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of their emissions between 2005 and 2018. During the next 100 years, temporal trends and
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spatial patterns were not predicted to change significantly, which is consistent with climate

Contaminant transport

change. Based on sensitivity and correlation analyses, climate change had significant effects

Risk assessment

on multi-media concentrations and transport fluxes of BaP, Phe, PFOS and PCBs, and rainfall intensity was the predominant controlling factor. Risk quotients (RQs) of BaP and Phe-in
soil increased from 0.42 to 0.95 and 0.06 to 0.35, respectively, from 2005 to 2090, indicating
potential risks. The RQs of the other examined contaminants exhibited little potential risk
in soil, water, or sediment. Based on spatial patterns, it was inferred that the ecosystem
around Lake Chaohu is the most at risk. The study provides insights needed for local pollution control of POPs in the Chaohu watershed. In addition, the developed approach can be
applied to other watersheds world-wide.
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Introduction
Persistent organic pollutants (POPs), such as polycyclic
aromatic hydrocarbons (PAHs), perfluorinated compounds
(PFAAs), and polychlorinated biphenyls (PCBs), have frequently been detected in near-surface ecosystems and are of
great concern around the globe (Su et al., 2019). Once these
organic contaminants are discharged into the environment,
they are transferred between different environmental compartments including soil, air, vegetation, water and sediment.
The processes of multi-media transport, along with emission
intensity and climatic conditions, significantly control their
environmental behavior (Prevedouros et al., 2004a, 2004b).
Thus, the application of multimedia fate models provides a
powerful tool to explore the impact(s) of source emissions and
climate change on POP transfers, and provides, in part, the
knowledge needed for the regional management of POPs in
the future.
To date, many multimedia environmental fate models,
such as the fugacity model and other fugacity-based models,
have been successfully configured and utilized under steady
or unsteady assumptions (Kim and Lee, 2017; Liu et al., 2014).
With regards to the fugacity model, the level III fugacity-based
model assumes a non-equilibrium distribution and steadystate input of the chemical depicting the dynamics of chemical among air, vegetation, water, soil and sediment compartments, and has been widely applied, especially for fate and
transport modeling of PAHs at global (Ke et al., 2017), regional
(Huang et al., 2019), watershed (Ligaray et al., 2016) and even
local (lake) (Huang et al., 2014) scales. Many other models have
been developed and applied to different systems using the
theory inherent in the fugacity model. These models include
the Quantitative Water, Air, and Sediment Interaction (QWASI)
model (Mackay et al., 1983), the GEOS-Chem model (Bey et al.,
2001) and Berkeley-Trent (BETR) model (MacLeod et al., 2001).
In general, QWASI is suitable for lake systems and has been
applied to multiple persistent toxic substances, including
PFAAs (Kong et al., 2018), PAHs (Xu et al., 2013) and hexachlorocyclohexane (HCHs) (Kong et al., 2014). The GEOSChem model is a global 3-D chemical transport model that
can simulate the long-range atmospheric transport of POPs,
such as PAHs (Friedman et al., 2012; Friedman et al., 2014).
Compared to the other multimedia models, BETR has shown
the best performance in assessing the global-, national-, and
regional-scale transport of POPs in North America and Europe (MacLeod et al., 2001; Prevedouros et al., 2004a). In China,
Liu et al. (2014, 2015a) optimized the original BETR model, and
explored the fate and transport of benzo[α]pyrene and perfluorooctane sulfonate in the Bohai Rim region. Due to differences in emission intensity between urban and rural areas,
Song et al. (2016) took urban and rural compartments into consideration in the BETR model, while Su et al. (2018a) explored
the dynamic multimedia fate of PFOS from 1981 to 2050 using an optimized BETR model. Previous studies in China have
mainly focused on coastal regions; inland lake basins, such as
the Chaohu watershed, have received little attention.
Currently, for the purpose of getting a clear picture of
pollution status of POPs, some researchers have sampled
water, surface sediment and sediment cores to explore the

