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Surface water quality in the upstream-most megacity of the Yangtze 1 

River Basin (Chengdu): 2000-2019 trends, the COVID-19 lockdown 2 

effects, and water governance implications 3 

 4 

Abstract: Water is essential for a sustainable economic prosperity, but rapid 5 

economic growth and intensive agricultural activities usually cause water pollution. 6 

The middle and lower reaches of China’s Yangtze River Basin were urbanized and 7 

industrialized much earlier than the upper reach and have been suffering from water 8 

pollution. In the past two decades, economic growth accelerated in the upper reach 9 

due to several national economic initiatives. Based on analyzing water quality 10 

changes from 2000 to 2019 and during the COVID-19 lockdown in 2020 for 11 

Chengdu in the upper reach, we hope to provide some water governance suggestions. 12 

In 2019, water at 66% of 93 sites in Chengdu did not achieve the national III 13 

standards using measurements of 23 water quality parameters. The top two 14 

pollutants were total nitrogen (TN) and fecal coliform (FC). From 2000 to 2019, 15 

water quality was not significantly improved at the non-background sites of 16 

Chengdu's Min Basin, and the pollution in this basin was mainly from local 17 

pollutants release. During the same period, water quality deteriorated in Chengdu’s 18 

Tuo Basin, where pollution was the result of pollutant discharges in Chengdu in 19 

addition to inter-city pollutant transport. During the COVID-19 lockdown, water 20 

quality generally improved in the Min Basin but not in the Tuo Basin. A further 21 

investigation on which pollution sources were shut down or not during the lockdown 22 

can help make pollution reduction targets. Based on the results, we provide 23 
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suggestions to strengthen inter-jurisdictional and inter-institutional cooperation, 24 

water quality monitoring and evaluation, and ecological engineering application. 25 

 26 
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management 28 
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1. Introduction 34 

Water is essential for a sustainable economic prosperity. Many of the world’s 35 

economic centers and agricultural bases are close to rivers. However, urbanization, 36 

industrialization, and intensive agricultural activities require large water quantity 37 

and usually cause water pollution. Balancing economic development and water 38 

resources protection is one of the key challenges for a sustainable development 39 

across the world, particularly the developing countries. 40 

The Yangtze River Economic Belt Initiative (YREBI) is a major engine 41 

promoting China’s economic development started from 2015 (Sun et al., 2018). As 42 

the world’s third longest river (6,300 km), having a basin area of 1.78 million km
2
, 43 

and covering 19 regions at the provincial level, the Yangtze River Basin passes from 44 

less to more economic-developed areas from the upstream to downstream (Lijuan et 45 

al., 2018; Figures 1a and S1). The river originates on the Qinghai-Tibetan Plateau in 46 

West China, where anthropogenic activities are low. In contrast, the downstream 47 

Yangtze River Delta in East China is one of the most economically-developed 48 

regions in the country. To better protect the basin’s ecosystems and environment 49 

under the YREBI’s implementation, the Standing Committee of China’s National 50 

People's Congress (SCCNPC) approved the Yangtze River Protection Law in 51 

December 2020 (SCCNPC, 2020). 52 

Water pollution is widespread throughout the Yangtze River Basin, and 53 

smaller tributaries have more serious water pollution because of their limited flows 54 

and closer locations to pollution sources (Chen et al., 2017). The major water 55 

pollution problems and their causes have some differences among the headwater, 56 

upper, middle, and lower reaches of the basin due to the differences in 57 
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economic-development stages, natural resource exploitation patterns, climate, 58 

vegetation, and geology. In the headwaters, the major water-related problems are 59 

soil erosion associated with low vegetation cover and increased discharge triggered 60 

by climate warming-accelerated snow-melting (Chen et al., 2017). The upper reach, 61 

which is upstream the Yichang city (Figure S1), is heavily affected by hydropower 62 

dams, which increases water pollution through altering hydrology (Chen et al., 63 

2017), and characterized by severe soil erosion due to intensive agricultural and 64 

other anthropogenic activities. In the middle reach from Yichang to Hukou, the 65 

major water pollution problems are related to sand mining, as well as river channel 66 

modifications by dams for irrigation and for transportation purposes (Chen et al., 67 

2017). The lower reach, with the highest rates of urbanization, industrialization, 68 

channelization, and river bank construction, receives widespread chemical pollution 69 

(Chen et al., 2017). As rapid economic growth in the upper and middle reaches 70 

owing to the YREBI and other national economic development strategies for West 71 

China continues, there is a concern that chemical water pollution may worsen in the 72 

upper and middle reaches, thus affected their downstream regions (Chen et al., 2017; 73 

Luo et al., 2019; She et al., 2019).  74 

Chengdu Municipality is the upstream-most megacity in the Yangtze River 75 

Basin and is one of the transportations, education, and economic centers of West 76 

China (Figure 1a). The flourishing of Chengdu Municipality and its Chengdu Plain 77 

began with water management through the Dujiangyan (DJY) Irrigation System 78 

built in 256 BC. Downstream of the irrigation system, rivers spread out across the 79 

Chengdu Plain, which has intensive agricultural activities (Figures 1 and S2). There 80 

are two river basins in Chengdu, namely the Min and Tuo Basins (Figure 1). 81 
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Anthropogenic pollution is low upstream the Min Basin, while the Tuo Basin is 82 

largely affected by pollutants from upstream cities (see section 4.1). 83 

There is a saying about Chengdu’s urban water environment, "the water of Jin 84 

River in urban Chengdu could be used for cooking in the 1950s, water quality 85 

started to deteriorate in the 1960s, there have been no fish and shrimp since the 86 

