebei 

Province in Bohai Sea, China; their results showed that water 

quality of rivers in Haihe River watershed during the flood pe-

riod was better than that in the dry season; organic pollution in-

dex was 1.5 ~ 40 times lower in the flood season compared with 

the dry season. The decreased pollution was mainly due to the 

increased water level and enhanced dilution effect of the rivers 

inflowing to the Bohai Sea. Unlike the inland rivers, the com-

plex hydrodynamic conditions of the estuary could account for 

the differences. In conclusion, changes of water quality during 

the floods are related to the heavy rainfall runoff. Pollutant con-

centrations in the water can either decrease with the increased 

flow discharge or increase with more pollutants carried by 

flood runoff. For most surface waters in North China, non-point 

source pollution and dilution effect of heavy rainfall coexist 

and interact. Which one has a stronger impact is highly relied 

on the contamination level of the water and soils around the re-

ceiving waters and the hydrodynamic conditions. 

 

3.4. Impact of the Second Flood Event on Water Quality of 

Non-urban and Urban Areas 

For the second flood happened in July of 2012, it is inter-

esting to find increase in DO and nutrient concentrations in the 

post-flood month; meanwhile COD and BOD values decreased 

or did not change in most studied urban lakes after the flood. 

For instance, the monthly TN and TP concentrations in U2 

(Lake Fuhai) decreased from 3.23 and 0.07 mg∙L−1 before the 
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flood to 2.83 and 0.02 mg∙L−1 after the flood, respectively. 

There are no consistent variations between pre-flood and post-

flood water quality in non-urban sites. 

Similar response of COD and BOD during the second 

flood period with the first flood period were observed. For in-

stance, COD values of S3 (Reservoir Shachang) during the sec-

ond flood period were approximately 1.5 times higher than the 

reference season (Figure 4). BOD values in most study sites 

were lower compared with the reference periods (Figure 4). 

During the second flood season, TN in most of the non-urban 

and urban waters and TP in urban lakes were lower compared 

with the reference period (Figure 4). However, relative high TP 

concentrations during the second flood period were observed 

in half of the non-urban sites; the phosphorus in the aquatic en-

vironment was probably released from sediments due to strong 

intensity of the second flood.   

Response of water quality to the two flood periods was dif-

ferent. For instance, CPI, COD, and BOD values in most surface 

water during the first flood were much higher compared with 

the second floods (Figures 3 and 4). Taking S4 (Gubeikou Sta-

tion) as an example, COD during the first flood period was 13 

mg∙L−1, which was 5 mg∙L−1 higher than that during the second 

flood period. The average CPI values of non-urban and urban 

waters during the first flood period were 53.8 and 65.3% higher 

than the second one, respectively. BOD in S4 during the first 

flood was approximately 2.5 times higher compared with that 

during the second flood period. As mentioned above, the sec-

ond flood occurred in 2012 had stronger rainfall intensity and 

duration than first flood occurred in 2011. After long drought 

duration in Beijing, soils and sediment enriched lots of pollut-

ants, the first flood event flushed these pollutants from land into 

the aquatic environment and/or disturbed the sediment, result-

ing in enhanced pollutant concentrations in the surface water. 

While, during the second flood period, the former flood had 

brought most of the pollutants in soils into the aquatic environ-

ment; thus, the dilution effect was predominant. In addition, 

three sampling sites including R1, R2, and S3 showed contrast 

response (Figure 4), COD values of which during the first flood 

were lower than those during the second one. This is probably 

due to the different land use types or pollutant origins such as 

anthropogenic discharge. 

Compared with the first flood period, TP concentrations of 

most sites exhibited lower concentrations during the second 

flood period. However, TN concentrations were higher in most 

non-urban waters during the second flood than those in the first 

flood. The difference might be caused by that nitrogen com-

pounds were widely used in non-urban areas. Even though 

large quantity of nitrogen contents was brought by the first 

flood, there still high contents existing in the soils. In addition, 

the strong rainfall intensity and duration might disturb the sedi-

ments, leading to the release of nitrogen to the surface water. 