concentrations and depositional behavior of PAHs (Li et al.,
2014, 2016), PFAAs (Liu et al., 2015b; Qi et al., 2015) and PCBs
(Huo et al., 2017; Pan et al., 2019) in water and sediment of Lake
Chaohu. Kong et al. (2018) also applied a fugacity-based level
IV model to explore the fate of perfluorooctanoic acid (PFOA)
and perfluorooctane sulphonate (PFOS). These investigations
only considered the concentrations and fate of a single pollutant in Lake Chaohu, however. As such, it remains unclear how
anthropogenic emissions and climate change may affect the
transfer of these contaminants between environmental components of the watershed.
During this investigation, the potential impacts of multiple POPs were considered comprehensively from the perspective of the total watershed by analyzing the spatio-temporal
patterns of their transport flux as well as how these patterns
are driven by source emissions and climate change. In addition, the historical and future ecological risks associated with
the studied POPs were assessed. The results of the analysis
provide insights that will help identify the pollutants needing
priority control for local environmental management.

1.

Materials and methods

1.1.

Study area and data collection

The Chaohu watershed is located in the downstream sections
of the Yangtze River floodplain in China (Appendix A Fig. S1),
and serves as an important drinking water resource. The watershed covers an area of 14,280 km2 , between 30°N to 33°N
latitude and 116°E to 119°E longitude. The catchment can be
divided into 15 sub-basins based on the spatial data including elevation and river system using ArcSWAT (Appendix A
Fig. S1). Lake Chaohu is the fifth largest freshwater lake in
China, and serves as an important municipal (domestic) and
agriculture (irrigation) water supply. It also provides for a host
of valuable ecosystem services (Zhang et al., 2015). However, in
recent decades, increasing energy consumption and rapid industrialization have increased pollutant emissions, including
persistent toxic substances, which have caused significant environmental and ecological problems (He et al., 2014; Liu et al.,
2015b).
Various environmental compartments (including air, water
and sediment) of the Chaohu watershed were sampled and
analyzed for BaP, Phe, PFOS and PCBs in 2011 to determine
their field concentrations (Li et al., 2014; Liu et al., 2015b, 2018;
Qi et al., 2015; Wang et al., al.,2013). Detailed collection information is reported in Appendix A Table S1. Measured values of
multiple POPs were mainly applied to validate the simulated
results.

1.2.

General model description

The original BETR model is based on the fugacity concept
(Mackay, 2001), and considers five discrete and homogeneous
compartments that are connected in each segmentation. In
this model, environmental system was assumed to be in a
steady state condition. This model has been successfully employed to simulate the environmental behavior of various contaminants, including HCHs, PCBs, PAHs, PBDE, PFOS at re-
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Fig. 1 – The processes involved in the transport and fate of POPs among each compartment in the BETR model. D(j,i):
transport rate from environmental component (j) to environmental component (i); E: Emission rate; Drxn : degradation rate in
an environment phase; Dadv: flow in an environment phase.

gional scales, such as in North America (MacLeod et al., 2001),
and the Bohai Rim, China (Liu et al., 2014; Song et al., 2016;
Su et al., 2018a); it has also been applied at the global scale
(MacLeod et al., 2005). The framework of the BETR model is
illustrated in Fig. 1 and includes four migration processes including the emissions into each compartment, the transport
between compartments, advection, and degradation. Air and
water are the main drivers of transfer between each sub-basin
(additional model information is provided in Appendix A).
There are three key components in the model, including
properties of examined contaminants, the source emissions,
and various environmental parameters of the study area, such
as soil properties, air temperature and rainfall intensity (Appendix A Table S2). The physical–chemical properties of BaP,
Phe, PFOS and PCBs were used as input to the model (Liu et al.,
2014; Song et al., 2016; Su et al., 2018), and their properties were
listed in Appendix A Tables S3-S5. Each sub-basin was characterized by 64 environmental parameters including sub-basin
area, volume fractions, temperature, organic matter, transport
velocity and scavenging ratio. Most of the parameter values
were collected from the literature, or utilized model default
settings (Cao et al., 2003; Liu et al., 2014; Song et al., 2016;
Su et al., 2018a; Xu et al., 2013). Some spatial data, including vegetation cover, leaf area index and metrological conditions (e.g., temperature and precipitation), were obtained
from the Resource and Environment Science and Data Center (http://www.resdc.cn/Default.aspx) and the Global Change
Research Data Publishing & Repository (http://www.geodoi.ac.
cn/WebEn/Default.aspx).
The movements of air and fresh water between each subbasin are described by matrices of flow rates (m3 /hr). The
inflow volume of air and water should be balanced by the
outflow volume from the same sub-basin. The air flow matrix was determined through air flow directions and rates
(Draxler and Rolph, 2013; Liu et al., 2014). Detailed informa-

