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ABSTRACT

Climate change and emissions rates of contaminants are expected to affect distribution and fate of Persistent Or-
ganic Pollutants (POPs) in the environment, however, studies on these combined factors are rare. In this study,
Perfluorooctane Sulfonate (PFOS) is used as an example to assess how those two factors synthetically affect
fate and disposition of POPs in the Bohai Rim of China by using the Berkeley-Trent-Urban-Rural (BETR-Urban-
Rural) model. We set up three climate change scenarios and four emission scenarios to conduct the simulations.
The results show that climate change could have significant effects on the transport and fate of PFOS mainly in-
cluding advection, inter-compartmental transfer under the “worst case” emission scenario. For most grids, a re-
markable decrease in concentrations of PFOS are predicted for fresh water and urban soil in the future, with
precipitation and temperature being predominant factors, whilst for coastal water and rural soil, an increasing
trend is predicted. Additionally, predicted sum of sources to the Bohai Sea increases greater than removals
from the Bohai Sea in the future, adding evidence that concentrations of PFOS in coastal water will increase
more in the future. Under scenarios of reduced emissions and climate change, concentrations of PFOS in each
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compartment decreased more rapidly over time. We suggest that assessment of future climate change impacts
on fate of PFOS could take emission reductions into consideration.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Persistent organic pollutants (POPs) have properties of persistence,
toxicity, potential bioaccumulation and long-range transport. Due to
these properties, particularly the long-range transport which results in
dispersed contamination far from sources, behaviors, fates, and expo-
sures of POPs in the environment are a great concern for international
environmental organizations, governments, academics and the public.
Results of studies have shown that fates and behavior of POPs are affect-
ed by various factors, including chemical properties, environmental pa-
rameters like surface temperature, precipitation, wind speed, and soil
solids organic carbon fractions, to name a few (Prevedouros et al.,
2004a; Prevedouros et al., 2004b).

Human activities have been leading to global climate change, but
also humans are responding and adapting to it (Clayton et al., 2015;
Karl and Trenberth, 2003). Influences of climate change on the environ-
ment have been found in a wide range of aspects, such as terrestrial eco-
system, hydrological systems, coastal processes, freshwater ecosystems,
and marine ecosystems (Hoegh-Guldberg and Bruno, 2010; Richardson
and Schoeman, 2004; Rosenzweig et al., 2008; Scholze et al., 2006). Also,
climate change could have far-reaching effects on POPs revolatilization
and deposition by affecting environmental processes (Ma and Cao,
2010; Ma et al., 2011; Teran et al., 2012; Zhou and Ma, 2013). In general,
mechanisms by which climate change can affect environmental behav-
iors and fates of POPs are of three basic types. First, these changes are
likely to affect the environmental behavior of POPs by reinforcing the
volatilization from primary and secondary sources (Ma et al., 2011).
Second, they can influence the transport behavior of POPs by affecting
their partitioning between compartments through processes such as
air-surface exchange, rain dissolution, wet/dry deposition, and degrada-
tion rates indirectly (Teran et al., 2012). Third, they can affect rates of
transformation, dilution, or decomposition of POPs, then ultimately
change their concentrations and distributions in various compartments
of the environment (Zhou and Ma, 2013).

However, understanding of these mechanisms is qualitative in most
of the previous studies, and a more quantitative assessment of potential
impacts is needed (Woehrnschimmel et al., 2013). Recently, a few stud-
ies have explored these potential effects by use of models, with various
scenarios of climate change. The results demonstrated that climate
change could have significant influences on fate and concentrations of
POPs like PAHs, PCBs with temperature, precipitation, and wind speed
being predominant factors while varying from pollutants and environ-
mental media (Cai et al., 2014; Gouin et al., 2013; Lamon et al., 2009;
Ma and Cao, 2010; Paul et al., 2012; Song et al., 2016a). However,
there have been few studies that explore not only the net effects of cli-
mate change but also the integrated impacts combining the climate
change and emission reduction policies.

PFOS, as one of the most abundant old-generation members of
PFAS family, is an emerging POP, and is one of the pollutants that
are most persistent in the environment. PFOS and related sub-
stances are synthetic chemicals, manufactured for their desirable
features of chemical stability, high surface activity, water and oil
repellence (Giesy and Kannan, 2001, 2002). In 2004, China began
to produce PFOS-based products on a large scale, and annual pro-
duction of PFOS-related chemicals grew rapidly from 2003 to
2011 (Xie et al., 2013a). PFOS has been detected in various com-
partments in China recently (Liu et al., 2016; Su et al., 2016; Su et
al,, 2017b; Wang et al., 2014).

The objective of this study is using the Berkeley-Trent-Urban-Rural
model (Song et al., 2016b) to explore how changes in emission rates

and climate including temperature, precipitation, wind speed, soil car-
bon stock, and sea-level rise would affect the concentrations of
perfluorooctane sulfonate (PFOS) in the Bohai Rim of China, as well as
differences between urban and rural areas. We also aim at identifying
the key factors affecting concentrations of PFOS under the climate
change scenarios (Special Report on Emission Scenarios (SRES) B1,
A1B, and A2 in IPCC, 2007), as well as the mass fluxes of PFOS to the
Bohai Sea. Also, since PFOS is being phased out, it will provide an oppor-
tunity to validate the results of the model with changing rates of release.
The results of this model will allow predictions for other POPs with
PFOS-like properties, and this model can be applied to predict the influ-
ences of climate change on transport behaviors of other POPs. The out-
come of this research would be useful for planning PFOS emission
reduction and ecosystem protection.

2. Methods
2.1. Model description and study area

The original Berkeley-Trent (BETR) model is based on fugacity ap-
proach, whereby a joint system of seven discrete and homogeneous
compartments is regarded as one segmentation (or grid) (Mackay,
2001; MacLeod et al., 2001). It includes four basic processes of POPs be-
havior: emissions to environment, advection, inter-compartmental
transport, and degradation. The BETR model has been successfully
used to simulate relative and absolute fates of chemicals in various en-
vironments in North America (MacLeod et al., 2001; Woodfine et al.,
2001), Europe (Prevedouros et al., 2004a; Prevedouros et al., 2004b),
and the global environment (MacLeod et al., 2005).

We take account for effects of urbanization, and improve the BETR
model, called BETR-Urban-Rural, which divides the soil compartment
into urban soil and rural soil, lower air compartment into lower
urban air and lower rural air based on the land-use information
(Song et al., 2016b). The urban areas contain industrial land, built-up
land, commercial districts, urban residential areas, municipal land for
public facilities, and their buffers. Except for urban areas, in this
model rural areas are defined as a combination of rural villages, rural
residential areas, agricultural land, forest land, grassland, unused
land and so on (Wang et al., 2010). In the BETR-Urban-Rural model,
the environment within each grid contains nine compartments. Spe-
cific environmental parameters for an urban area like perimeter of
urban area, urban-rural atmospheric mixing rate, freshwater coverage
rate of urban area etc. and transfer processes between urban and rural
areas were also improved. More information about the model can be
found in Song et al. (2016b). In this study, the BETR-Urban-Rural
model is used to make projections under three scenarios for climate
change (B1, A1B, and A2) in Intergovernmental Panel on Climate
Change (IPCC), 2007 and four scenarios for emissions over three 20-
year periods throughout the 21st century (2016-2035, 2046-2065,
and 2081-2100), relative to the baseline simulation on steady state
for 2010.

The Bohai Rim, including parts of the Bohai Sea and the area around
it, is one of the most developed regions in China. The study area covers
Beijing city, Tianjin city, parts of Liaoning, Hebei and Shandong prov-
inces. A great number of industries are located in this region, including
metal plating, textile treatment, production of firefighting chemicals
and semiconductor industries, some of which are relevant to industrial
sources of PFOS and related substances (Xie et al., 2013b). Rapid urban-
ization and industrial development have caused a significant growth in
production and energy consumptions and releases of pollutants, leading
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to further and multiple environmental problems, such as metal or
organic chemical pollution (Su et al., 2017a; Wang et al., 2014; Xu et
al, 2013).

The longitude of Bohai Rim is from 116°E to 124°E, while latitude is
from 36°N to 43°N. The study area is split into 56 grids by 1° x 1° (Fig. 1).
The land use information of study area can also be seen in Fig. 1. For the
study area, each grid contained 9 compartments which are upper air,
lower rural air, lower urban air, vegetation, rural soil, urban soil, fresh
water, fresh water sediment, and coastal water. Parameterization
about the BETR model (and BETR-Urban-Rural model) in the Bohai
Rim has been published by Liu et al. (2014), Liu et al. (2015) and Song
et al. (2016Db). The effects of long-range transport of upper air could be
ignored because the value of that was thought to be limited within
this region (Liu et al., 2014; Liu et al., 2015; Song et al.,, 2016b). The 56
sub-grids are connected by air, fresh water and coastal water advection
between neighboring grids, and the runoff of fresh water to coastal
water was also considered.

2.2. Physical-chemical properties of PFOS

The physical-chemical properties of PFOS considered in the BETR
-Urban-Rural model are listed in Table S1 (3M, 2003; Ahrens et al.,
2011; Arp et al., 2006; Brooke et al., 2004; Chen et al., 2012; Lofstedt
Gilljam et al.,, 2015; OECD, 2002).

2.3. Emission scenarios

According to the emission estimation methodology developed by
our research group, emissions of PFOS and its related substances (in-
cluding PFOS, FOSAs, FOSEs, POSF) to each compartment were estimat-
ed in China for 2010 (Xie et al., 2013a; Xie et al., 2013b). Spatially
distributed emissions were estimated for the study area in 2010 de-
pending on the location of industrial plants, as well as the domestic
emissions related to population density, and per capita disposable in-
come (Liu et al., 2015; Xie et al., 2013a; Xie et al., 2013b). In this
study, it was assumed that all PFOS-substances degraded to PFOS imme-
diately, and the formation factor was 0.94, since the previous research
results showed that the quantity of PFOS-salts came from degradation
of PFOS substances was rather smaller than that from direct emissions
(Liu et al., 2015).

Four different future emission scenarios were proposed for the three
20-year periods to the year 2100. Emission scenario 1 is a “worst case”
scenario, under the assumption that current annual emissions of PFOS
keep continuing. Since PFOS and its related substances were listed in
the Stockholm Convention on POPs in 2009, in China, production of
PFOS-related chemicals fluctuated and then stabilized at approximately
250 t/yr (Xie et al., 2013b). So continued emission of PFOS until 2100
was assumed to be the same as it was in 2010. This is also a reference
scenario (keeping emission constant) in order to explore the effects of
future climate change under the hypothesis that there are no any con-
trol policies and management on PFOS.