1970s, and water quality was so bad that the water could be used only for washing 87 

chamber pots since the 1980s". The public started to call for water pollution control 88 

in the 1980s; since then, a series of strategies, measures, and regulations have been 89 

implemented. The most well-known strategy is the Fu & Nan Rivers Restoration 90 

Project implemented mostly within and around the central urban areas between 1992 91 

and 2002, and this project greatly reduced water pollution in urban Chengdu (World 92 

Wildlife Fund (WWF), 2012; Xia and Liu, 2001). In 2015, the State Council of 93 

China (SCC) issued the Water Pollution Prevention Action Plan, which is the most 94 

comprehensive and systematic policy up to date for improving water quality. In 95 

contrast, economic growth and urbanization accelerated in Chengdu since 2000s, 96 

and this should increase water pollutant generation. Therefore, there is a need to 97 

understand water quality change and its driving forces in both urban and rural 98 

Chengdu since early 2000s, particularly 2015. 99 

The COVID-19 lockdown in 2020 was an opportunity to investigate if the 100 

reduced anthropogenic discharges can quickly improve water quality in Chengdu 101 

and explore which pollutant sources have larger effects on water quality. Water 102 

quality was obviously improved in many other rivers across the world during the 103 

pandemic lockdown, including canals in Venice (Saadat et al., 2020), the Yamuna 104 

River in India (Arif et al., 2020), and a site of the Yangtze River in China (Wang 105 

and Su, 2020). The officially-required 25-day lockdown in Chengdu was from 24 106 
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January to 17 February 2020, which included the seven-day Spring Festival Holiday, 107 

the most important Chinese national holiday. After 17 February, many economic and 108 

educational activities still were reduced or not allowed to reopen, leading to a 109 

hypothesized continued decreased release of water pollutants in Chengdu. 110 

Therefore, this study's major objectives were to investigate Chengdu’s water 111 

quality changes during 2000-2019 and the COVID-19 lockdown. Also, we reviewed 112 

the water governance in China and Chengdu. Based on the investigation and review, 113 

we hope to provide some insights to water governance for not just Chengdu but also 114 

other river basins, which are experiencing rapid economic growth and/or intensive 115 

agricultural activities. 116 

2. Materials and Methods 117 

2.1.  Study area 118 

Chengdu Municipality is in the Sichuan Basin of southwestern China and 119 

covers 14,335 km
2
 (Chengdu Bureau of Statistics (CBS), 2019). The spatial 120 

distributions of land uses in 2000 and 2018 are shown in Figure S2. In western 121 

Chengdu are the mountains of the eastern rim of the Qinghai-Tibetan Plateau, 122 

including the Qionglai and Longmen mountain ranges. Chengdu’s central urban 123 

areas and most of the agricultural regions are in the Chengdu Plain, which is 124 

bordered on the west by the Qionglai and Longmen mountain ranges and on the east 125 

by the Longquan and Penzhong hills. The plain has elevations of 450-750 meters 126 

and is tilted from northwest to southeast. Thus, river water generally flows from 127 

northwest to southeast and eventually drains into the Yangtze River. Chengdu has a 128 

mean annual total surface runoff of 7.96 billion m
3
, and the river systems fall into 129 

two basins, the Min and Tuo Basins (Xue et al., 2018; Figure 1). The DJY Irrigation 130 
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System, built to irrigate farmland and prevent floods in the Chengdu Plain, is part of 131 

the Min Basin. Thus, the Min Basin’s river network is heavily artificially modified. 132 

Chengdu experienced rapid economic growth in the past two decades. From 133 

2000 to 2018, the city’s gross domestic product (GDP), built-up urban areas, and 134 

population increased from RMB 115.7 to 1,534.3 billion Yuan (roughly from 135 

US$ 17.1 to 234.4 billion), from 207.8 to 407.3 km
2
, and from 10.13 to 14.76 136 

million, respectively (CBS, 2019). 137 

Water pollutant discharges and chemical fertilizer uses varied between 2000 138 

and 2018 (Figure S3). From 2015 to 2018, total discharge of sewage, chemical 139 

oxygen demand (COD), and ammonia nitrogen (NH3-N) from industries and 140 

residential activities increased by 32%, 7%, and 5%, respectively (Figure S3a-c). 141 

The increased quantities of sewage, COD, and NH3-N were due to the increases 142 

from urban residential activities, which accounted for 92%, 83%, and 88% of the 143 

total quantities in 2018, respectively. In contrast, the quantities of sewage, COD, and 144 

NH3-N from industries presented a decreasing trend from 2015 to 2018. The total 145 

use of chemical fertilizers decreased by ~28% from 2000 to 2015 and then increased 146 

by ~16% from 2015 to 2018. The increase from 2015 to 2018 was probably because 147 

Jianyang city (1.17 million population and 2,214 km
2
) was incorporated 148 

administratively into Chengdu in 2016. 149 

Chengdu’s capability to control pollution is enhanced. From 2009 to 2018, 150 

total sewage conduit, number of sewage treatment plants, daily treatment capacity of 151 

sewage plants, annual total quantity of treated sewage all increased from 1771 to 152 

5328 km, 6 to 28, 1.49 to 2.94 million m
3
 per day, and 404 to 979 million m

3
, 153 

respectively (CBS, 2010 and 2019). 154 
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2.2.  Water quality measurements 155 