tion for the air flow matrix estimations was obtained from the
Air Resources Laboratory (https://www.arl.noaa.gov/hysplit/
hysplit/). Compared to air, the water flow matrix was easier to
develop because of its uni-directional flow. During this study,
the runoff of each sub-basin was estimated as precipitation
multiplied by the runoff coefficient for the subbasin. The average runoff coefficient of the rivers in the Chaohu watershed
is 0.5 (Lian et al., 2020). More information about the runoff coefficient of the rivers in the studied area can be found in OSGeo
China (https://www.osgeo.cn/).

1.3.

Emission estimates and climate change scenarios

Emissions of BaP, Phe-and PCBs were mainly based on the reported emission activity data and emission factors between
2005 and 2018 (Appendix A Tables S6-S10). For PAHs, the emission sources included power generation and the coking industry, domestic coal combustion, and the combustion of coking
coal, gasoline, diesel oil, refining oil, natural gas, and biomass
(straw burning). As there are no emissions data on intentionally produced PCBs and electronic equipment, only unintentionally produced PCBs were considered. The industries potentially releasing PCBs mainly include cement kilns, electric
furnace steelmaking (EFS), iron and steel sintering (ISS), coke
production, thermal power generation, and waste incineration
(Fig.S2). PFOS emissions are derived from textile treatment facilities, metal plating, fire-fighting and semiconductor industries. These emissions were estimated in the Chaohu watershed between 2009 and 2018 using the methodology proposed
by Xie et al. (2013). PFOS emission of each sub-basin was listed
in Appendix A Table S11. Detailed information can be found
in the Supporting Material.
To explore the effect of climate change on the transport
of these pollutants, the representative concentration pathways (RCPs) was applied. The RCPs describe four different
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21st century pathways of GHG emissions and atmospheric
concentrations mainly driven by population size, economic
activity, lifestyle, energy use, land use patterns, technology
and climate policy. And the RCPs include a stringent mitigation scenario (RCP2.6), two intermediate scenarios (RCP4.5
and RCP6.0) and one scenario with very high GHG emissions
(RCP8.5) (IPCC, 2014). In this paper, RCP4.5 that presents a
stable radiation intensity of 4.5 W/m2 by 2100 and forecasts
the future climate accurately, was selected. In the RCP4.5 scenario, temperature and precipitation between 2020 and 2090
were considered (Appendix A Fig. S3 and Tables S12-S13). The
RCP4.5 data were downscaled dynamically with the resolution
of 0.25°∗ 0.25° through the application of RegCM4 system, and
the downscaling data can be applied for regional climate prediction. The detailed downscaling method can be referred to
Gao et al. (2017). The downscaling RCP4.5 data were obtained
from the National Climate Center (http://bcc.ncc-cma.net/).

1.4.