Emission scenarios 2, 3, and 4 are based on the contingency that
China, in compliance with the international treaties and national regula-
tions, will begin to phase out PFOS and similar chemicals, then use alter-
natives fully by 2030, 2050, or 2100, respectively. It is assumed that the
production and usage of PFOS will decrease linearly from 2017 to zero in
the final year. Under this assumption, we calculate the emissions of
PFOS in specific periods (Table S2). Since 2014 when the Chinese gov-
ernment has set a series of regulations on production and use of PFOS
to comply with the Stockholm Convention, it has been encouraging de-
velopment of alternatives. However, the regulations did not yet set the
final year for withdrawal. Therefore, three scenarios are selected to give
arange of possibilities. In the year when the final manufacture of PFOS is
stopped, releases will not be suddenly stopped because of applications
by secondary users (like metal plating, fire-fighting, semiconductor, do-
mestic users and so on). For all secondary users, a worst-case situation is
foreseen in which stock for each application is enough during its shelf
life and after which all expired products will not be used. Hence, emis-
sions from storage of secondary products would continue being re-
leased during the shelf-life period. Taking the use of aqueous fire-
fighting foams as an example, shelf-lives of products are approximately
5 year, during which releases from the usage of stock products were as-
sumed to be the same as that in the previous year of withdrawal. There
are some differences between domestic users and industrial sectors for
projected future emissions. For domestic applications, releases are as-
sumed to decrease linearly as products come to the end of their natural
life. For example, carpets are in use for an average of about 10 years, re-
leasing one tenth of their treatment each year until eventual disposal
(Paul et al., 2008). Finally, simulations for the three 20-year periods
were made by use of annual mean emissions during each period. The
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Fig. 1. Study area and definition of grid system used in the model.
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estimated emissions of PFOS and their compartmental distribution in
the study area under four emission scenarios are in Table S2.

2.4. Brief introduction to climate change and urbanization scenarios

The changes of the following variables are considered for each cli-
mate change scenario (SRES B1, A1B, and A2 in IPCC, 2007): precipita-
tion, temperature, sea-level rise, soil carbon stock, and wind speed,
since these variables are important environmental parameters to run
the model. The specific increase rates of these variables are presented
in Table S3. The SRES scenarios explore alternative development ways,
covering a series of emissions of greenhouse gases driving by demo-
graphic structure, economy and technology (IPCC, 2007). Scenarios B1,
A1B, and A2 assume a convergent world, a rapid economic development
world, and a world with rapid growth of population while slow eco-
nomic growth and technological changes (IPCC, 2007). More informa-
tion about SRES and scenarios B1, A1B, and A2 can be found in the
IPCC Climate Change 2007 Synthesis Report.

2.4.1. Precipitation

Precipitation and fresh water runoff were the most sensitive param-
eters (Liu et al., 2015). Precipitation could affect the transfer rates from
air to other compartments. Gridded 10-year averaged precipitation
rates in the study area were extracted for the periods 2016-2035,
2046-2065, and 2081-2100 (short of 2035, 2065, and 2100, the follow-
ing, also called early, mid, and late 21st century respectively), which
vary from grids and scenarios (Zhang et al., 2012). Overall, the annual
mean precipitation anomaly was projected to increase over the study
area by 3%-9% (10yr)~1,7.5%-18% (10yr) ™!, and 9%-18% (10 yr) ! re-
spectively, under all three scenarios for the three periods (Zhang et al.,
2012).

24.2. Temperature

Temperature could affect wet deposition, and densities of compart-
ments, fugacity capacities of compartments in the fugacity approach.
The same process was repeated for surface air temperature as precipita-
tion, also varying from grids and scenarios (Zhang et al., 2012). Overall,
the warming rate was projected to increase over the study area by 0.2-
0.6°C(10yr)~',0.3-0.6°C (10 yr)~ ', and 0.1-0.6 °C (10 yr)~ ' respec-
tively, under all three scenarios for the three periods. Additionally, ur-
banization has an important influence on surface air temperature
(Dirmeyer et al., 2010). The temperatures in urban areas often exceed
those in the surrounding areas by several °C, a phenomenon termed
“urban heat island effect” (Schulze and Langenberg, 2014). Hence, this
effect was taken into account in the BETR -Urban-Rural model, and it
was assumed to be 2.2 °C for that difference between urban areas and
rural areas in the study area (Cao et al., 2016).

2.4.3. Sea-level rise

Sea-level rise could impact the depth and volume of coastal water,
and then impact the concentrations of PFOS in coastal water. The
mean rate of rise in sea-level along the coast of China between 1980
and 2014 was 3.0 mm yr— . It was inferred that the sea-level of the
Bohai Sea in the early 21st century was 0.045 m greater than that in
2010 for all three scenarios (Communique, 2014). The sea-level rise in
mid and late 21st century was referred to the global mean data in
IPCC AR4, being 0.26, 0.25, 0.30 and 0.28, 0.35, 0.37 m greater under
the three scenarios, respectively (IPCC, 2007).

2.4.4. Soil carbon stock

Organic carbon fraction in soil could have important influences on
partitioning coefficient K., (soil solid — water). According to Peng et
al. (2009) who predicted the changes of soil carbon stock under climate
change scenarios, we set the average soil carbon stock with an increase
by 5% for the 2030s, 4% for the 2060s and by 3% for the 2090s, respec-
tively, under the three climate change scenarios B1, A1B and A2 (Peng

et al,, 2009). Additionally, soil carbon stock was approximately 57.76%
less in urban land than that in non-construction land (forest land and
green open spaces) in China (Tao et al., 2015).

2.4.5. Changes in velocities of wind

Wind velocities could change the air flux matrix, and then influence
the transport of PFOS by air advection. A study predicted that the annual
mean wind speeds in China for the 21st century by many climate
models, which suggested that they varied slightly under all three sce-
narios (Jiang et al., 2010). From the whole study area, under all three cli-
mate change scenarios and periods, the increasing rates of mean winds
varied from — 0.1 to 0.1 m/s (Jiang et al., 2010).

Additionally, projection of rainfall-runoff relationship was devel-
oped in the model which was referred to a regression model fitting
the relationship between runoff and precipitation (Chen and Wang,
2004). Also, rapid urbanization is one of the outstanding features in
China, particularly in coastal regions. Covering proportion by urban
land in grids is an important parameter in the BETR-Urban-Rural
model. Based on the estimation of World Urbanization Prospects 2011,
the urbanization rates of China would increase by 30.48%, 58.45%,
70.49% to the early, mid, and late 21st century relative to the 2010, re-
spectively (Desa, 2011).

3. Model output and validation

Inputting corresponding emission data and environmental parame-
ters, the model is run 18 times to steady state solutions, under each cli-
mate change scenario for each emission scenario. Results of previous
research showed that coastal water, soil, fresh water, and sediment
were the four primary sinks for PFOS, and that storage in air and vege-
tation was less than 1.00% (Liu et al., 2015). Consequently, concentra-
tions and transport processes of PFOS in coastal water, urban soil,
rural soil, fresh water, and sediment were the primary compartments
analyzed in this study. Median values of modeled concentrations of
PFOS in fresh water, sediment, urban soil, and rural soil during 2010
were 7.68 ng/L, 0.40, 0.60, and 0.026 ng/g dw, respectively.

Additionally, accuracy of simulations was assessed by comparing
simulated baseline concentrations of PFOS with measured data in
fresh water, fresh water sediment, urban soil, and rural soil in the
study area (Table S4). Available measured concentrations of PFOS
from 2009 to 2011 were collected from published sources. Comparing
with the ranges of the two datasets, the range of simulated concentra-
tions was generally consistent with measured concentrations of PFOS
for all compartments (Table S4). In most cases, the minimal value of
the modeled concentrations was a little higher than that of the mea-
sured concentrations, while the maximal modeled value was a little
lower than the measured one. These differences would be attributed
to the temporal and spatial variability of measured concentrations of
PFOS, while the modeled concentrations represent the annual mean
values for grids (Wang et al., 2016). The estimated releases are not ex-
actly the same as the actual ones, and the values of some parameters
are default or empirical values, which may cause deviations of model
results.

3.1. Spatially projected changes in concentrations of PFOS

3.1.1. Emission scenario 1

Changes in concentrations of PFOS in fresh water, coastal water,
urban soil, and rural soil under three future climate change scenarios
and four emission scenarios are given (Table S5). Ratios of projected pe-
riod concentration and baseline concentration are used to describe
changes in concentrations of PFOS. It shows that there is a similar
changing trend for those four compartments among the three climate
change scenarios B1, A1B and A2 under each specific emission scenario
(Table S5). Fig. 2 shows the projected changes in concentrations of PFOS
in those four compartments for emission scenario 1, taking specific
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Fig. 2. Projected changes in concentrations of PFOS in fresh water, rural soil, urban soil and coastal water under specific climate change scenario for emission scenario 1.

climate change scenario as an example for each compartment. Large de-
creases in concentrations of PFOS during simulations of future condi-
tions are observed in fresh water, as well as for urban soil (except for
some grids) (Fig. 2). Taking grid 26 (Haihe River in Tianjin City, seen
in Fig. 1) as an example, ratios of concentration in the early, mid, and
late 21st century for fresh water were 0.9616, 0.9294, 0.8472, and for
urban soil were 0.8708, 0.7530, 0.7300 under climate change scenario
B1. Under scenarios A1B and A2, fresh water concentration ratios
were 0.9414, 0.8849, 0.8329 and 0.9750, 0.9220, 0.8318 in the future
three periods, while concentration ratios for urban soil were 0.8698,
0.7515, 0.7286 and 0.8693, 0.7504, 0.7218 during the three future pe-
riods, respectively.

PFOS in fresh water and urban soil are predicted to exhibit rapid de-
cline. The key reason for the decline of PFOS in fresh water is the dra-
matic increment of freshwater runoff associated with increasing
precipitation even though it brings the PFOS in air, soil to aquatic eco-
systems through wet deposition, rain dissolution and surface runoff
from land to water with the increasing precipitation. According to the

regression relationship between runoff and precipitation (Chen and
Wang, 2004), runoff is predicted to have an increase, particularly for
the mid and late 21st century, with increases under scenario B1 of
5.59%, 10.54%, 19.15% in the three future periods, respectively. Alterna-
tively, warming water would reduce the fugacity capacity of PFOS in
fresh water. This is similar with the research results of Europe, where
precipitation and temperature were the predominant factors to influ-
ence the fate and transport of PCB 153 (Paul et al., 2012). For urban
soil, the major reason for PFOS concentration reduction was that emis-
sion was constant under the emission scenario 1 while with greater ur-
banization and extended urban land. And the extended urban land
would increase the transport fluxes from urban soil to fresh water due
to runoff scouring. Additionally, the increasing transpiration stream
concentration factor (TSCF) driven by temperature would make the
transport flux from urban soil to vegetation rise. Therefore, it is possible
that concentrations of PFOS will decrease in urban soil in the future.
On the contrary, for most grids, concentrations of PFOS in rural soil
and coastal water exhibited opposite trends. For example, under
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scenario A1B, in grid 26 (Tianjin City), in rural soil, concentration ratios
were 1.1705, 1.3855, 1.4618 in the future three periods, while under
scenario A2, ratios for coastal water were 1.0029, 1.0188, 1.0359 in the
future three periods, respectively. For rural soil, under the “worst
case” emission assumption while the population and land-use areas de-
crease along with urbanization process, it is reasonable to simulate
greater concentrations in the future. For coastal water, runoff from
fresh water to coastal water increased greatly owing to higher precipita-
tion in the future. This would affect accumulation of PFOS in coastal
water. This prediction is consistent with coastal water acting as a sink
for PFOS (Liu et al., 2015).

3.1.2. Projected changes in concentrations of PFOS under scenarios where
emissions are reduced

Table S5 shows projected changes in concentrations of PFOS in fresh
water, rural soil, urban soil and coastal water under each climate change
scenario for reduced emission scenarios 2, 3 and 4, since PFOS was listed
in Stockholm Convention in 2009. For emission scenario 2, the concen-
trations of PFOS in fresh water in the whole area will decrease by 60% or
more during the early 21st century. For rural soil, urban soil and coastal
water, concentrations of PFOS also will decrease in the early 21st centu-
ry (Table S5).