The water monitoring system managed by the Chengdu Environmental 156 

Monitoring Station (CEMS) is composed of 93 sites, which can be categorized into 157 

long-term, long-term & on-line, on-line, and others (6, 7, 1, and 79 sites, 158 

respectively; Figure 1). Water quality was monitored once a month at all the 93 sites. 159 

The CEMS collected water samples from the surface layer (less than 20 cm) under 160 

the days with no precipitation, and stored each sample in 10 L plastic buckets. The 161 

chemical parameters measured were pH, dissolved oxygen (DO), biological oxygen 162 

demand (BOD5), ammonia nitrogen (NH3-N), Oil Category (OC), Volatile Phenol 163 

(VP), Anionic Surfactant (ANS), Fecal Coliform (FC), Chemical Oxygen Demand 164 

Chromium (CODCr), permanganate index (CODMn), Total Nitrogen (TN), Total 165 

Phosphorus (TP), copper (Cu), zinc (Zn), fluoride (F
―

), selenium (Se), arsenic (As), 166 

cadmium (Cd), Chromium hexad (Cr(VI)), lead (Pb), cyanide (CN), and sulfides 167 

(SO4
2―

). The chemical analysis methods of these parameters are given in Table S1. 168 

Long-term reliable water quality data are available from 2000 to 2019 at thirteen 169 

long-term sites (including 201H, JP, DJY, EJS, GNDQ, HLX, LNH, QJDQ, SHM, 170 

SYDQ, WFLY, YADQ, and YDZ), with seven and six from the Min and Tuo basins, 171 

respectively. Hourly concentrations of DO, TN, NH3-N, TP, and CODMn have been 172 

collecting since late 2018 at the on-line sites (including 201H, DJY, EJS, HLX, 173 

QJDQ, SYDQ, and YDZ), with four and three from the Min and Tuo basins, 174 

respectively. 175 

2.3. Water quality evaluation 176 

We evaluated water quality at all the 93 sites in 2019 through classifying water 177 

quality grades using the Chinese National Method to Evaluate Surface Water 178 
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Quality (CNWQS; Ministry of Ecology and Environment of China (MEE), 2011). In 179 

the CNWQS method, each pollutant's concentration is compared with the pollutant's 180 

standard for each water quality grade (MEE, 2002, 2011). The worst grade among 181 

all the measured pollutants is used as the grade for the monitoring site. The CNWQS 182 

method has six grades: I (excellent), II (good), III (moderate), IV (lightly polluted), 183 

V (moderately polluted), and VI (heavily polluted). If water is at the I or II levels, it 184 

is suitable for drinking water and recreational purposes. At the III level, water is 185 

mainly acceptable for fishing, swimming, and other recreational purposes. If water is 186 

at the IV and V levels, it is appropriate only for industries and irrigation, but not for 187 

domestic or recreational purposes. Water at the VI level cannot be used for any 188 

purposes. 189 

Water quality grades were also classified by using the water quality index 190 

(WQI) methods (Wu et al., 2018), because the CNWQS method does not consider 191 

the comprehensive impacts of multiple water parameters on the overall water quality. 192 

WQIs aim at giving a single value to provide sufficient information on the overall 193 

water quality. For policy-makers, they can use WQIs to understand water quality 194 

and its trends for different purposes, allocate funds, enforce standards, and inform 195 

the public. At present, there are multiple WQIs using different parameters and 196 

equations depending on the water quality management goals across the world 197 

(Abbasi and Abbasi, 2012a). For example, Wu et al. (2018) used temperature, pH, 198 

conductivity, turbidity, DO, TN, NH3-N, nitrite (NO2-N), nitrate (NO3-N), calcium 199 

(Ca), magnesium (Mg), total chlorine (Cl), and SO4
2―

. Brown et al. (1970) used DO, 200 

FC, pH, BOD5, NO3-N, TP, temperature, turbidity, and total suspended solids (TSS).  201 

This study’s WQI calculation was mainly based on that from Wu et al. (2018) 202 

and used equation (1). In consideration of the availability of monitoring data and the 203 
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Ci and Pi values from the literature (Abbasi and Abbasi, 2012b; Debels et al., 2005; 204 

Koçer and Sevgili, 2014; Zhao et al., 2013), we used eleven water quality 205 

parameters: T, pH, DO, TN, NH3-N, TP, CODCr, CODMn, BOD5, ANS, and FC. 206 

According to the WQI values, water quality is classified into five grades, including 207 

excellent (91-100), good (71-90), moderate (51-70), low (26-50), and bad (0-25). 208 

 209 

Where n is the total number of parameters used in the study, Ci is the normalized 210 

value of parameter i (see Table S2), and Pi is the weight of parameter i. Pi's 211 

minimum value was 1, and the maximum weight assigned to parameters that affect 212 

water quality was 4. 213 

2.4. Water quality changes during 2000-2019 and the COVID-19 214 

lockdown 215 

We used data from the thirteen long-term monitoring sites to quantify water 216 

quality trends from 2000 to 2019. The monitoring data are annual mean 217 

concentrations/values of pH, DO, conductivity, and pollutants. There are one 218 

background, one inflow, three interior, and two outflow sites in the Min Basin. In 219 

the Tuo Basin, there are two inflow, two interior, and two outflow sites. Water at the 220 

background site is minimally affected by anthropogenic pollutant discharges, as its 221 

upstream is sparsely-populated rural, mountainous areas. The inflow and outflow 222 

sites are close to the locations where water flows into and out of the Chengdu 223 