Parameter sensitivity and uncertainty analyses

A sensitivity analysis is required in order to evaluate the
key parameters influencing model output (Liu et al., 2014;
Song et al., 2016). In this study, a sensitivity analysis was carried out for all model input parameters, including the emissions and environmental parameters. The sensitivity coefficient (S) was calculated as follows:
S = (Y1.001 − Y )/(0.001 × Y )

(1)

where Y1.001 denotes the model output when each parameter
increased by 0.1%. In this study, segment 2 was taken as an
example of the sensitivity analysis. Appendix A Tables S14S17 show the results of the sensitivity analysis, including the
most sensitive parameters affecting BaP, Phe, PFOS and PCB28 concentrations in air, soil or water. Rainfall intensity, compartment dimensions, freshwater flow velocity, emission rate
and chemical properties were the most influential parameters
affecting model output. To further explore the degree of influence of the sensitive parameters on the model’s outputs, a
Monte Carlo simulation was conducted. The simulation helps
determine the uncertainty of the model based on the probability distributions of key input parameters that were selected
according to the results of the above sensitivity analysis. Parameter uncertainty was estimated according to their distribution, which was described by coefficients of variation (CVs)
from the literature (Appendix A Tables S14-S17). The input
values were selected randomly within their respective probability distributions. Crystal Ball 11.1.2.2 was used to run the
Monte Carlo simulation, which included a total of 10,000 repeated runs (Gentry et al., 2008) to obtain the distribution of
the output.

2.

Results

2.1.

Emission inventory and source identification

It is important to estimate pollutant emissions and obtain an
understanding of pollutant distribution and transport among

multiple media for source reductions. Fig. 2 shows the emissions of PFOS, Phe, BaP and PCBs in each sub-basin between
2009 and 2018. The emissions of PFOS did not change during the period; the maximum emissions were 2688 kg in 2017.
The contributions of PFOS from textile treatments, metal plating, fire-fighting and semiconductor industries were 1.41%–
29.43%, 5.95%–54.69%, 42.66%–90.98% and 0.15%–2.35%, respectively, of the total emissions (Appendix A Fig. S2). Thus,
metal plating and fire-fighting were the largest sources of
PFOS emissions in this area.
Emissions of BaP and Phe-increased from 2005 to 2018 and
ranged from 34.56 kg to 69.79 kg and 133.48 kg to 571.33 kg, respectively. The increase was due to rapid urbanization and industrialization within the Chaohu watershed (He et al., 2014;
Liu et al., 2015). The average contributions from straw burning, industrial sources and domestic sources to total BaP emissions were 19.38%, 25.17% and 55.45%, respectively. The average contributions of straw burning, industrial sources and domestic sources to total Phe-emissions were 7.09%, 16.31% and
76.60%, respectively (Appendix A Fig. S2). Among the various
sources, domestic sources (including biomass burning and domestic coal combustion) were the largest contributors, which
is consistent with previous studies (Xu et al., 2006; Zhang et al.,
2004; Zhang et al., 2007).
In this study, seven known PCBs (PCB28, PCB52, PCB101,
PCB118, PCB138, PCB153, and PCB180) with representative
physicochemical properties, and that have been used widely,
were selected as the target pollutants. The emissions of PCBs
increased and ranged from 38.98 kg to 213.78 kg between
2005 and 2015. Emissions then decreased from 213.78 kg to
149.24 kg during 2015 to 2018. Since 2015, China has implemented a national strategy of environment conservation
which includes much stricter PCB emission limits. Emissions
from the cement industry were the highest, contributing
84.24% of total emissions. Contributions from the iron and
steel industry, electric furnaces, and industrial waste incinerators accounted for 1.88%, 11.97% and 1.13%, respectively.
Other studies have estimated that emissions from the cement
industry comprise approximately 93.8% (Cui et al., 2013), 91.3%
(Yang et al., 2010) and 42.1% (Song et al., 2018) of total emissions at the national or regional scale. Regional differences in
enterprises may explain some of the differences among these
results. Sub-basin 1 and sub-basin 3 accounted for considerable shares of the total BaP, Phe, PFOS and PCBs emissions.
Human activity within these two sub-basins, which are adjacent to the capital of Anhui (Hefei), is more intensive than in
the other sub-basins.

2.2.