For emission scenarios 3 and 4, except for a few grids, concentrations
of PFOS in the four compartments are predicted to have a large reduc-
tion as a result of decreasing emissions and climate change over time.
Particularly for emission scenario 4, with the assumption of PFOS with-
drawn in the late 21st century, concentrations of PFOS are predicted to
decrease by about 90-fold in the later part of the 21st century. In this re-
gard, under the combined influences of emission and climate change,

fo PFOS: 2010
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there are big decreases in transfer fluxes between compartments. Tak-
ing grid 26 as an example, under emission scenario 2 and climate
change scenario B1, the transfer fluxes between compartments are pre-
dicted to decrease by 54%- 70% in the early 21st century, which is similar
to the decreases of emission rates.

In a word, with constant emission rate, climate change affects the
distribution and fate of PFOS primarily by changing the advection via
water, and transport rates between compartments, while transport
fluxes would decrease along with the decline of emission rates.

3.2. Changes in annual mass fluxes of PFOS to the Bohai Sea

In order to explore effects of climate change on fluxes of PFOS to the
Bohai Sea, changes in total annual mass flux are discussed under emis-
sion scenario 1 and climate change scenario A1B because it is a moder-
ate choice. Total annual mass fluxes of PFOS to the Bohai Sea for baseline
2010, and the ratios of the fluxes for the years 2035/2010, 2065/2010
and 2100/2010 are presented in Fig. 3.

For pathways of PFOS to the Bohai Sea, rain dissolution, wet deposi-
tion, and fresh water runoff will all increase during the three future pe-
riods, relative to the baseline of 2010. Rain dissolution will increase by
1.90%, 7.55%, 15.70%, wet deposition will increase in ascending order
by 1.45%, 7.40%, 13.03%, while fresh water runoff will increase by
1.11%, 9.11%, 18.31% in 2035, 2065, and 2100, respectively, relative to
2010. These changes are owing to projected increased precipitation in
the future. Air diffusion and dry deposition are predicted to first increase
slightly in 2035, then decrease in 2065 and 2100, but the inputs remain
more than losses through outflow and degradation. For removal path-
ways, outflow and degradation fluxes will both increase further in the
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future, relative to 2010. The sum of sources will increase by 1.12%,9.11%,
18.31%, and that of removals by 0.66%, 2.77%, 7.14% in 2035, 2065, and
2100, respectively. The sum of the sources (the left of the dotted line)
is always greater than the sum of the removals (the right of the dotted
line), and differences between them are projected to be larger in the fu-
ture. This is in addition to evidence that concentrations of PFOS in coast-
al water will increase more in the future. This prediction is inconsistent
with the modeled results for loading of y-HCH and PCB 153 to the North
Sea (O'Driscoll et al., 2014), because these chemicals have distinct phys-
ical-chemical properties. So the general result is that there are large in-
fluences of climate change on the mass fluxes of PFOS to the Bohai Sea.

3.3. Changes in fate and transport of PFOS: case study of Tianjin city

In this section, grid 26 (containing the vast majority of Tianjin City)
is used as an example to analyze effects of future climate changes
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(scenario A1B) on fates and transportation of PFOS in more detail, in-
cluding advection fluxes between adjacent grid (inflow/outflow fluxes
of air), degradation, and intermedia transportation (Fig. 4). Under emis-
sion scenario 1, due to the increasing mean wind speed, both inflow and
outflow fluxes will increase, particularly in the mid and late 21st centu-
ry, by 5.91%, 8.21% for inflow flux, and 3.87%, 5.38% for outflow flux.
Temperature independent degradation will decrease slightly over time
since rates of degradation are complex and related to volume of each
environmental compartment, concentrations of PFOS in each compart-
ment, and first-order reaction rate constant (Mackay, 2001; MacLeod
et al,, 2001). The values in Fig. 4 (b)-(e) are the sum of all environmen-
tal compartments, hence, its reduction was closely linked with the de-
crease of concentrations of PFOS in fresh water, sediment, urban soil,
rural soil, and rural air.

For intermedia transport processes, movements from fresh water to
coastal water, fresh water to sediment, and sediment to fresh water are
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the three predominant transfer pathways among all transfer processes
(Fig. 4). Among these three pathways, transfer rate from fresh water
to coastal water increases rapidly over time, from 1/4 of the total in
2010 to 1/3 of the total in the late 21st century. It is due to increased
runoff from fresh water to coastal water as a result of increased precip-
itation in the mid and late 21st century. Rates of transfer along the other
two predominant pathways will be less in the future, especially in the
mid and late 21st century (Fig. 4 (d)-(e)). Due to transfer between
fresh water and sediment, along with decreases in concentrations in
fresh water, concentrations of PFOS in sediment will also decrease, as
well as the transfer rate between them.

4. Conclusion

In this study, PFOS was used as an example to assess how future
changes in climate and emissions of contaminants synthetically affect
concentrations and disposition of POPs. The BETR-Urban-Rural model
was further developed to explore the potential integrative effects, tak-
ing effects of urbanization into consideration at the same time. Results
of simulations suggested that emission rate, degradation rate, and
intermedia transfer processes would affect concentrations and disposi-
tion of PFOS. Under the influences of climate change (including temper-
ature, precipitation, sea-level rise, wind speed, and soil carbon stock)
and urbanization, the projected concentrations of PFOS in compart-
ments fresh water and urban soil would decrease much in the future,
potentially lowering the exposure burden to biota in fresh water and
urban soil, as a result of increased temperature, precipitation, and ur-
banization. While coastal water and rural soil displayed an opposite
trend, which would bring about more adverse effects and risks to organ-
isms, particularly for the marine ecosystem. Besides, potentially large
influences in changes of climate on mass fluxes of PFOS to the Bohai
Sea were identified. It is important to point out that these projected
changes would occur under the “worst case” scenario and climate
change scenarios referred to IPCC, 2007. Since the Paris Agreement en-
tered into force in 2016 (Climate Change Secretariat, 2016), future cli-
mate change would be mitigated as well as the effects on POPs fate.
Outcomes from other emission scenarios showed that through modern,
effective chemical management practices and legislation, chemicals
with PFOS-like properties might be effectively regulated and reduced.
This points to the necessity of including climate change mitigation and
adaptation, as well as urbanization planning in the future policy-making
of emission reduction.

Acknowledgements

This study was supported by the National Key R & D Program of Chi-
na (2017YFC0505704), and the National Natural Science Foundations of
China under Grant No. 414201040045 and No. 41371488.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.09.021.

References

3M, 2003. Environmental and Health Assessment of Perfluorooctane Sulfonic Acid and Its
Salts. 3M Company.

Ahrens, L., Yeung, LW., Taniyasu, S., Lam, P.K,, Yamashita, N., 2011. Partitioning of
perfluorooctanoate (PFOA), perfluorooctane sulfonate (PFOS) and perfluorooctane
sulfonamide (PFOSA) between water and sediment. Chemosphere 85, 731-737.

Arp, H.P.H., Niederer, C., Goss, K.U., 2006. Predicting the partitioning behavior of various
highly fluorinated compounds. Environ. Sci. Technol. 40, 7298-7304.

Brooke, D., Footitt, A., Nwaogu, T., 2004. Environmental Risk Evaluation Report:
Perfluorooctanesulphonate (PFOS). Environment Agency, Wallingford.

Cai,]J, Song, J.H., Lee, Y. Lee, D.S., 2014. Assessment of climate change impact on the fates
of polycyclic aromatic hydrocarbons in the multimedia environment based on model
prediction. Sci. Total Environ. 470, 1526-1536.

Cao, C, Lee, X, Liu, S., Schultz, N., Xiao, W., Zhang, M., Zhao, L., 2016. Urban heat islands in
China enhanced by haze pollution. Nat. Commun. 7, 12509.

Chen, L., Wang, H., 2004. Sensitivity of runoff to climate change in small drainage basins in
China. Resour. Sci. 26, 62-68 (in Chinese, with English abstract).

Chen, Y.C,, Lo, S.L,, Lee, Y.C., 2012. Distribution and fate of perfluorinated compounds
(PFCs) in a pilot constructed wetland. Desalin. Water Treat. 37, 178-184.

China Sea Level Communique, 2014. China Oceanic Administration.

Clayton, S., Devine-Wright, P., Stern, P.C., Whitmarsh, L., Carrico, A., Steg, L., Swim, ].,
Bonnes, M., 2015. Psychological research and global climate change. Nat. Clim.
Chang. 5, 640-646.

Climate Change Secretariat U.N. Progress tracker, 2016. Work programme resulting from
the relevant requests contained in decision 1/CP.21. In: Climate Change Secretariat,
U.N (Ed.), United Nations, Framework Convention on Climate Change :pp. 1-13.
http://unfccc.int/paris_agreement/items/9485.php.

Desa, U., 2011. World Urbanization Prospects, the 2011 Revision. 505. United Nations.

Dirmeyer, P.A., Niyogi, D., de Noblet-Ducoudré, N., Dickinson, R.E., Snyder, P.K,, 2010. Im-
pacts of land use change on climate. Int. J. Climatol. 30, 1905-1907.

Giesy, J.P.,, Kannan, K., 2001. Global distribution of perfluorooctane sulfonate in wildlife.
Environ. Sci. Technol. 35, 1339-1342.

Giesy, J.P., Kannan, K., 2002. Peer reviewed: perfluorochemical surfactants in the environ-
ment. Environ. Sci. Technol. 36, 146A-152A.

Gouin, T., Armitage, ].M., Cousins, L.T., Muir, D.C,, Ng, C.A,, Reid, L., Tao, S., 2013. Influence
of global climate change on chemical fate and bioaccumulation: the role of multime-
dia models. Environ. Toxicol. Chem. 32, 20-31.

Hoegh-Guldberg, O., Bruno, J.F., 2010. The impact of climate change on the world's marine
ecosystems. Science 328, 1523-1528.

IPCC, 2007. Contribution of Working Groups I, I and III to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change. Geneva, Switzerland.

Jiang, Y., Luo, Y., Zhao, Z., 2010. Projection of wind speed changes in China in the 21st century
by climate models. Chin. ]. Atmos. Sci. 34, 323-336 (in Chinese, with English abstract).

Karl, TR, Trenberth, K.E., 2003. Modern global climate change. Science 302, 1719-1723.

Lamon, L., von Waldow, H., MacLeod, M., Scheringer, M., Marcomini, A., Hungerbiihler, K.,
2009. Modeling the global levels and distribution of polychlorinated biphenyls in air
under a climate change scenario. Environ. Sci. Technol. 43, 5818-5824.

Liu, SJ., Ly, Y.L, Wang, T.Y., Xie, S.W., Jones, K.C.,, Sweetman, AJ., 2014. Using gridded mul-
timedia model to simulate spatial fate of benzo [a] pyrene on regional scale. Environ.
Int. 63, 53-63.

Liu, SJ., Ly, Y.L, Xie, SSW., Wang, T.Y., Jones, K.C., Sweetman, AJ., 2015. Exploring the fate,
transport and risk of Perfluorooctane Sulfonate (PFOS) in a coastal region of China
using a multimedia model. Environ. Int. 85, 15-26.

Liy, Z.Y., Lu, Y.L, Wang, T.Y., Wang, P., Li, Q.F,, Johnson, A.C., Sarvajayakesavalu, S.,
Sweetman, A.J., 2016. Risk assessment and source identification of perfluoroalkyl
acids in surface and ground water: spatial distribution around a mega-fluorochemical
industrial park, China. Environ. Int. 91, 69-77.