territory, respectively. The interior sites are in Chengdu’s interior areas. To quantify 224 

inter-annual variations, we used the Mann-Kendall test (Kendall, 1975; Mann, 1945) 225 

for the entire 2000-2019 period and generated the time-series of five-year mean 226 
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values of pH, DO, conductivity, and pollutant concentrations. The five-year periods 227 

are 2000-2004, 2005-2009, 2010-2014, and 2015-2019. 228 

We used the hourly measurements at the seven on-line sites to analyze the 229 

impacts of the COVID-19 lockdown from 24
th

 January to 17
th

 February in 2020. The 230 

time-series of daily concentrations/values of pH, DO, conductivity, and pollutant 231 

concentrations cover three periods: before, during, and after the 25-day COVID-19 232 

lockdown (day -23
 
to 0, day 0 to 25, and day 25 to 60, respectively). We also used 233 

the time-series of 2019 to understand the Spring Festival Holiday impacts in the 234 

non-COVID-19 year. Day 0 in 2020 is 24
th

 January and the first day of lockdown 235 

and Spring Festival Eve. Day 0 in 2019 is 4
th

 February and the Spring Festival Eve. 236 

3. Results 237 

3.1. Water quality in 2019 238 

3.1.1. Annual mean concentrations and water quality grades 239 

In 2019, water from nearly 2/3 of monitoring sites (61/93) violated the 240 

national III standards (Figure 2) and was thus deemed unsuitable for recreational 241 

activities with direct human contact (MEE, 2002). The seven major pollutants were 242 

TN, FC, TP, NH3-N, CODCr, BOD5, and CODMn, as the maximum concentrations of 243 

each of them exceeded the national III standards for both basins (Table 1). TN and 244 

FC were the most critical pollutants (Figure S4). The annual mean concentration of 245 

TN exceeded the national III standard at 60% of all monitoring sites (50% and 85% 246 

of Min and Tuo Basin sites, respectively; Figure S4). Basin-wide annual mean 247 

concentrations of TN also exceeded the national III standard for both the Min and 248 

Tuo Basins (1.79 and 2.71 mg L
―1

, respectively; Table 1). The national III standard 249 

for FC was exceeded at 35% of all sites (30% and 55% of Min and Tuo Basin sites; 250 
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Figure S4) and for the basin-wide annual mean concentrations in both basins (33,972 251 

and 33,352 per L in the Min and Tuo Basins, respectively; Table 1). In 2019, the 252 

annual mean concentrations of all the other pollutants (ANS, As, Cd, Cyanides, 253 

Cr(VI), Cu, fluoride, Hg, Pb, OC, Se, SO4
2―

, VP, and Zn) at each site achieved the 254 

national III standards (Table S3). The pH ranges were 7.37-8.41 and 7.10-8.19 in the 255 

Min and Tuo Basins, respectively (standard is 6-9). DO concentrations at all sites 256 

achieved the national III standard of ≥5 mg L
―1

 (5.3-10.9 and 5.1-9.7 mg L
―1 

in the 257 

Min and Tuo Basins, respectively). 258 

Water quality at the 93 sites in 2019 achieved better ratings using the WQI 259 

method than using the CNWQS method, and water quality was better in the Min 260 

Basin than in the Tuo Basin (Figures 2 and S5). No sites had water at either 261 

excellent or good grades using the CNWQS method, while water was classified into 262 

excellent or good at ~70% of sites using the WQI method (Figure 2a). More sites 263 

had water at the moderate or worse grades using the CNWQS (91%) than using the 264 

WQI methods (31%). Based on the CNWQS method, water quality was moderately 265 

polluted or worse at more sites in the Min Basin than in the Tuo Basin (49% vs. 266 

77%). Based on the WQI method, water quality was at the moderate or worse grades 267 

at more sites in the Min Basin than in the Tuo Basin (30% vs. 40%). 268 

3.1.2. Spatial variations 269 

Water quality in the Min Basin presented a deterioration trend from the 270 

upstream to downstream in 2019 (Figure 3). For example, the annual DO 271 

concentration was 9.5 mg L
―1

 at the background site (DJY) and then decreased to 272 

6.10-8.0 mg L
―1

 downstream of the central urban area. Also, the annual mean 273 

concentrations of TN, NH3-N, TP, and CODMn increased from 1.08, 0.09, 0.06, and 274 
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1.18 mg L
―1 

at DJY to 2.01-7.59, 0.51-1.50, 0.10-0.2, and 2.1-4.0 mg L
―1

 275 

downstream of the central urban area, respectively. FC was less than 2,000 per L
―1

 276 

at DJY but increased to more than 10,000 per L
―1

 downstream of the central urban 277 

area. The CODCr and BOD5 concentrations achieved the national I standards (4-15 278 

and 0.7-3.0 mg L
―1

, respectively) at most sites (66/67 sites). The sites with higher 279 

CODCr, BOD5, and FC concentration ranges were in the central urban and/or 280 

downstream regions. These spatial patterns suggest that the pollution of Min Basin 281 

is mainly from Chengdu’s pollutant discharges. 282 

In the Tuo Basin, water quality in 2019 already violated the national III 283 

standards at the two inflow sites (201H and QJDQ), through where water flowed 284 

into Chengdu (Figure 4). For example, the annual concentrations of TN and FC were 285 