Temporal trends in concentration and transport flux

The simulated concentrations were validated by comparing
them to field data in air, water and sediment in the study area
(Appendix A Table S1). Measured data for BaP, Phe, PFOS and
PCBs concentrations in 2011 were obtained from the published
literature (Li et al., 2014; Liu et al., 2015b, 2018; Qi et al., 2015;
Wang et al., 2013). The results indicate that the simulated output was generally consistent with the measured results.
The effects of emissions and climate change on BaP, Phe,
PFOS and PCB concentrations in the environment were analyzed. BaP and Phe-concentrations of model output in air, veg-
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Fig. 2 – Emissions of PFOS, Phe, BaP and PCBs in each sub-basin from 2005 to 2018.

atation, soil, water and sediment increased between 2005 and
2018 (Fig. 3). BaP concentrations in air, vegetation, soil, water
and sediment increased by 1.05, 1.00, 0.94, 1.25 and 1.01 times,
respectively. Similarly, Phe-concentrations increased by 3.28,
3.75, 3.08, 3.33 and 3.21 times during the same period. However, PFOS concentrations in the studied media did not change
between 2009 and 2018. PCB concentrations in air, vegatation,
soil, water and sediment increased by 4.20, 4.57, 5.50, 5.00 and
6.61 times, respectively, between 2005 and 2015. PCBs concentrations then decreased from 2015 to 2018 by 25.1%, 25.6%,
43.2%, 33.3% and 36.1%, respectively.
Fig. 4 shows the intermedia transport flux within the total
watershed. For volatile or semi-volatile chemicals, such as BaP,
Phe-and PCBs, air-soil, air-vegetation and air-water were the
main transport routes among environment media (Liu et al.,
2014; Song et al., 2016, 2018). For water-soluble PFOS, watersediment and sediment-water were the main transport processes (Liu et al., 2015a; Su et al., 2018a). Approximately 89% of
PFOS was emitted into the aquatic ecosystem and exchanged
between water, sediment, and aquatic organisms (Liu et al.,
2015a). The transport fluxes of air-soil, air-vegetation, and airwater for Phe-increased from 13.62 to 55.92 kg/year, 3.08 to
13.25 kg/year and 3.65 to 15.55 kg/year, respectively, during the
period of 2005 to 2018. The transport fluxes between air-soil,
air-vegetation and air-water for BaP increased from 14.30 to
28.03 kg/year, 5.69 to 11.54 kg/year and 2.76 to 5.68 kg/year, respectively, from 2005 to 2018. Compared with the BaP results,
the air-soil and air-water fluxes of Phe-were larger. The observed difference may be due to their different emission rates

and chemical properties. For example, the Log (Koa) value was
higher for BaP than for Phe (Song et al., 2016). The watersediment flux of PFOS exhibited both increases and decreases
within the range of 209.43 and 969.07 kg/year from 2009 to
2017. The transport fluxes between air-soil, air-vegetation and
air-water for PCBs increased from 2005 to 2015, and then decreased from 2015 to 2018.
As was shown in Figs. 2–4, temporal trends of BaP, Phe,
PFOS and PCBs concentrations and fluxes were similar to their
emissions, which indicates that emissions served as a significant control on the multi-compartment concentrations and
intermedia transport fluxes. Song et al. (2018) analyzed the
correlation of PCBs concentrations in soil and their emissions,
and obtained a significant correlation with a Pearson correlation coefficient of R = 0.46 (p < 0.05). They then proposed
four different future emission scenarios, and concluded that
the PFOS concentrations in fresh water and soil will decline
linearly over time with a reduction in emissions (Su et al.,
2018a). According to our sensitivity analysis, emissions contributed greatly to the concentrations observed in the environment media (Appendix A Tables S14–S17).

2.3.