Lofstedt Gilljam, J., Leonel, J., Cousins, L.T., Benskin, J.P., 2015. Is ongoing sulfluramid use in
South America a significant source of perfluorooctanesulfonate (PFOS)? Production
inventories, environmental fate, and local occurrence. Environ. Sci. Technol. 50,
653-659.

Ma, J.,, Cao, Z., 2010. Quantifying the perturbations of persistent organic pollutants in-
duced by climate change. Environ. Sci. Technol. 44, 8567-8573.

Ma, ], Hung, H., Tian, C., Kallenborn, R., 2011. Revolatilization of persistent organic pollut-
ants in the Arctic induced by climate change. Nat. Clim. Chang. 1, 255-260.

Mackay, D., 2001. Multimedia Environmental Models: The Fugacity Approach. CRC press.

MacLeod, M., Woodfine, D.G., Mackay, D., McKone, T., Bennett, D., Maddalena, R., 2001.
BETR North America: a regionally segmented multimedia contaminant fate model
for North America. Environ. Sci. Pollut. Res. 8, 156-163.

MacLeod, M., Riley, W.J., Mckone, T.E., 2005. Assessing the influence of climate variability
on atmospheric concentrations of polychlorinated biphenyls using a global-scale
mass balance model (BETR-Global). Environ. Sci. Technol. 39, 6749-6756.

O'Driscoll, K., Mayer, B., Su, J., Mathis, M., 2014. The effects of global climate change on the
cycling and processes of persistent organic pollutants (POPs) in the North Sea. Ocean
Sci. 10, 397.

OECD, 2002. Hazard Assessment of Perfluorooctane Sulfonate and Its Salts. Organization
for Economic Co-operation and Development.

Paul, A.G., Jones, K.C., Sweetman, AJ., 2008. A first global production, emission, and envi-
ronmental inventory for perfluorooctane sulfonate. Environ. Sci. Technol. 43,
386-392.

Paul, A.G., Hammen, V.C,, Hickler, T., Karlson, U.G., Jones, K.C., Sweetman, AJ., 2012. Poten-
tial implications of future climate and land-cover changes for the fate and distribu-
tion of persistent organic pollutants in Europe. Glob. Ecol. Biogeogr. 21, 64-74.

Peng, C,, Zhou, X, Zhao, S., Wang, X., Zhu, B., Piao, S., Fang, J., 2009. Quantifying the re-
sponse of forest carbon balance to future climate change in Northeastern China:
model validation and prediction. Glob. Planet. Chang. 66, 179-194.

Prevedouros, K., Jones, K., Sweetman, A., 2004a. European-scale modeling of concentra-
tions and distribution of polybrominated diphenyl ethers in the pentabromodiphenyl
ether product. Environ. Sci. Technol. 38, 5993-6001.

Prevedouros, K., MacLeod, M., Jones, K.C., Sweetman, A.J., 2004b. Modelling the fate of
persistent organic pollutants in Europe: parameterisation of a gridded distribution
model. Environ. Pollut. 128, 251-261.

Richardson, AJ., Schoeman, D.S., 2004. Climate impact on plankton ecosystems in the
Northeast Atlantic. Science 305, 1609-1612.

Rosenzweig, C., Karoly, D., Vicarelli, M., Neofotis, P., Wu, Q., Casassa, G., Menzel, A., Root,
T.L, Estrella, N., Seguin, B., 2008. Attributing physical and biological impacts to an-
thropogenic climate change. Nature 453, 353-357.

Scholze, M., Knorr, W., Arnell, N.W., Prentice, I.C., 2006. A climate-change risk analysis for
world ecosystems. Proc. Natl. Acad. Sci. U. S. A. 103, 13116-13120.


doi:10.1016/j.scitotenv.2017.09.021
doi:10.1016/j.scitotenv.2017.09.021
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0005
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0005
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0010
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0010
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0010
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0015
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0015
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0020
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0020
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0025
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0025
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0025
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0030
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0030
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0035
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0035
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0040
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0040
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0045
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0050
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0050
http://unfccc.int/paris_agreement/items/9485.php
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0060
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0065
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0065
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0070
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0070
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0075
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0075
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0080
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0080
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0080
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0085
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0085
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0090
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0090
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0095
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0095
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0100
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0105
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0105
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0110
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0110
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0110
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0115
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0115
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0115
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0120
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0120
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0120
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0125
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0125
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0125
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0125
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0130
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0130
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0135
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0135
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0140
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0145
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0145
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0150
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0150
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0150
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0155
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0155
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0155
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0160
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0160
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0165
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0165
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0165
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0170
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0170
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0170
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0175
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0175
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0175
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0180
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0180
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0180
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0185
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0185
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0185
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0190
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0190
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0195
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0195
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0200
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0200

360 C. Su et al. / Science of the Total Environment 613-614 (2018) 352-360

Schulze, H., Langenberg, H., 2014. Climate science: urban heat. Nat. Geosci. 7, 553.

Song, J.H, Lee, Y., Lee, D.S., 2016a. Development of a multimedia model (POPSLTEA) to as-
sess the influence of climate change on the fate and transport of polycyclic aromatic
hydrocarbons in East Asia. Sci. Total Environ. 569, 690-699.

Song, S., Su, C, Ly, Y.L, Wang, T.Y., Zhang, Y.Q., Liu, S.J., 2016b. Urban and rural transport of
semivolatile organic compounds at regional scale: a multimedia model approach.
J. Environ. Sci. 39, 228-241.

Su, H.Q,, Ly, Y.L, Wang, P., Shi, Y.J., Li, Q.F., Zhou, Y.Q,, Johnson, A.C,, 2016. Perfluoroalkyl
acids (PFAAs) in indoor and outdoor dusts around a mega fluorochemical industrial
park in China: implications for human exposure. Environ. Int. 94, 667-673.

Sy, C, Lu, Y.L, Johnson, A.C., Shi, Y.J., Zhang, M., Zhang, Y.Q., Juergens, M.D., Jin, X.W.,
2017a. Which metal represents the greatest risk to freshwater ecosystem in Bohai Re-
gion of China? Ecosyst. Health Sustain. 3.

Su, H.Q,, Shi, Y.J., Lu, Y.L, Wang, P., Zhang, M., Sweetman, A.., Jones, K.C., Johnson, A.C.,
2017b. Home produced eggs: an important pathway of human exposure to
perfluorobutanoic acid (PFBA) and perfluorooctanoic acid (PFOA) around a
fluorochemical industrial park in China. Environ. Int. 101, 1-6.

Tao, Y., Li, F., Wang, R,, Zhao, D., 2015. Effects of land use and cover change on terrestrial
carbon stocks in urbanized areas: a study from Changzhou, China. J. Clean. Prod. 103,
651-657.

Teran, T., Lamon, L., Marcomini, A., 2012. Climate change effects on POPs' environmental
behaviour: a scientific perspective for future regulatory actions. Atmos. Pollut. Res. 3,
466-476.

Wang, W., Simonich, S.L.M., Xue, M., Zhao, ., Zhang, N., Wang, R., Cao, ]., Tao, S., 2010. Con-
centrations, sources and spatial distribution of polycyclic aromatic hydrocarbons in
soils from Beijing, Tianjin and surrounding areas, North China. Environ. Pollut. 158,
1245-1251.

Wang, P., Ly, Y.L, Wang, T.Y., Fu, Y.N,, Zhu, Z.Y., Liy, S.J,, Xie, SW., Xiao, Y., Giesy, ].P., 2014.
Occurrence and transport of 17 perfluoroalkyl acids in 12 coastal rivers in south Bohai

coastal region of China with concentrated fluoropolymer facilities. Environ. Pollut.
190, 115-122.

Wang, P, Ly, Y.L, Wang, T.Y., Zhu, Z.Y., Li, Q.F., Meng, J., Su, H.Q., Johnson, A.C., Sweetman,
AJ.,2016. Coupled production and emission of short chain perfluoroalkyl acids from a
fast developing fluorochemical industry: evidence from yearly and seasonal monitor-
ing in Daling River Basin, China. Environ. Pollut. 218, 1234-1244.

Woehrnschimmel, H., MacLeod, M., Hungerbuhler, K., 2013. Emissions, fate and transport
of persistent organic pollutants to the Arctic in a changing global climate. Environ. Sci.
Technol. 47, 2323-2330.

Woodfine, D.G., MacLeod, M., Mackay, D., Brimacombe, ].R., 2001. Development of conti-
nental scale multimedia contaminant fate models: integrating GIS. Environ. Sci.
Pollut. Res. 8, 164-172.

Xie, SW,, Ly, Y.L, Wang, T.Y., Liu, SJ., Jones, K., Sweetman, AJ., 2013a. Estimation of PFOS
emission from domestic sources in the eastern coastal region of China. Environ. Int.
59, 336-343.

Xie, S.W., Wang, T.Y., Liu, SJ., Jones, K.C., Sweetman, AJ., Ly, Y.L, 2013b. Industrial source
identification and emission estimation of perfluorooctane sulfonate in China. Environ.
Int. 52, 1-8.

Xu, L, Wang, T.Y., Ni, K, Liy, SJ., Wang, P., Xie, SW., Meng, J., Zheng, X.Q., Lu, Y.L., 2013.
Metals contamination along the watershed and estuarine areas of southern Bohai
Sea, China. Mar. Pollut. Bull. 74, 453-463.

Zhang, L, Wy, T,, Xin, X,, Dong, M., Wang, Z., 2012. Projections of annual mean air temper-
ature and precipitation over the globe and in China during the 21st century by the
BCC Climate System Model BCC_CSM1. 0. Acta. Metall. Sin. 26, 362-375.

Zhou, Z., Ma, L,, 2013. Research advance of climate change influence on environmental
behavior of POPs. Environ. Pollut. Cont. 35, 84-87 (in Chineses, with English
abstract).


http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0205
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0210
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0210
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0210
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0215
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0215
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0215
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0220
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0220
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0220
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0225
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0225
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0230
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0230
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0230
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0235
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0235
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0235
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0240
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0240
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0240
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0245
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0245
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0245
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0245
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0250
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0250
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0250
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0255
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0255
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0255
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0260
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0260
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0260
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0265
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0265
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0265
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0270
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0270
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0270
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0275
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0275
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0275
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0280
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0280
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0285
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0285
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0285
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0290
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0290
http://refhub.elsevier.com/S0048-9697(17)32363-X/rf0290

Supplementary information

Potential Effects of Changes in Climate and Emissions on
Distribution and Fate of Perfluorooctane Sulfonate in Bohai Rim,

China

Chao Su *®, Shuai Song® ™ *, Yonglong Lu® ™, Shijie Liu >, John P. Giesy ¢, Deliang Chen ®,

Alan Jenkins f, Andrew J. Sweetman "9, Baninla Yvette ®°

% State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing 100085, China

b University of Chinese Academy of Sciences, Beijing 100049, China

¢ State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research
Academy of Environmental Sciences, Beijing 100012, China

Toxicology Centre and Department of Veterinary Biomedical Sciences, University of
Saskatchewan, Saskatoon, Saskatchewan, Canada

¢ Department of Earth Sciences, University of Gothenburg, 405 30 Gothenburg, Sweden

"Centre for Ecology & Hydrology, Wallingford, OX 10 8BB, UK

9 Lancaster Environment Centre, Lancaster University, Lancaster LA1 4YQ, UK

! Authors contributed equally to this work.