3.27 mg L
―1 

and 148,833 per L at 201H
 
and 3.03 mg L

―1 
and 158,133 per L at 286 

QJDQ, respectively, and these values all exceeded the corresponding national III 287 

standards. From the 201H and QJDQ to their downstream regions, there were no 288 

clear improving or worsening trends of water quality. Thus, water in the Tuo Basin 289 

was polluted by not just local pollutant discharges but also inter-city transport of 290 

pollutants. 291 

3.2. Long-term changes during 2000-2019 292 

3.2.1. Min Basin 293 

Water quality was generally insignificantly improved from 2000 to 2019 at 294 

Min Basin's six non-background long-term sites, including EJS, HLX, JP, LNH, YA, 295 

and YDZ (p>0.05; Figure 4). This is because TN, TP, and FC violated the national 296 

III standard in 2019 at least one of the five interior/outflow sites (five, one, and four 297 

sites, respectively), and the three pollutants’ concentrations were stable from 2000 to 298 
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2019 at all the interior/outflow sites, except for FC at one site. In addition, the 299 

concentrations of TN, BOD5, and ANS at the inflow site (JP) increased significantly, 300 

although they all achieved the national III standards in 2019. 301 

There were some achievements in water quality improvement (Figure 4). DO 302 

concentrations and pH significantly improved at two and four sites, respectively 303 

(p<0.05). At the background site, the concentrations of nine pollutants (NH3-N, 304 

CODCr, FC, ANS, As, Hg, OC, Se, and SO4
2―

)
 
increased significantly. At the inflow 305 

site, the pollution of Cd, Pb, and VP reduced significantly. At the five 306 

interior/outflow sites, the pollution of NH3-N, TP, BOD5, CODMn, CODCr, and FC 307 

significantly reduced from 2000 to 2019 at two, one, five, three, two, and one, 308 

respectively. At the interior/outflow sites, the pollution of ANS, As, Cu, F
―

, Hg, OC, 309 

Se, SO4
2―

, VP, and Zn reduced significantly at five, four, one, three, four, five, two, 310 

five, three, and two sites, respectively. 311 

Five-year mean concentrations of DO and the major pollutants (TN, NH3-N, 312 

TP, CODCr, CODMn, BOD5, and FC) also suggested some water quality 313 

improvement (Figure S6). DO concentrations at the five interior/outflow sites 314 

improved from 2000-2004 to 2015-2019. From 2000 to 2019, all the major 315 

pollutants’ concentrations experienced a continuous decreasing trend or raised first 316 

and then decreased at all the interior/outflow sites, except for TN at two sites. 317 

3.2.2. Tuo Basin 318 

Water quality generally deteriorated at the Tuo Basin’s six long-term sites, 319 

including 201H, GNDQ, QJDQ, SHM, SYDQ, and WFLY (Figure 4). First, the 320 

annual concentrations of TN and FC in 2019 exceeded the national III standards at 321 

all the sites. From 2000 to 2019, the TN and FC pollution presented a significant 322 
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rising trend at four and two sites and a stable pattern at two and four sites, 323 

respectively. Second, the pollution of ANS, As, Cd, Cyanides, Cr(VI), Cu, F
―

, Hg, 324 

Pb, OC, Se, SO4
2―

, VP, and Zn significantly increased at up to three sites from 2000 325 

to 2019, although the concentrations in 2019 all achieved the national III standards. 326 

Despite the environmental quality deterioration, there was some water quality 327 

improvement: the pollution of NH3-N, BOD5, and CODMn significantly reduced at 328 

one, three, and five sites, respectively. DO and pH significantly improved at one and 329 

two sites, respectively. 330 

Five-year mean concentrations of water pollutants during 2000-2019 also 331 

suggested the insufficient water pollution control and the inter-city transport of 332 

major pollutants for the Tuo Basin (Figure S7). At the interior/outflow sites, the 333 

pollution of TN, TP, and FC increased in the most recent five and ten-year periods 334 

(2014-2019 and 2010-2019, respectively), while the pollution of NH3-N, CODCr, 335 

CODMn, and BOD5 decreased or were stable. In 2014-2019, the TN and TP 336 

concentrations at the inflow sites were in the same ranges measured at the 337 

interior/outflow sites (approximately 3-4 mg L
―1

 and 0.2-0.3 mg L
―1

, respectively). 338 

Also, the FC concentrations at the inflow sites (~75,000 and 100,000 per L) were 339 

close to or higher than that at the interior /outflow sites (~2,000-100,000 per L) in 340 

2014-2019. 341 

3.3.  Changes during the COVID-19 lockdown 342 

In the Min Basin, water quality responses to the COVID-19 lockdown and 343 

Spring Festival Holiday were different between the background and non-background 344 

sites (Figure 5). At the background site (DJY), the water quality parameters (pH, 345 

conductivity, DO, TN, NH3-N, CODMn, and TP) were insensitive to both the 25-day 346 
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lockdown of 2020 and the 7-day holiday in both 2019 and 2020. In contrast, at the 347 

three non-background sites (EJS, HLX, and YDZ), the seven parameters were 348 

sensitive to the lockdown and the holiday, except for CODMn at one outflow site. 349 

The changes in the seven parameters at the non-background sites started a few days 350 

before the lockdown and the holiday. This was likely because each year many 351 

people began their vacations before the holiday. In 2019, daily concentrations of TN, 352 