Spatial trends in concentration and transport flux

The spatial patterns of BaP, Phe, PFOS and PCBs concentrations in air, vegetation, soil, water and sediment are presented in Fig. 5 and Appendix A Figs. S4-S6. The geographical patterns in concentration within the studied environmental media are similar to the spatial distribution of emis-
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Fig. 3 – Simulated concentrations of PFOS, Phe, BaP and PCBs in air, soil, vegetation, water and sediment from 2005 to 2090.

sions in each sub-basin. However, the flow flux between intercompartments and segments produced changes in the spatial distribution from the initial emissions pattern to their
ultimate fate (Song et al., 2016). The simulated BaP, Phe-and
PCB concentrations in soil were higher in the north or east of
the watershed (ranging from 24.129 to 56.420 ng/g, 13.214 to
27.398 ng/g and 5.602 to 10.664 ng/g, respectively). The PFOS
concentration in water was relatively high near Hefei city and
Chaohu city, ranging from 0.082 to 0.396 ng/L. This observed
spatial distribution may be due to higher municipal wastewater and domestic sewage emissions from Hefei city and its
peripheral area into the Nanfei River, which flows into Lake
Chaohu (Qi et al., 2015). The geographical patterns in BaP, Phe,
PFOS and PCB concentrations show that contaminant risks are
confined to a narrow area around Lake Chaohu.
The sub-basin distributions of the BaP, Phe, PFOS and PCBs
fluxes are presented in Fig. 6 and Appendix A Figs. S7-S9.
For most sub-basins in the watershed, air-soil, air-water and
air-vegetation transfers were the three major pathways. Airsoil fluxes of BaP and Phe-exhibited higher values in most areas of the watershed and ranged from 1.436 to 6.843 kg/year
and 3.028 to 10.463 kg/year, respectively. Air-soil fluxes of PCBs
possessed higher values in sub-basins 3, 5, 10 and 11, varying
from 3.324 to 9.967 kg/year. However, the transfer flux from
soil to air was much smaller and led to higher concentrations

of BaP, Phe-and PCBs in the soil compartment. For PFOS, the
water-sediment fluxes were higher in sub-basin 3 and subbasin 10, ranging from 6.632 to 134.562 kg/year. Overall, relatively high values of intermedia transport fluxes mainly occurred around Lake Chaohu (as was the case of concentrations).

2.4.

Future changes in intermedia transport and fate

Figs 3 and 4 show the change in concentrations and transport fluxes from the 2020s to 2090s under the RCP4.5 scenario.
Over the entire period, the concentrations and fluxes of BaP,
Phe, PFOS and PCBs did not significantly change; their spatial
patterns were similar between the 2030s and 2090s (Appendix
A Figs. S4-S9). Nonetheless, the sensitivity results indicate
that rainfall intensity affected the concentrations and fluxes
of BaP, Phe, PFOS and PCBs in the environmental compartments. Thus, their relationships with rainfall intensity were
analyzed (Appendix A Fig. S10, Fig. 4). The increasing rainfall intensity contributed to the air-soil and air-water fluxes
of BaP, Phe-and PCBs by reducing their concentrations in the
atmosphere and increasing their concentrations in the soil.
For PFOS, rainfall intensity negatively correlated with watersediment flux and concentrations in water; the correlation coefficients were R2 =0.457 and R2 =0.641, respectively. Increasing
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Fig. 4 – Intermedia transport flux of PFOS, Phe, BaP and PCBs, and the correlation between major transport processes
(air-soil, air-water, air-vegetation and water-sediment) and rainfall intensity at the 0.05 level. (a) Phe, (b) BaP, (c) PFOS, and
(d) PCBs.

Fig. 5 – Spatio-temporal trends in simulated concentrations of BaP, Phe, PFOS and PCBs in air, soil, vegetation, water and
sediment in 2015.
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Fig. 6 – Spatial distribution of intermedia transport fluxes of PFOS, Phe, BaP and PCBs in 2015. Note: Phe-flux included the
transport processes from air to water, air to soil, air to vegetation, vegetation to air, vegetation to soil, soil to air, soil to
vegetation, soil to water, water to air, water to sediment and sediment to water.
precipitation will contribute to water flow rate, which dilutes
the PFOS concentration in water and reduces adsorption in
sediment (Liu et al., 2015a; Prevedouros et al., 2004a).