Corresponding author:
“Yonglong Lu

Tel: 86-10-62915537

Fax: 86-10-62918177

E-mail: yllu@rcees.ac.cn

S1


mailto:yllu@rcees.ac.cn

Content

Table S1 Physical- chemical properties of PFOS

Table S2 The estimated emissions of PFOS and their compartmental distribution
in the study area under four scenarios

Table S3 The increase rate of parameters considered in the climate change
scenarios

Table S4 Comparison of simulated baseline PFOS concentrations with measured
data in fresh water, fresh water sediment, urban soil, and rural soil in Bohai Rim
Table S5 Changes in PFOS concentrations for fresh water, coastal water, urban

soil, and rural soil under future climate change with four emission scenarios

Table S1 Physical- chemical properties of PFOS*

Properties MW M.P. Solub V.P. Log(Koc) T10 LA

PFOS 538.54 400.00 519.00 3.31E-04 2.7 (fresh water) 265500

3.7 (coastal water)

Properties 1y, Soil t12Veg. TpFW. 1, CW. T12 Sed. E.P. E.S.

PFOS 100000000 265500 5500000 5500000 17000000 50000 -20000

Notes: molar mass (MW, g/mol), melting point (M.P., °C), aqueous solubility (Solub, g/m3), vapor
pressure (V.P., Pa), lower air reaction half-life (ty> LA, h), soil reaction half-life (3, Soil, h),
vegetation reaction half-life (t1, Veg., h), fresh water reaction half-life (ty, FW., h), coastal water
reaction half-life (t3» CW., h), sediment reaction half-life (ty, Sed., h), enthalpy of vaporization
from water to air (E.P., J/mol) and enthalpy of solution from octanol to water (E.S., J/mol). *(3M,
2003; Ahrens et al., 2011; Arp et al., 2006; Brooke et al., 2004; Chen et al., 2012; Liu, 2014;

Lofstedt Gilljam et al., 2015; OECD, 2002).
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Table S2 The estimated emissions of PFOS and their compartmental distribution in the study

area under four scenarios (kg/a)

Scenario 1 Scenario 2
Emissions 2016-2035 2046-2065 2081-2100 2016-2035 2046-2065 2081-2100
Urban air 0.568 0.568 0.568 0.171 0 0
Rural air 0.142 0.142 0.142 0.041 0 0
Urban soil 118.00 118.00 118.00 37.80 0 0
Rural soil 50.50 50.50 50.50 16.20 0 0
Fresh water ~ 373.00 373.00 373.00 111.00 0 0

Scenario 3 Scenario 4
Emissions 2016-2035 2046-2065 2081-2100 2016-2035 2046-2065 2081-2100
Urban air 0.342 1.16E-02 0 0.433 0.256 5.60E-02
Rural air 0.086 4.99E-03 0 0.108 0.11 2.40E-02
Urban soil 75.4 2.57 0 95.5 56.5 12.30
Rural soil 32.30 1.10 0 40.90 24.20 5.29
Fresh water ~ 247.00 173.00 0 313.00 185.00 40.40
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Table S3 The increase rate of parameters considered in the climate change scenarios

2016-2035 2046-2065 2081-2100
Bl AlB A2 Bl AlB A2 Bl AlB A2
Temperature("C (10 yr)-1) 0.4-06 0.4-06 0.4-0.6 0.3 0.5 0.4-06 0.1-0.2 0.3-0.4 0.5-0.6
Precipitation ( (10 yr)-1, anomaly) 3%-12% 3%-6% 3%  7.5%-12% 9%-18% 9%-12% 9%-12% 15%-18% 9%-12%
Sea-level rise 0.045m 0.26 m 0.25m 030m 0.28m 0.35m 0.37m
[ISoil carbon stock 5% 4% 3%
Wind velocity (m/s) -0.1-0.1

Note: For temperature, precipitation, and wind velocity, the increase rates are different for each grid which can be extracted from the figures in literature.

Table S4 Comparison of simulated baseline PFOS concentrations with measured data in fresh water, fresh water sediment, urban soil, and rural soil in Bohai Rim

Location Sampling Sample Rang of measured References Corresponding Modeled concentrations of

Year Size Concentrations Grids corresponding grids (this study)

Fresh water

Liaohe River 2009 20 n.d. - 6.6 (Yang et al., 39,646-48,55 1.73-3.88
2011)

Haihe River 2010 16 2.02-7.62 (Lietal., 2011) 26 5.05

Dagu Drainage Canal 2010 8 1.19-725 (Lietal.,, 2011) 18 30.26

Rivers in South Bohai 2011 35 0.40-12.78 (Wang et al, 3,4, 10 - 13, 18, 1.20-14.98

Coastal Region 2014) 19

Daling River 2011 26 n.d.-12.58 (Wang et al., 38,45,46,54 3.88-9.72
2015)
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Fresh water sediment

Rivers around Laizhou 2009 24 0.02-1.6 (Zhao et al, 4,11-13 0.18-1.65
Bay 2013)
Liaohe River 2009 14 0.04 -0.48 (Yang et al, 39,46 -48,55 0.08-0.19
2011)
Haihe River 2010 16 1.76 - 7.32 (Lietal., 2011) 26 2.19
Dagu Drainage Canal 2010 8 0.09-2.25 (Lietal.,, 2011) 18 0.40
Haihe River 2010 12 0.29-7.39 (Zhao et al., 18,26 0.40-2.19
2014)
Rivers in South Bohai 2011 35 0.027 - 0.435 (Zhu et al, 3,4, 10 - 13, 18, 0.05-0.83
Coastal Region 2014) 19
Daling River 2011 26 0.35-9.85 (Wang et al., 38,45,46,54 0.19-0.48
2014)
Urban soil
Soil in South Bohai 2011 12 0.05-0.18 (Meng et al, 3-5,10,11,13,14 0.07-0.46
Coastal Region 2015)
Rural soil
Soil in South Bohai 2011 28 n.d. - 0.24 (Meng et al., 4-6,10-13,15 0.02-0.23
Coastal Region 2015)
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Table S5 Changes in PFOS concentrations for fresh water, coastal water, urban soil, and rural soil under future climate change with four emission scenarios

Fresh water

Emission scenario 1 Emission scenario 2
B1 AlB A2 B1 AlB A2
2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2035/ 2035/

P 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010

1 0.9583 0.9073 0.8231 09316 0.8837 0.8022 09766 0.9186  0.8259 0.2915 0.2834 0.2971
2 09565 09071 0.8231 0.9303 0.8835 0.8022 0.9748 0.9283  0.8259 0.3013 0.2931 0.3071
3 0.9607 0.9153 0.8308 09376 0.8911 0.8281 0.9763 0.9286  0.8289 0.3017 0.2944 0.3066
4 09621 09160 0.8211 0.9388 0.8916 0.8284 0.9776 0.9387  0.8290 0.1794 0.1751 0.1823
5 0.9625 09175 0.8222 09392 0.8893 0.8294 09778 0.9388 0.8291 0.3079 0.3004 0.3128
6 09779 09317 0.8537 0.9639 09086 0.8349 0.9858 0.9433 0.8410 0.2569 0.2533 0.2589
7 0.9993 1.0032 09862 0.9979 0.9973 0.9897 0.9980 0.9985 0.9707 0.2816 0.2812 0.2812
9 09562 09254 0.8291 0.9305 0.8818 0.8078 0.9738 0.9257 0.8266 0.2822 0.2746 0.2874
10 0.9557 0.9281 0.8239 09295 0.8646 0.8030 0.9739 0.9249 0.8260 0.2606 0.2535 0.2656
11 09566 09258 0.8295 0.9311 0.8622 0.8081 0.9743 0.9257  0.8266 0.2499 0.2432 0.2545
12 0.9642 0.9189 0.8305 09420 0.8643 0.8172 09789 0.9300 0.8300 0.1837 0.1795 0.1864
13 09634 09164 0.8302 0.9411 0.8621 0.8136 0.9784  0.9298  0.8299 0.2559 0.2499 0.2598
14 0.9641 0.9245 0.8443 09433 0.8804 0.8302 09780 0.9316 0.8315 0.2642 0.2586 0.2679
15 0.9668 09023 0.8462 0.9480 0.9080 0.8310 0.9788 0.9343  0.8338 0.2976 0.2918 0.3013
17 0.9580 0.9084 0.8384 09336 0.8944 0.8116 0.9748 09270 0.8276 0.3033 0.2956 0.3086
18 09696 09194 08515 0.9513 0.8951 0.8258 0.9818 0.9351  0.8345 0.2934 0.2878 0.2970
19 0.9589 0.9255 0.8287 09340 0.8822 0.8007 0.9772 0.9257 0.8266 0.2175 0.2120 0.2217
22 10026 10177 10053 1.0016 1.0128 1.0086 1.0000 1.0122  0.9888 0.3467 0.3464 0.3458
25 09513 0.9146 0.8265 09270 0.8710 0.8215 0.9680 0.9166 0.8274 0.3189 0.3108 0.3245
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26
27
28
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

0.9616
0.9690
0.9701
0.9785
0.9675
0.9635
0.9585
0.9653
0.9644
0.9637
0.9627
0.9594
0.9638
0.9614
0.9588
0.9611
0.9571
0.9623
0.9610
0.9587
0.9571
0.9552
0.9602
0.9545
0.9690

0.9294
0.9264
0.9271
0.9300
0.9271
0.9097
0.9017
0.9263
0.9221
0.9197
0.9140
0.9029
0.9174
0.9021
0.9080
0.9158
0.9043
0.9116
0.9032
0.9004
0.9096
0.9098
0.9174
0.9085
0.9168

0.8472
0.8426
0.8480
0.8506
0.8343
0.8453
0.8408
0.8459
0.8429
0.8413
0.8370
0.8325
0.8369
0.8250
0.8302
0.8430
0.8280
0.8454
0.8412
0.8408
0.8327
0.8251
0.8436
0.8231
0.8582

0.9414
0.9497
0.9516
0.9623
0.9464
0.9397
0.9343
0.9438
0.9425
0.9416
0.9403
0.9349
0.9381
0.9352
0.9332
0.9471
0.9314
0.9396
0.9375
0.9340
0.9316
0.9391
0.9463
0.9382
0.9511

0.8849
0.9017
0.9123
0.9143
0.8824
0.8957
0.8877
0.8716
0.8875
0.8851
0.8896
0.8791
0.8730
0.8784
0.8839
0.8713
0.8806
0.8872
0.8889
0.8767
0.8761
0.8764
0.8823
0.8735
0.9024

0.8329
0.8450
0.8473
0.8417
0.8250
0.8223
0.8187
0.8242
0.8240
0.8238
0.8234
0.8220
0.8115
0.8104
0.8109
0.8121
0.8107
0.8232
0.8227
0.8219
0.8211
0.8040
0.8221
0.8102
0.8382

0.9750
0.9814
0.9818
0.9877
0.9813
0.9798
0.9751
0.9795
0.9789
0.9782
0.9777
0.9759
0.9712
0.9798
0.9765
0.9773
0.9747
0.9773
0.9766
0.9754
0.9746
0.9734
0.9770
0.9626
0.9702

0.9220
0.9237
0.9348
0.9399
0.9318
0.9281
0.9273
0.9207
0.9203
0.9200
0.9249
0.9274
0.9268
0.9253
0.9259
0.9277
0.9155
0.9193
0.9284
0.9172
0.9161
0.9151
0.9177
0.9148
0.9258