While in most urban lakes, TN concentration showed low con-

centrations during the second flood period. Although the abso-

lute concentrations of pollutants were low during the second 

flood period, the large volume of the water discharge contribut-

ed large proportion of nutrient loads into the receiving water 

(Figure S5). 

3.5. Implications for the Impact of Climate Change on Wa- 

ter Quality 

The surface water quality during the heavy rainfall events 

is highly dependent on the rainfall intensity and duration, ante-

cedent dry period, pollutant types as well as land use types. Ac-

cording to our previous studies (Wu et al., 2014a, b), there is 

an increasing trend of heavy rainfall frequency during the past 

60 years in Beijing. In addition, temperature in China will en-

hance by 0.9 ~ 6.1 °C by 2100 under different climate change 

scenarios (Liu et al., 2014). The most recent climate change 

projections about the annual maximum precipitation for 7 days 

in Haihe River Basin will increase by about 20 ~ 25% (Yin et 

al., 2016). Therefore, in the future of increased heavy rainfall 

events and high temperature, the water quality of both urban 

and non-urban areas is facing challenges.  

Climate change disturbs surface water system including 

both water quantity and water quality. Therefore, water re-

source management under climate change based solely on how 

to defend against the changes of flow during extreme weather 

events is not enough. Our results suggest that different land use 

types, hydrological conditions, and pollutant types can result in 

different response of water quality. Post-drought flushing also 

contributes to the different variation in water quality during the 

flood periods. For regions with different characteristics, differ-

ent flood management strategies should be put forward. For in-

stance, we need establish the immediate-response system for 

urban water environment during floods due to the impervious-

ness of land in urban area. In addition, when assessing and 

building the adaption strategy of water resource to flood and 

drought, we should consider not only the individual flood but 

also long-term variations in meteorological factors and regional 

pollution sources. Moreover, the influence of extreme weather 

events such as flood on water quality can be alleviated from the 

source by reducing the point and non-point source pollution. 

This study results are helpful in establishing the water quality 

assessment during the flood events of urban and non-urban 

areas, and also provide basic information for water conserva-

tion strategy during the flood periods 

 

3.6. Future Studies on the Impact of Extreme Weather 

Events on Water Quality 

Regarding to the increased frequencies and intensities of 

floods, droughts and high temperature associated with climate 

change, future studies on impact of extreme weather events on 

water quality should focus on the influencing mechanisms, ap-

plicable assessing methods, data achievement approaches, and 

water catchment regulations including both surface and ground 

water. In general, the flood, drought and high temperature 

affect water quality through affecting the transformation and 

migration of pollutants. However, the integrated understanding 

of how do these extreme weather events (i.e., changed water 

flows, water levels, water residence time, scouring intensity, 

temperature, and etc.) alter the biogeochemical reactions are 

still less known. Assessing the extreme weather events espe-

cially floods on water quality have no consistent index, some 

research uses the altered index such as quality indicator (QI) 
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and water quality index (WQI) to assess the water quality (Lo- 

bato et al., 2015), and some studies assess the influences by 

measuring the water flows, DOC and DO concentrations (Whit- 

worth et al., 2012; Fink et al., 2016). More realistic and practi- 

cal assessing methods should be constructed to evaluate the 

influence of extreme weather events on water quality. In addi- 

tion, due to the difficulty in achieving the data of water quantity 

and quality during extreme weather events, more advanced tech- 

niques such as remote sensing and online monitoring tools 

should be adopted into the catchment scale study. Meanwhile, 

we should also build and improve the current basic database 

including daily/weekly water quality data, water flows, water 

levels, aquatic biomass etc. for future projection work. In addi- 

tion to the macro-scale and mesoscale studies, more field and 

laboratory work should be conducted to analyze the influence 

of extreme weather events on biogeochemical reactions in dif- 

ferent water bodies (such as shallow/deep lakes, rivers, lagoons, 

and oceans). Combing the results with fields of micro-biology, 

hydrology, and etc. can provide a holistic view to pollution pre- 

vention and control with global climate change.   
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