3.

Discussion

3.1.

Mechanisms influencing transfer

Emission rates and climate change are two important factors that influence the multi-media transport and fate of POPs
(Prevedouros et al., 2004a, 2004b). Emission rates determine
the amount and concentration of the contaminants in the environment. Song et al. (2018) analyzed the correlation of PCB
concentrations in soil with their emissions, and obtained a
significant Pearson correlation coefficient (R = 0.46, p < 0.05).
Similarly, Su et al. (2018a) proposed four different future emission scenarios and concluded that the concentrations of PFOS
in fresh water and soil will linearly decline with a reduciton
in emissions. Friedman et al. (2014) investigated the effects of
emissions between 2000 and 2050 on the atmospheric transport of PAHs, and projected declines in anthropogenic emissions (up to 20%) and concentrations (up to 37%), with particlebound PAHs declining more. Present study also suggested that
dynamic changes in concentrations and fluxes were consistent with that of their emissions during 2005˜2018, which further confirmed the previous studies (Friedman et al., al.,2014;
Song et al., 2018; Su et al., 2018a).
Climate change impacts precipitation, surface runoff, water flow and physicochemical properties of POPs, which
changes their geochemical cycling in the environment
(Rosenzweig et al., 2008; Scheringer et al., 2009). In this study,
it was concluded that the increasing rainfall intensity con-

tributed to the air-soil and air-water fluxes of BaP, Phe-and
PCBs by reducing their concentrations in the atmosphere and
increasing their concentrations in the soil and water. The possible reason is that increasing rainfall contributes the process of wet deposition. In addition, alterations in precipitation
can change the physical and chemical properties of chemicals and environmental compartments, such as vapor pressure, soil bioactivity and decomposition rate, which consequently changes their concentration and activity in the environment (Zhou and Ma, 2013). Thus, the PFOS concentrations in soil and water correlated negatively with precipitation. Lamon et al. (2009) also examined the multimedia behavior of POPs under future climate scenarios and found increased POPs volatilization, driven mostly by rising precipitation. Su et al. (2018b) used three climate change scenarios,
B1 (a convergent world), A1B (a world of very rapid economic
growth), and A2 (a very heterogeneous world), and concluded
water-sediment flux of PFOS correlated negatively with rainfall intensity, which is the same as present study. Rainfall
intensity may affect the partitioning among environmental
compartments including sediment-surface and water-surface
exchanges, and reaction rates (Teran et al., 2012).

3.2.

Environmental risks and management

As shown in Appenidx A Tables S18 and S19, RQs of BaP,
Phe-and PFOS in water or sediment were far less than 1. Total toxicity equivalent concentrations (TEQs) of seven known
PCBs in soil and sediment ranged from 0.013 pg/g to 0.090 pg/g
and 0.008 pg/g to 0.052 pg/g, respectively (Appendix A Tables
S20, S21), which is far less than the 250 ng/g specified by the
USEPA. However, the RQs of BaP and Phe-in soil increased from
0.42 to 0.95 and 0.06 to 0.35, respectively, from 2005 to 2090
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Fig. 7 – RQs of BaP and Phe-in soil between 2005 and 2090.