0.8318
0.8331
0.8340
0.8391
0.8315
0.8283
0.8278
0.8306
0.8302
0.8300
0.8296
0.8280
0.8274
0.8261
0.8267
0.8281
0.8264
0.8294
0.8287
0.8278
0.8269
0.8261
0.8281
0.8259
0.8351

0.3214
0.3288
0.3293
0.3282
0.3240
0.3121
0.3329
0.3297
0.3298
0.3300
0.3277
0.3248
0.3149
0.3033
0.3308
0.3315
0.3275
0.3291
0.3274
0.3247
0.3247
0.3253
0.3299
0.3278
0.3323
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0.3147
0.3222
0.3231
0.3227
0.3169
0.3044
0.3245
0.3223
0.3223
0.3224
0.3200
0.3165
0.3065
0.2951
0.3219
0.3232
0.3187
0.3214
0.3194
0.3164
0.3161
0.3165
0.3217
0.3187
0.3261

0.3259
0.3330
0.3333
0.3312
0.3286
0.3173
0.3387
0.3345
0.3347
0.3349
0.3327
0.3304
0.3205
0.3092
0.3369
0.3371
0.3335
0.3343
0.3327
0.3304
0.3307
0.3316
0.3357
0.3340
0.3361



52 09813 09319 0.8694 0.9699 09195 0.8370 0.9870 0.9166  0.8448 0.3332 0.3294 0.3351

53 0.9895 0.9372 0.8872 09825 0.9294 0.8464 0.9914 0.9396 0.8548 0.3326 0.3303 0.3332

54 09751 09303 0.8652 0.9693 09125 0.8338 0.9734 0.9258 0.8410 0.3289 0.3235 0.3317

55 0.9598 0.9153 0.8451 09452 0.8916 0.8223 0.9660 0.9276  0.8283 0.3220 0.3138 0.3274

56 0.9578 09171 0.8300 0.9420 0.8833 0.8109 0.9651 0.9258  0.8266 0.3222 0.3135 0.3280

Emission scenario 3 Emission scenario 4
B1 AlB A2 B1 AlB A2
2035/ 2065/ 2035 2065/ 2035/ 2065/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/

P 2010 2010 /2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010

1 0.6623 0.5324 0.6439 0.5124 0.6750  0.5024 0.8385 0.4696  0.0956 0.8152 0.4214 0.0929 0.8546  0.4232  0.0929
2 06611  0.3995 0.6430  0.3895 0.6737  0.3947 0.8369 0.4689  0.0955 0.8140 0.4214 0.0929 0.8529  0.4232  0.0929
3 0.6523 0.3639 0.6366  0.3539 0.6629  0.3609 0.8258 0.4663  0.0957 0.8059 0.4230 0.0953 0.8392 0.4247  0.0932
4 04150  0.3959 04051  0.3759 04216  0.3949 0.0194 0.2969  0.0610 0.5128 0.2469 0.0630 0.5338  0.2830  0.0606
5 0.6487 0.2341 0.6329 0.2141 0.6590 0.2241 0.8212 0.4638  0.0951 0.8013 0.4228 0.0952 0.8343 0.4630 0.0932
6 06754 10725 0.6657  1.0825 0.6808  1.0747 0.8550 04936  0.1034 0.8428 0.4305 0.1038 0.8619  0.4925  0.1046
7 0.6906 0.9099 0.6896  0.9087 0.6897  0.9072 0.8742 0.5194  0.1115 0.8730 0.4516 0.1119 0.8731 05170  0.1098
9 0.6609  0.6564 0.6432  0.6264 0.6730  0.6537 0.8366 0.4696  0.0958 0.8142 0.4218 0.0935 0.8520  0.4650  0.0930
10 0.6605 0.9468 0.6425 0.9168 0.6731  0.9408 0.8362 0.4686  0.0955 0.8133 0.4215 0.0930 0.8521  0.4670 0.0929
11 0.6598  1.0929 0.6422  1.0529 0.6720  1.0629 0.8353 0.4689  0.0957 0.8130 0.4218 0.0935 0.8507 0.4620  0.0930
12 0.4338 0.4636 0.4238  0.4356 0.4404  0.4536 0.5492 0.3110  0.0640 0.5366 0.3157 0.0618 0.5575 0.3169 0.0622
13 0.6650  1.0298 0.6497  1.0277 0.6754  1.0296 0.8419 04766  0.0981 0.8225 0.4239 0.0966  0.8550  0.4573  0.0934
14 0.6659 0.8694 0.6515  0.8350 0.6755  0.8503 0.8430 0.4785  0.0987 0.8248 0.4249 0.0983 0.8551  0.4668  0.0936
15 0.6681  0.4088 0.6551  0.4078 0.6763  0.4042 0.8458 0.4823  0.0998 0.8293 0.4263 0.0906 0.8562  0.4813  0.0938
17 0.6612 0.3515 0.6443  0.3149 0.6728  0.3490 0.8370 0.4712  0.0964 0.8157 0.4225 0.0944 0.8517 04700 0.0931
18 0.6686  0.5248 0.6559  0.5048 0.6770  0.5012 0.8464 0.4837  0.1004 0.8304 0.4661 0.1031 0.8570  0.4843  0.1039
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19
22
25
26
27
28
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

0.6625
0.6928
0.6431
0.6521
0.6697
0.6705
0.6762
0.6687
0.6659
0.6625
0.6672
0.6666
0.6661
0.6654
0.6631
0.6662
0.6645
0.6627
0.6643
0.6615
0.6651
0.6642
0.6626
0.6615
0.6602

1.5469
0.0349
0.0488
0.0587
0.0574
0.0546
0.1099
0.1199
0.2974
0.0439
0.0717
0.0580
0.0512
0.0577
0.0965
0.2526
0.4013
0.0361
0.0343
0.0569
0.0575
0.0670
0.0953
0.0989
0.0714

0.6453
0.6921
0.6266
0.6385
0.6564
0.6577
0.6650
0.6541
0.6495
0.6458
0.6523
0.6514
0.6508
0.6499
0.6462
0.6484
0.6464
0.6450
0.6477
0.6437
0.6494
0.6480
0.6456
0.6439
0.6422

1.4686
0.0339
0.0476
0.0571
0.0571
0.0547
0.1094
0.1191
0.2738
0.0434
0.0707
0.0560
0.0519
0.0537
0.0947
0.2259
0.3913
0.0311
0.0332
0.0521
0.0549
0.0601
0.0926
0.0939
0.0704

0.6752
0.6910
0.6543
0.6612
0.6783
0.6786
0.6825
0.6782
0.6772
0.6740
0.6770
0.6765
0.6761
0.6757
0.6745
0.6781
0.6772
0.6749
0.6755
0.6737
0.6755
0.6750
0.6742
0.6736
0.6728

14777
0.0395
0.0479
0.0579
0.0563
0.0558
0.1098
0.1197
0.2983
0.0484
0.0729
0.0574
0.0505
0.0571
0.0964
0.2465
0.4004
0.0359
0.0348
0.0529
0.0565
0.0675
0.0933
0.0962
0.0736

0.8387
0.8770
0.8141
0.8256
0.8478
0.8488
0.8561
0.8465
0.8430
0.8387
0.8446
0.8438
0.8432
0.8424
0.8394
0.8433
0.8412
0.8389
0.8410
0.8375
0.8420
0.8408
0.8389
0.8375
0.8358
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0.4729
0.5238
0.4583
0.4695
0.4835
0.4849
0.4925
0.4813
0.4766
0.4726
0.4790
0.4780
0.4772
0.4763
0.4728
0.4764
0.4737
0.4712
0.4740
0.4697
0.4758
0.4744
0.4721
0.4705
0.4688

0.0967
0.1126
0.0937
0.0969
0.1000
0.1004
0.1027
0.0992
0.0976
0.0967
0.0985
0.0983
0.0980
0.0978
0.0967
0.0973
0.0964
0.0960
0.0969
0.0957
0.0976
0.0972
0.0965
0.0960
0.0956

0.8170
0.8762
0.7933
0.8083
0.8309
0.8326
0.8419
0.8280
0.8222
0.8175
3.3293
0.8247
0.8239
0.8227
0.8180
0.8209
0.8183
0.8165
0.8199
0.8149
0.8222
0.8203
0.8173
0.8152
0.8130

0.4219
0.5243
0.4218
0.4650
0.4598
0.4653
0.4922
0.4698
0.4308
0.4670
0.4420
0.4421
0.4408
0.4380
0.4574
0.4420
0.4670
0.4595
0.4585
0.4478
0.4680
0.4500
0.4610
0.4600
0.4560

0.0934
0.1140
0.0938
0.0981
0.1030
0.1031
0.1036
0.0983
0.0952
0.0947
0.0974
0.0971
0.0969
0.0965
0.0949
0.0943
0.0930
0.0936
0.0950
0.0934
0.0963
0.0956
0.0948
0.0939
0.0931

0.8547
0.8748
0.8283
0.8370
0.8586
0.8590
0.8641
0.8585
0.8573
0.8532
0.8571
0.8565
0.8559
0.8554
0.8539
0.8585
0.8574
0.8544
0.8552
0.8529
0.8552
0.8545
0.8535
0.8528
0.8517

0.4650
0.5240
0.4600
0.4644
0.4782
0.4837
0.4903
0.4682
0.4791
0.4749
0.4626
0.4604
0.4592
0.4630
0.4550
0.4500
0.4610
0.4760
0.4680
0.4580
0.4500
0.4507
0.4642
0.4700
0.4600

0.0930
0.1118
0.0930
0.0935
0.1038
0.1039
0.1044
0.0936
0.0932
0.0932
0.0935
0.0934
0.0934
0.0934
0.0932
0.0931
0.0930
0.0930
0.0932
0.0930
0.0933
0.0933
0.0931
0.0931
0.0930