NH3-N, CODMn, and TP at the non-background sites started to increase around the 353 

end of the holiday. However, the four pollutants’ concentrations did not increase 354 

significantly after the end of the holiday and lockdown in 2020 at the 355 

non-background sites, except for TN at EJS. In general, water quality at the 356 

non-background sites improved due to the COVID-19 lockdown and the holiday, 357 

while water quality did not significantly change at the background site. 358 

In the Tuo Basin, daily concentrations of TN, NH3-N, CODMn, and TP were 359 

insensitive to the lockdown and holiday in 2020 at two or all of the three on-line 360 

monitoring sites, including 201H, HY, and SYDQ (Figure S8). Slightly reduced 361 

concentrations of TN, NH3-N, and CODMn, likely due to the holiday and lockdown, 362 

occurred at only one site each. Concentrations of TN at the inflow site even 363 

increased for about six days during the holiday and lockdown. 364 

4. Discussion 365 

4.1. Enhanced water governance and its achievements 366 

Water governance in Chengdu followed that of the national laws, regulations, 367 

and policies, the first of which were issued in the 1980s and early 1990s, such as the 368 

Water Pollution Control Law, Ground Water Pollution Control Law (GB3838-83), 369 

Water Pollution Control Law (GB8978-88), Water Quality Standards for Irrigation 370 
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(GB5084- 93), and Water Pollution Standards for Recreation (GB12941-91; Xu et 371 

al., 2019). Before 1995, water pollution control focused on industries, but the 372 

supervision was very weak; in addition, domestic sewage treatment and water 373 

management at a basin scale did not receive much attention. The first pollution 374 

control plan at a basin scale was issued for the Huai River in 1996, followed by 375 

other river’s plans during the 9th Five-Year Plan Period (1996-2000). The 11
th

 376 

Five-Year Plan (2006-2010) for the first time clarified the responsibilities of 377 

provincial governments, proposed the conservation on drinking water, and suggested 378 

the inter-provincial cooperation to control inter-jurisdictional water pollutant 379 

transport. The 12
th

 Five-Year Plan (2011-2015) set the targets to not just control 380 

total pollutant discharges but also water quality grades for major river basins. The 381 

12
th

 Plan also proposed pollution control tasks from six aspects, including drinking 382 

water safety, industrial pollution control, urban domestic pollution control, 383 

environmental comprehensive improvement, ecological restoration, and hazardous 384 

prevention. The tasks were eventually composed of 6007 engineering projects and 385 

received an investment of RMB 346 billion Yuan. The most comprehensive and 386 

ambitious policy, the Water Pollution Prevention Action Plan, was issued in 2015 387 

during the 13
th

 plan (SCC, 2015). This plan requires by 2030 over 75% of national 388 

monitoring sites in the seven major basins (Songhua, Liaohe, Haihe, Yellow, Huaihe, 389 

Yangtze, and Pearl River Basins) should have water quality at the III level or better. 390 

In 2016, the River and Lake Chief System started to be implemented across China in 391 

order to strengthen the enforcements and accountability concerning key water policy 392 

measures at the provincial, municipal, county, township, and village levels. The 393 

Chiefs are senior officials and each of them is responsible for a particular stretch or 394 

section of rivers/lakes (Koçer and Sevgili, 2014).  395 
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Owing to the tremendous efforts, the ratio of the national water monitoring 396 

sites having water quality at the I to III grades increased from 27.4% to 74.9% from 397 

1995 to 2019, while the ratio of sites having water quality worse than the V grade 398 

reduced from 36.5% to 3.4% (MEE, 2020; Xu et al., 2019). However, it should be 399 

noted that most of these national monitoring sites are in larger rivers. The changes in 400 

smaller rivers, which are closer to pollutant sources and have lower water 401 

environmental capacity, needs to further investigate. 402 

In 2016, the Chengdu Municipality Government released a plan to localize the 403 

national Water Pollution Prevention Action Plan (CMG, 2016). The local plan 404 

included but were not limited to: (1) control pollution discharges from industries, 405 

urban domestic activities, and agricultural sources, (2) adjust industrial structures, (3) 406 

improve geographical locations of pollutant sources, (4) recycle resources, (5) 407 

reduce water use quantity, (6) facilitate the development and application of relevant 408 

technologies, (7) improve economic measures, (8) modify regulations, (9) strengthen 409 

governmental and public supervision, (10) secure drinking water source, (11) protect 410 

wetlands, (12) clarify the responsibilities and management goals of each 411 

governmental and public institutions, (13) built a mechanism for better 412 

inter-institutional cooperation, and (14) enhance the transparency of environmental 413 

information. This plan and many others resulted in some water quality improvement 414 

for Chengdu’s Min and Tuo Basins from 2000 to 2019 (Figures 4, S6, and S7). 415 

4.2. Further needs to improve water quality 416 

In 2019, water at 61 of the 93 sites still violated the national III standards 417 

(Figure 2). This ratio was far from the national goal by 2030 over 75% of national 418 

monitoring sites should have water quality at the III level or better (SCC, 2015), 419 
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although most of the monitoring sites in Chengdu are not at the national level. 420 