(Fig. 7), indicating potential threats to the terrestrial ecosystem. Thus, more attention should be given to BaP and Phein soils with anthropogenic drivers in the Chaohu watershed.
Although other pollutants showed little potential risks on the
basis of observations and RQ values, the risks associated with
their long-term exposure and accumulation cannot be ignored
via bioaccumulation (Cao et al., 2019; Song et al., 2018). For example, poultry and aquatic products preferentially enriched
longer-chain PFASs with high toxicity. In addition, coexistence
of multiple pollutants may result in potential synergistic risks
to terrestrial and aquatic ecosystems.
To control potential pollution, it is essential to develop substitutes of PFOS- and PFOA-based products (Xie et al., 2013).
In addition, other control measures, such as effective treatment of wastes, may reduce emissions of POPs into the environment. Regular environmental monitoring programs should
include PAHs, PFAAs and PCBs, which, because of the difficult and slow degradation, may remain in the environment
for long-periods of time. In addition, relevant policies such as
extended producer responsibility and POP emissions control
should be strictly enforced. Lessons can be learned from the
UK (Coulon et al., 2016). For instance, the UK has established
an integrated management framework including sustainable
track records, authoritative laboratory analysis for soil, water
and other media, and risk management strategies, which deliver an effective approach for managing water-soil contamination. In 2015, PCB containing products have been identified
and some of them were treated in China. However, it is a significant challenge to control the sources of PAHs, especially
domestic sources such as the burning of coal, natural gas and
biomass. In addition, climate change may also contribute to
the transfer of POPs from air to soil and water, and then increase their threat to terrestrial and aquatic ecosystems. Thus,
the impacts of a changing climate should be given more attention in the future.

3.3.

Model uncertainties

The uncertainty results showed that the CVs of BaP, Pheand PCB-28 concentrations in air were 0.38, 0.31 and 0.56, respectively. The CVs of BaP, Phe-and PCB-28 concentrations in
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soil were 0.45, 0.66 and 0.70, respectively (Appendix ATable
S22). Compared with air, soil had higher uncertainty due to
its large range of physical and chemical properties. The CV
of the PFOS concentrations in water was 1.04, which may be
affected by PFOS emissions and the water flow rate. Estimation of emissions, environmental parameters (physicochemical properties of environmental media, change of vegetation
coverage, runoff, etc.) and water flow rates will affect model
outputs (Liu et al., 2014; Song et al., 2016), and thus the model
was optimized by considering the key parameters. On the basis of sensitivity analysis, the emission rates and rainfall intensities were two key factors influenced transport and fate of
pollutants in present study. For the purpose of accurate emission estimation, more comprehensive activity data of BaP, Phe,
PFOS and PCBs were obtained from literature and various statistical yearbooks. And water flow rate was affected significantly by changing rainfall intensities in the future. Water
flow matrix that is an important modules of BETR, was based
on current or historical flow rate in previous works (Su et al.,
2018b). In present study, the future flow rate was predicted and
used as the input of water flow matrix. To some extent, accurate emission estimation and optimized water flow matrix will
mitigating uncertainties of model outputs. Furthermore, large
differences in contaminant emissions and anthropogenic activities between urban and rural areas directly affect transport
and fate of POPs in environmental media. In addition, POPs
also present various migration affected by seasonal variations.
Thus, urban-rural and seasonal differences will be considered
as the concerns in future.

4.

Conclusions

This study’s results suggest that the emissions of BaP and Pheincreased from 2005 to 2018, whereas the emissions of PFOS
were more variable and lacked a defined temporal trend. The
emissions of PCBs increased between 2005 and 2015, then decreased in response to an environmental conservation strategy for PCBs that limited emissions. The concentrations and
transport of the analyzed POPs correlated to the emissions
data, indicating that the emission rate was a key factor controlling POP levels in the environment. Increasing rainfall intensity also contributed to air-soil and air-water fluxes of BaP,
Phe-and PCBs, and reduced their concentrations in the atmosphere, while increasing their concentrations in the soil between the 2020s and 2090s. In the case of PFOS, rainfall intensity negatively correlated with the water-sediment flux and its
concentration in water (R2 =0.457 and R2 =0.641, respectively).
Based on the spatial distribution of concentrations and transport fluxes, potentially risky areas are mainly located around
Lake Chaohu. The risk values of BaP and Phe-in soil increased
from 0.42 to 0.95 and from 0.06 to 0.35, respectively, between
2005 and 2090, and pose potential threats to terrestrial ecosystems. The other examined POPs showed little risk in soil, water or sediment. These results provide insight into the priority
control of pollutants, which is valuable for local environmental management of these examined pollutants in the Chaohu
watershed.
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