49  0.6637 0.0529 0.6472  0.0502 0.6752  0.0520 0.8402 0.4741  0.0967 0.8193 0.4590 0.0950 0.8548 0.4720  0.0932
50 0.6598 0.0557 0.6416 0.0513 0.6722 0.0512 0.8352 04691  0.0951 0.8122 0.4541 0.0929 0.8510 0.4621 0.0929
51 0.6698 0.0628 0.6574  0.0605 0.6775 0.0614 0.8479 0.4847  0.1004 0.8322 0.4705 0.1032  0.8577  0.4887  0.1040
52 0.6782 0.0921 0.6703 0.0911 0.6822 0.0920 0.8586 0.4981  0.1046 0.8486 0.4600 0.1042  0.8636 0.4834 0.1051
53 0.6839 0.1336 0.6791  0.1303 0.6852  0.1326 0.8658 0.5077  0.1076 0.8597 0.4977 0.1053 0.8675 0.4934  0.1062
54  0.6740 0.1241 0.6631 0.1142 0.6797 0.1201 0.8532 0.4910 0.1024 0.8394 0.4700 0.1038  0.8605  0.4890 0.1046
55 0.6634 0.1574 0.6464  0.1536 0.6746  0.1546 0.8398 0.4727  0.0967 0.8183 0.4700 0.0952 0.8540 0.4670  0.0953
56 0.6620 0.1487 0.6442 0.1439 0.6740 0.1474 0.8381 0.4703  0.0959 0.8155 0.4492 0.0936  0.8533  0.4730 0.0930
Coastal water
Emission scenario 1 Emission scenario 2
Bl AlB A2 Bl AlB A2
| 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2035/ 2035/
D 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010
5 1.0110 10206 1.0282 10148 10258 1.0271 1.0076 1.0264  1.0249 0.3234 0.3246 0.3224
6 1.0119 1.0227 1.0321 1.0164 1.0274 1.0380 1.0082 1.0273 1.0325 0.3200 0.3214 0.3189
7 1.0118 10226 10321 10163 1.0249 10370 1.0082 1.0218 1.0317 0.3200 0.3213 0.3189
8 1.0118 1.0226 1.0321 1.0163 1.0248 1.0368 1.0082 1.0217 1.0315 0.3200 0.3213 0.3189
11 1.0043 1.0074 1.0100 1.0053 1.0098 1.0107 1.0032 1.0082 1.0146 0.2623 0.2626 0.2620
12 1.0073 1.0163 1.0183 1.0099 1.0143 1.0181 1.0043 1.0129 1.0120 0.2535 0.2542 0.2527
13 1.0074 1.0172 1.0189 10103 1.0141 1.0160 1.0042 1.0123 1.0177 0.2575 0.2583 0.2566
14 1.0076 1.0180 1.0196 1.0107 1.0161 1.0146 1.0041 1.0129 1.0106 0.2596 0.2604 0.2586
15 1.0078 1.0182 1.0200 1.0109 1.0168 1.0255 1.0043 1.0105 1.0256 0.2614 0.2623 0.2604
16  1.0090 1.0196 1.0239 1.0126 1.0156 1.0284 1.0055 1.0117 1.0200 0.2800 0.2811 0.2790
18 1.0128 1.0349 1.0400 1.0200 1.0322 1.0460 1.0058 1.0309  1.0419 0.3223 0.3246 0.3201
19 1.0104 1.0299 1.0371 1.0177 1.0266 1.0323 1.0042 1.0226 1.0328 0.3274 0.3298 0.3254
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20 1.0108 1.0294 1.0391 1018 1.0257 1.0398 1.0051 1.0220 1.0340 0.3287 0.3311 0.3268
21 1.0104 1.0286 1.0388 1.0182 1.0230 1.0348 1.0050 1.0195 1.0398 0.3284 0.3309 0.3266
22 1.0101 1.0256 1.0393 10182 1.0246 1.0392 1.0057 1.0214  1.0309 0.3291 0.3317 0.3276
23 1.0083 1.0197 1.0246 1.0127 1.0156 1.0206 1.0048 1.0108 1.0296 0.2783 0.2796 0.2773
24 1.0085 1.0196 1.0243 10127 1.0122 1.0262 1.0050 1.0107 1.0261 0.2789 0.2801 0.2779
26 1.0087 1.0258 1.0340 1.0154 1.0214 1.0395 1.0029 1.0188 1.0359 0.3372 0.3394 0.3352
27 1.0098 1.0274 1.0362 10166 1.0257 1.0353 1.0039 1.0229 1.0319 0.3379 0.3402 0.3359
28 1.0121 1.0289 1.0429 1.0203 1.0277 1.0448 1.0068 1.0259 1.0445 0.3344 0.3371 0.3326
29 1.0093 1.0244 10363 10170 1.0206 1.0361 1.0046 1.0178 1.0364 0.3296 0.3321 0.3281
30 1.0023 1.0342 1.0386 1.0019 1.0304 1.0333 0.9864 1.0279 1.0309 0.3366 0.3365 0.3313
31 1.0155 1.0296 1.0440 10221 1.0290 1.0453 1.0113 1.0176  1.0392 0.3400 0.3422 0.3386
32 1.0105 1.0218 1.0293 1.0154 1.0198 1.0254 1.0075 1.0180 1.0297 0.3022 0.3037 0.3013
36 0.9931 1.0105 0.9915 09995 1.0096 0.9932 0.9961 1.0085 0.9902 0.3396 0.3417 0.3405
37 1.0108 1.0205 1.0300 1.0158 1.0185 1.0330 1.0075 1.0156 1.0394 0.3440 0.3457 0.3428
38 1.0068 1.0118 1.0175 10096 1.0124 1.0120 1.0049 1.0104 1.0119 0.3407 0.3416 0.3401
39 0.9928 1.0253 0.9290 0.9727 1.0214  0.9312 0.9698 1.0203  0.9332 0.3263 0.3197 0.3187
Emission scenario 3 Emission scenario 4
Bl AlB A2 Bl AlB A2
| 2035/ 2065/ 2035/ 2065/ 2035/ 2065/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/
D 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010
5 0.6813 0.2841 0.6838  0.2874 0.6790  0.2852 0.8625 0.5528  0.1257 0.8656 0.5574 0.1262 0.8596 0.5542  0.1249
6 0.6829 0.3602 0.6859 0.3663 0.6804 0.3623 0.8645 0.5624  0.1293 0.8683 0.5684 0.1299 0.8614 0.5644  0.1282
7 0.6828 0.3599 0.6858  0.3660 0.6804  0.3620 0.8644 0.5621  0.1292 0.8682 0.5682 0.1298 0.8613 0.5641  0.1281
8 0.6828 0.3598 0.6858 0.3660 0.6804 0.3620 0.8644 0.5620  0.1292 0.8682 0.5681 0.1298  0.8613 0.5641 0.1281
11 0.6926 1.2286 0.6933  1.2299 0.6919  1.2288 0.8768 05311 0.1171 0.8777 0.5320 0.1173 0.8759 0.5312 0.1167
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12 06277  0.8991 0.6292  0.9012 0.6259  0.8990 0.7946 0.5016  0.1129 0.7966 0.5043 0.1134 07924 05019  0.1118
13 06313  0.8672 0.6330  0.8691 0.6294  0.8669 0.7992 05073  0.1144 0.8014 0.5102 0.1150 0.7967 05076  0.1131
14 06362 08717 0.6381  0.8740 0.6340  0.8714 0.8054 0.5140  0.1162 0.8078 0.5173 0.1168  0.8027 05144  0.1148
15 0.6376  0.8563 0.6395  0.8587 0.6355  0.8561 0.8072 0.5154  0.1166 0.8096 0.5187 0.1172 08045 05158  0.1151
16 0.6520  0.6982 0.6543  0.7018 0.6498  0.6988 0.8254 0.5301  0.1206 0.8283 0.5344 01212 08226 05311  0.1192
18 0.6927  0.3791 0.6977  0.3853 0.6879  0.3804 0.8769 0.6156  0.1457 0.8832 0.6249 0.1473 08708 06171  0.1419
19 0.6890  0.2635 0.6939  0.2672 0.6848  0.2643 0.8722 0.6028  0.1418 0.8785 0.6115 0.1431 0.8669 0.6043  0.1387
20 06897  0.2464 0.6949  0.2501 0.6858  0.2476 0.8732 0.6022  0.1418 0.8797 0.6115 0.1430 0.8682 0.6045  0.1390
21 06893  0.2468 0.6946  0.2506 0.6856  0.2482 0.8727 0.6005  0.1413 0.8794 0.6100 0.1424 08679 06031 0.1385
22 06896  0.2374 0.6951  0.2415 0.6866  0.2392 0.8731 0.5955  0.1399 0.8800 0.6062 0.1408 0.8692 05994  0.1376
23 06507  0.7013 0.6535  0.7040 0.6484  0.7016 0.8237 0.5338  0.1218 0.8273 0.5390 0.1224 08209 05352  0.1202
24 06511  0.6997 0.6538  0.7027 0.6489  0.7000 0.8242 05325  0.1214 0.8276 0.5375 0.1220 0.8214 05338  0.1199
26 06841  0.0743 0.6886  0.0754 0.6801  0.0745 0.8660 0.5923  0.1387 0.8718 0.6005 0.1398 0.8610 05941  0.1361
27 06861  0.0761 0.6908  0.0772 0.6821  0.0764 0.8686 0.5954  0.1396 0.8745 0.6038 0.1407 08635 05973  0.1370
28 06937  0.1818 0.6994  0.1849 0.6901  0.1831 0.8783 0.6056  0.1432 0.8854 0.6163 0.1442 08736 06092  0.1408
29 06895  0.2279 0.6948  0.2316 0.6862  0.2294 0.8728 0.5947  0.1396 0.8795 0.6044 0.1405 0.8687 05979  0.1371
30 06915  0.1440 0.6913  0.1423 0.6806  0.1408 0.8755 0.6073  0.1346 0.8752 0.5999 0.1381 0.8616 05934  0.1232
31 07018  0.1504 0.7064  0.1528 0.6989  0.1513 0.8885 0.5958  0.1390 0.8942 0.6053 0.1397 0.8847 05994  0.1379
32 06718 05062 0.6751  0.5091 0.6698  0.5069 0.8504 0.5492  0.1252 0.8546 0.5555 0.1256 0.8480 05516  0.1239
36 06835  0.0512 0.6879  0.0524 0.6855  0.0536 0.8653 0.4901  0.0981 0.8708 0.4952 0.0951 0.8679 04990  0.0951
37 0698  0.0703 0.7020  0.0711 0.6963  0.0706 0.8844 0.5728  0.1310 0.8887 0.5791 0.1315 0.8814 05751  0.1300
38 06958  0.1134 0.6978  0.1143 0.6945  0.1138 0.8809 05511  0.1243 0.8833 0.5553 0.1246 08792 05527 0.1235
39 06862  0.2597 0.6723  0.2512 0.6703  0.2507 0.8687 0.5514  0.1115 0.8510 0.5341 0.1136  0.8486 05325  0.0999
Urban soil

Emission scenario 1
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Emission scenario 2



B1 AlB A2 B1 AlB A2

I 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2035/ 2035/
D 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010

0.9703 0.8087 0.7782 0.9671 0.8039 0.7734 09674 0.8038 0.7737 0.3361 0.3350 0.3351
2 0.8548 0.7172  0.6867 0.8633 0.7138 0.6833  0.8527  0.7140  0.6835 0.2960 0.2989 0.2953
3 0.8538 0.7132  0.7029  0.8519 0.7102 0.6852  0.8518  0.7109  0.6986 0.2933 0.2926 0.2926
4 0.8536 0.7144  0.6957 0.8517 0.7110 0.6985 0.8508 0.7115  0.6807 0.1372 0.1369 0.1368
5 0.8538 0.7159  0.6875 0.8516 0.7121 0.6908  0.8508 0.7126  0.6823 0.2952 0.2945 0.2942
6 0.8698 0.7354  0.7181 0.8702 0.7426  0.7226  0.8706  0.7421  0.7220 0.2958 0.2959 0.2960
7 1.0344 09760 0.9464 1.0321 09767 09279 1.0331 0.9768 0.9441 0.3556 0.3548 0.3551
9 0.8474 0.7037  0.6824 0.8452 0.6996 0.6767 0.8452 0.6996  0.6658 0.2935 0.2927 0.2927
10 0.8515 0.7100 0.6899 0.8491 0.7083 0.6829 0.8496 0.7076  0.6853 0.2942 0.2934 0.2935
11 0.8582 0.7220  0.7047  0.8568 0.7217 0.7061  0.8568  0.7212  0.7037 0.2934 0.2929 0.2929
12 1.0698 1.0393  1.0204 1.0747 1.0601 1.0299 1.0749 1.0576  1.0332 0.3234 0.3245 0.3245
13 0.8685 0.7390  0.7143 0.8691 0.7401 0.7226  0.8677  0.7405  0.7269 0.2928 0.2929 0.2924
14 0.8700 0.7409  0.7252 0.8725 0.7457 0.7320 0.8712 0.7450  0.7278 0.2927 0.2934 0.2930
15 0.8454 0.7043  0.6873 0.8453 0.7024 0.6805 0.8439 0.7026  0.6850 0.2895 0.2895 0.2890
17 0.8604 0.7276  0.7011  0.8596 0.7256  0.7037  0.8593  0.7260  0.7089 0.2974 0.2971 0.2970
18 0.8824 0.7789  0.7496 0.8827 0.7846  0.7596  0.8815 0.7816  0.7559 0.3026 0.3027 0.3023
19 1.0993 11360 1.1159 11164 1.1550 11219 11025 1.1406  1.1276 0.3700 0.3753 0.3709
22 0.8914 0.8259 0.8071 0.8923 0.8324 0.8171 0.8897 0.8289  0.8065 0.3048 0.3051 0.3042
25 0.6034 0.5080 0.5012 0.6023 0.5051 0.5029 0.6023  0.5046  0.5004 0.2090 0.2086 0.2086
26 0.8708 0.7530  0.7300 0.8698 0.7515 0.7286  0.8693  0.7504  0.7218 0.3002 0.2999 0.2997
27 0.8769 0.7576  0.7242 0.8765 0.7587  0.7327  0.8756  0.7590  0.7358 0.3026 0.3024 0.3021
28 0.8473 0.7060 0.6866 0.8466 0.7049 0.6871  0.8460 0.7055  0.6836 0.2930 0.2928 0.2926
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