Chengdu’s top two pollutants were TN and FC, followed by TP, NH3-N, CODCr, 421 

BOD5, and CODMn (Table 1; Figure S4). From 2000 to 2019, water quality at the 422 

five non-background sites in the Min Basin did not significantly improve. This was 423 

because the annual concentrations of TN, TP, and FC, which violated the national III 424 

standard at least one of the five interior/outflow sites in 2019, were stable from 2000 425 

to 2019 at all the non-background sites, except for FC at one site. Water quality at 426 

the Tuo Basin's long-term sites generally degraded because the annual 427 

concentrations of TN and FC at the basin's long-term sites presented a stable or 428 

deterioration pattern from 2000 to 2019 (Figure 4). It is clear that there is a need to 429 

further control water pollution. 430 

Water pollution in the Min Basin was mainly from Chengdu's pollutant 431 

discharge, while the pollution in the Tuo Basin was from both local and inter-city 432 

transport of pollutants. In the Min Basin, water quality achieved the national I level 433 

at the background site (DJY) in 2019. Concentrations of the major pollutants 434 

generally increased from the upstream to downstream in 2019, while DO generally 435 

deteriorated from the upstream to downstream (Figures 3). In the Tuo Basin, the 436 

annual concentrations of TN, TP, and FC in 2019 and 2015-2019 already violated 437 

the national III standards at the inflow sites (Figures 3). Therefore, controlling 438 

Chengdu's pollutant discharges alone is likely to sufficiently improve water quality 439 

in the Min Basin. However, improving water quality in the Tuo Basin requires 440 

inter-jurisdiction cooperation. 441 

4.3. Potential chance of COVID-19 lockdown for quantifying major 442 

pollution sources 443 
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Water quality may not immediately improve after reducing anthropogenic 444 

pollutant discharge (Stålnacke et al., 2004). These buffered responses suggest that 445 

various natural and anthropogenic factors mediate anthropogenic impacts on water 446 

quality, including climate, geology, hydrology, groundwater/surface-water 447 

interaction, pollutant discharges from point and non-point sources, land use, water 448 

use, sedimentation, biological processes, atmospheric deposition of pollutants, 449 

stream channelization, sediments, and others (Stålnacke et al., 2004).  450 

During the COVID-19 lockdown, water quality largely improved at the Min 451 

Basin’s non-background on-line sites (Figure 5). In contrast, water quality at the 452 

Min Basin's background site was insensitive due to low anthropogenic impacts there. 453 

Water quality at the Tuo Basin’s on-line monitoring sites did not significantly 454 

improve (Figure S8). These results may reflect varying water pollution sources and 455 

pollution levels for the two basins. Pollution in the Min Basin was mainly from 456 

Chengdu's pollutant discharges, and controlling local pollutant discharges can likely 457 

significantly improve the basin's water quality. However, controlling the inter-city 458 

transport of pollutants is essential for mitigating pollution in the Tuo Basin. Further 459 

investigations of what pollutant sources were shut down and led to the improved 460 

water quality in the two basins during the lockdown can help develop incremental 461 

pollutant discharge reduction targets. In contrast, an investigation of what pollutant 462 

sources still operated during the COVID-19 lockdown may help to understand why 463 

there was no significant reduction in water pollution and what sources should be 464 

largely controlled in the future. 465 

4.4. Suggestions for future water governance 466 
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Based on this study’s results, we provide three suggestions for future water 467 

governance in Chengdu, and these suggestions might also be helpful for other river 468 

basins with rapid economic growth and/or intensive agricultural activities. 469 

(1) Governments need to update and better enforce water legislation and 470 

regulations, which serve as the foundation of water governance (ADB, 2018; WBG 471 

et al., 2018). The latest Chinese National Water Law was revised in 2002. This law 472 

and the national and local relevant regulations should be updated to reflect the latest 473 

water protection goals (e.g., total water use, water use efficiency, and total water 474 

pollution discharges) and challenges (e.g., inter-jurisdictional water pollution and 475 

management, responsibility clarification, water quality assessment, data and 476 

information sharing, and governmental-public-private-academic cooperation’s). 477 

Chengdu’s Tuo Basin is clearly affected by inter-city transport of water pollutants 478 

and thus requires relevant local and inter-jurisdictional regulations. 479 

(2) Data collection, evaluation, and sharing need to be improved for scientific 480 

research and decision making. The establishment of a national and regional 481 

platforms on water quality monitoring and evaluation and pollutant discharge 482 

inventories will be helpful for a more efficient pollution control (WBG et al., 2018). 483 

TN, TP, and FC were among the major pollutants in Chengdu (Figure S3 and Table 484 

1). TN and TP are usually from chemical fertilizers, while FC is usually associated 485 

with poultry and livestock farms (Madhav et al., 2020). However, at present, 486 

Chengdu and adjacent jurisdictions have no detailed inventories of these pollutants, 487 

including when, where, and how much these pollutants are released. Furthermore, 488 

water quality assessment methods need to be modified based on a well 489 

understanding of the water use types and water pollution mitigation goals for 490 

different areas of Chengdu. In this study, water quality was worse assessed by using 491 
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the CNWQS method than using the WQI method (Figure 2), and this result might be 492 

confusing for policy makers and the public to make decisions. It is much needed to 493 

develop a water quality assessment method that can provide the policy makers with 494 

appropriate information. 495 

(3) Ecological engineering measures should be considered more in avoiding, 496 

controlling, and trapping water pollutants. The TN, TP, and FC pollution in 497 

Chengdu should be largely associated with non-point sources, which are widespread 498 

and usually hard to control. At the same time, ecological engineering was not widely 499 

applied in Chengdu’s previous water control infrastructural constructions. For 500 

example, 17 km of natural river channels were cleaned in the Fu & Nan River 501 

Restoration Project, but the pavement of river banks and bottoms greatly reduce the 502 

resilience to floods and the natural biological capability to reduce water pollutant 503 

concentrations (Zhang and Cao, 2004). We suggest to use cover crops, nutrient 504 

management plans, artificial or modified wetlands, and residue and tillage 505 

management to reduce pollutant release from non-point agricultural sources, as the 506 

Mississippi River Basin Healthy Watersheds Initiative (MRBI) successfully 507 

implemented these methods in 12 states of the America (USDA, 2020). 508 

5. Conclusion 509 

Despite some water pollution mitigation achievements, water quality did not 510 

significantly improve in Chengdu from 2000 to 2019. In 2019, 66% of the 93 511 

monitoring sites still violated the national III standards for recreation with direct 512 

human contact. This ratio was far from the national goal by 2030 over 75% of 513 

national monitoring sites should have water quality at the III level or better. The top 514 

two pollutants were TN and FC, followed by TP, NH3-N, CODCr, BOD5, and 515 
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CODMn. As water quality level classification results are affected by the equations 516 

and parameters used, no sites had water at either excellent or good grades using the 517 

CNWQS method, while water was classified into excellent or good at ~70% of sites 518 

using the WQI method. The different results between the CNWQS and WQI 519 

methods may confuse policymakers and the public. Thus, there is a need to develop 520 

water quality assessment method according to the local water management goals. 521 

Water quality in Chengdu’s Min Basin can be greatly improved through 522 

controlling the city’s pollutant release alone. For the Tuo Bain, inter-city transport of 523 

water pollutants and local pollutant discharges should be both reduced. An 524 

investigation of the causes leading to the improved water quality in the Min Basin 525 

but no significant changes in the Tuo Basin during the COVID-19 lockdown in 2020 526 

can help identify major pollution control targets. In the future, the water governance 527 

needs to be improved through (1) updating legislation, regulations, and technologies, 528 

(2) improving the data collection, evaluation and sharing among jurisdictions, and (3) 529 

promoting ecological engineering application. 530 
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Figures 638 

 639 

Fig. 1. (a) Location of Chengdu in China and (b) locations of water monitoring sites 640 

in Chengdu. Monthly monitoring data are available at the long-term monitoring sites 641 

from 2000 to the present. Hourly monitoring data are available at the on-line sites. 642 

The central urban area of Chengdu is within the marked ring road.  643 

 644 

 645 
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 647 

Fig. 2. Water quality levels of all 93 monitoring sites, 67 sites of the Min Basin, and 648 

26 sites of the Tuo Basin in 2019 based on the CNWQS and WQI methods. 649 
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 651 

Fig. 3. Spatial variations of annual mean concentrations of DO and the major water 652 
pollutants in Chengdu, 2019. The units are mg L

―1
 for all the pollutants except for FC. 653 

The unit of FC is number per liter. The pollutant concentration ranges are the based 654 
on the Chinese I, II, III, IV, V, and VI standards. 655 
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656 
Fig. 4. Trends of annual mean concentrations/values of pH, DO, conductivity, and 657 

pollutants at thirteen long-term monitoring sites of Chengdu from 2000 to 2019 based 658 

on the Mann-Kendall test. 659 
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 661 

Fig. 5. Daily mean concentrations of DO, TN, NH3-N, TP, and CODMn at four on-line 662 

monitoring sites of Min Basin in Chengdu before, during, and after the 25-day 663 

COVID-19 lockdown in 2020 (day -23
 
to 0, day 0 to 25, and day 25 to 60, 664 

respectively). Day 0 in 2019 and 2020 were the Spring Festival Eve, and Day 0 in 665 

2020 was also the first day of local COVID-19 lockdown. The unit of conductivity is 666 

mS m
―1

. The units of DO, TN, NH3-N, TP, and CODMn are mg L
―1

. 667 

668 
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Tables 669 

Table 1. The statistics of annual mean values of pH, DO, and the seven major 670 

pollutants* measured at each site in 2019. 671 

Indices Units Mean Median Min Max S.D. 

National 

III 

standards 

Min Basin (Number of sites=67) 

pH - 7.82 7.8 7.37 8.41 0.25 6~9 

BOD5 mg L
―1

 2.12 2 0.7 4.1 0.72 4 

CODCr mg L
―1

 11.5 11.7 3.8 21 3.2 20 

CODMn mg L
―1

 2.4 2.3 1.2 6.6 1 6 

DO mg L
―1

 8 7.9 5.3 10.9 1.1 5 

FC number L
―1

 33972 4682 94 240000 65277 10000 

NH3-N mg L
―1

 0.46 0.29 0.08 3.46 0.53 1 

TN mg L
―1

 1.79 1.04 0.31 6.72 1.48 1 

TP mg L
―1

 0.09 0.08 0.02 0.31 0.07 0.1 

Tuo Basin (Number of sites=26) 

pH - 7.76 7.8 7.1 8.19 0.35 6~9 

BOD5 mg L
―1

 1.94 1.88 0.8 4.81 0.9 4 

CODCr mg L
―1

 12 12.2 4.1 24.5 4.7 20 

CODMn mg L
―1

 2.5 2.5 0.7 4.9 1.1 6 

DO mg L
―1

 8.2 8 5.1 9.7 1 5 

FC number L
―1

 33352 3747 178 158133 48618 10000 

NH3-N mg L
―1

 0.37 0.21 0.05 2.02 0.42 1 

TN mg L
―1

 2.71 2.92 0.7 7.95 1.73 1 

TP mg L
―1

 0.1 0.06 0.01 0.28 0.07 0.1 

*Annual mean concentration of the seven pollutants violated the national III standards at 672 

least one site in 2019. Table S3 presents the data of all measured pollutants. S.D., standard 673 

deviation. The boxes in grey show the data exceeded the national III standards. 674 
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