0.8648
0.8631
0.8449
0.8661
0.8643
0.8502
0.8416
0.8432
0.9201
0.9902
0.8914
0.8447
0.8405
0.8393
0.8409
0.8405
0.8442
0.8626
0.8568
0.8386
0.8172
0.8386
0.8410
0.8411
0.8416

0.7537
0.7430
0.7040
0.7374
0.7341
0.7082
0.6948
0.6979
0.8839
0.9714
0.7770
0.6981
0.6916
0.6896
0.6915
0.6914
0.6979
0.7265
0.7166
0.6872
0.6859
0.6876
0.6900
0.6903
0.6913

0.7395
0.7226
0.6811
0.7155
0.7139
0.6837
0.6804
0.6737
0.8792
0.9524
0.7531
0.6851
0.6762
0.6754
0.6793
0.6792
0.6739
0.7010
0.7033
0.6586
0.6576
0.6659
0.6770
0.6776
0.6787

0.8643
0.8615
0.8434
0.8649
0.8636
0.8491
0.8403
0.8420
0.9219
0.9907
0.8901
0.8439
0.8393
0.8381
0.8397
0.8386
0.8415
0.8610
0.8555
0.8379
0.8163
0.8377
0.8400
0.8395
0.8394

0.7537
0.7408
0.7032
0.7343
0.7330
0.7054
0.6909
0.6943
0.8906
0.9752
0.7765
0.6963
0.6884
0.6864
0.6887
0.6886
0.6951
0.7252
0.7153
0.6858
0.6674
0.6854
0.6876
0.6879
0.6889

0.7321
0.7268
0.6819
0.7183
0.7154
0.6854
0.6730
0.6862
0.8743
0.9552
0.7487
0.6764
0.6782
0.6775
0.6618
0.6618
0.6759
0.7100
0.7033
0.6601
0.6591
0.6679
0.6701
0.6707
0.6718

0.8627
0.8609
0.8438
0.8649
0.8629
0.8482
0.8395
0.8412
0.9185
0.9887
0.8894
0.8434
0.8384
0.8373
0.8390
0.8386
0.8422
0.8646
0.8583
0.8393
0.8158
0.8371
0.8394
0.8395
0.8394

0.7522
0.7398
0.7029
0.7338
0.7326
0.7052
0.6905
0.6938
0.8867
0.9732
0.7758
0.6961
0.6881
0.6861
0.6882
0.6881
0.6946
0.7240
0.7151
0.6855
0.6672
0.6851
0.6872
0.6875
0.6885

0.7265
0.7185
0.6866
0.7183
0.7186
0.6849
0.6709
0.6745
0.8600
0.9564
0.7425
0.6780
0.6663
0.6663
0.6716
0.6714
0.6748
0.7043
0.6988
0.6546
0.6419
0.6695
0.6711
0.6719
0.6732

0.2982
0.2973
0.2921
0.3000
0.2990
0.2943
0.2915
0.2920
0.3134
0.3315
0.3044
0.2926
0.2912
0.2907
0.2913
0.2912
0.2923
0.2972
0.2962
0.2905
0.2831
0.2905
0.2914
0.2914
0.2915

S14

0.2980
0.2968
0.2916
0.2996
0.2988
0.2940
0.2911
0.2916
0.3140
0.3316
0.3040
0.2923
0.2907
0.2903
0.2909
0.2905
0.2914
0.2966
0.2957
0.2903
0.2828
0.2902
0.2910
0.2908
0.2908

0.2974
0.2966
0.2917
0.2996
0.2985
0.2936
0.2908
0.2913
0.3129
0.3310
0.3037
0.2922
0.2904
0.2901
0.2907
0.2905
0.2917
0.2979
0.2967
0.2908
0.2826
0.2900
0.2908
0.2908
0.2908



55 0.8415 0.6913 0.6788  0.8393  0.6889 0.8392 0.6882 0.6725 0.2915 0.2907 0.2907
56 0.8411 0.6924  0.6811 0.8390 0.6900 0.8390 0.6892 0.6745 0.2914 0.2906 0.2906
Emission scenario 3 Emission scenario 4

Bl AlB A2 Bl AlB A2
| 2035/ 2065/ 2035/ 2065/ 2035/ 2065/ 2035/201 2065/2  2100/201  2035/201  2065/201  2100/2  2035/2  2065/2  2100/20
D 2010 2010 2010 2010 2010 2010 0 010 0 0 0 010 010 010 10
1 0.6706 0.0190 0.6684  0.0189 0.6686  0.0189 0.8489 0.4188  0.0901 0.8461 0.4163 0.0907 0.8464 0.4162  0.0893
2 0.5906 0.0173 0.5965 0.0172 0.5891 0.0172 0.7477 0.3713  0.0800 0.7552 0.3695 0.0804  0.7458 0.3697 0.0795
3 0.5862 0.0222 0.5848  0.0223 0.5847  0.0225 0.7420 0.3666  0.0789 0.7403 0.3649 0.0792  0.7402 0.3653 0.0784
4 0.2744 0.0119 0.2739 0.0120 0.2736 0.0122 0.3474 0.1723  0.0372 0.3467 0.1716 0.0373  0.3464 0.1717 0.0369
5 0.5893 0.0183 0.5878  0.0183 0.5872  0.0183 0.7460 0.3701  0.0799 0.7441 0.3682 0.0803 0.7433 0.3684  0.0793
6 0.5969 0.0579 0.5972 0.0607 0.5974 0.0606 0.7556 0.3779  0.0817 0.7560 0.3813 0.0811  0.7562 0.3811 0.0821
7 0.7137 0.0506 0.7121  0.0521 0.7128  0.0519 0.9036 0.5045  0.1068 0.9015 0.5048 0.1070  0.9024 0.5049  0.1066
9 0.5857 0.0170 0.5841 0.0169 0.5841 0.0169 0.7415 0.3644  0.0783 0.7395 0.3623 0.0788 0.7395  0.3623 0.0776
10 0.5883 0.0248 0.5866  0.0251 0.5870  0.0252 0.7448 0.3675  0.0791 0.7426 0.3666 0.0795 0.7431 0.3662 0.0786
11 0.5916 0.0598 0.5906 0.0614 0.5906 0.0616 0.7489 0.3728  0.0806 0.7477 0.3726 0.0808  0.7477 0.3723 0.0805
12 0.6885 0.3234 0.6913  0.3362 0.6912 0.3371 0.8716 0.4985  0.1099 0.8751 0.5072 0.1080 0.8750 0.5064  0.1130
13 0.5940 0.0810 0.5943 0.0833 0.5933 0.0838 0.7520 0.3781  0.0820 0.7523 0.3784 0.0818 0.7511 0.3786 0.0822
14 0.5952 0.0911 0.5968  0.0949 0.5959  0.0947 0.7535 0.3790  0.0821 0.7555 0.3813 0.0818 0.7544  0.3809  0.0823
15 0.5802 0.0322 0.5801 0.0331 0.5791 0.0330 0.7345 0.3618 0.0782 0.7344 0.3608 0.0785 0.7331 0.3609 0.0779
17 0.5944 0.0241 0.5938  0.0243 0.5937  0.0244 0.7525 0.3766  0.0815 0.7518 0.3755 0.0818 0.7516  0.3757  0.0813
18 0.6086 0.0519 0.6088 0.0538 0.6080 0.0534 0.7704 0.4023  0.0890 0.7707 0.4052 0.0891  0.7697 0.4037 0.0897
19 0.7563 0.1652 0.7679  0.1718 0.7584  0.1682 0.9575 0.5853  0.1278 0.9721 0.5950 0.1263 0.9601 0.5876  0.1302
22 0.6150 0.0598 0.6156 0.0613 0.6138 0.0608 0.7786 0.4269  0.0956 0.7794 0.4301 0.0956 0.7771 0.4283 0.0955
25 04170 0.0122 0.4163  0.0122 0.4162 0.0121 0.5279 0.2630  0.0567 0.5270 0.2615 0.0569 0.5269 0.2612  0.0562

S15



26
27
28
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

0.5999
0.6052
0.5853
0.5972
0.5961
0.5839
0.5986
0.5970
0.5875
0.5817
0.5828
0.6353
0.6843
0.6161
0.5838
0.5809
0.5801
0.5812
0.5809
0.5834
0.5962
0.5917
0.5796
0.5648
0.5796

0.0230
0.0253
0.0199
0.0314
0.0352
0.0223
0.0177
0.0196
0.0179
0.0167
0.0171
0.0807
0.1732
0.0718
0.0166
0.0164
0.0163
0.0163
0.0163
0.0172
0.0368
0.0205
0.0162
0.0161
0.0162

0.5992
0.6049
0.5848
0.5968
0.5951
0.5829
0.5977
0.5965
0.5867
0.5808
0.5820
0.6365
0.6846
0.6152
0.5832
0.5801
0.5793
0.5804
0.5796
0.5815
0.5951
0.5908
0.5791
0.5642
0.5790

0.0231
0.0257
0.0200
0.0317
0.0353
0.0225
0.0176
0.0197
0.0179
0.0166
0.0171
0.0816
0.1740
0.0721
0.0165
0.0163
0.0162
0.0162
0.0163
0.0172
0.0369
0.0206
0.0161
0.0157
0.0161

0.5989
0.6043
0.5844
0.5958
0.5946
0.5832
0.5977
0.5960
0.5861
0.5802
0.5814
0.6342
0.6832
0.6147
0.5829
0.5795
0.5787
0.5799
0.5796
0.5821
0.5976
0.5927
0.5801
0.5638
0.5786

0.0232
0.0260
0.0202
0.0315
0.0352
0.0225
0.0176
0.0197
0.0179
0.0166
0.0170
0.0812
0.1737
0.0720
0.0165
0.0163
0.0162
0.0162
0.0163
0.0172
0.0368
0.0206
0.0161
0.0157
0.0161

0.7595
0.7661
0.7409
0.7561
0.7547
0.7392
0.7578
0.7558
0.7437
0.7364
0.7378
0.8043
0.8663
0.7799
0.7391
0.7354
0.7344
0.7358
0.7354
0.7386
0.7547
0.7490
0.7338
0.7150
0.7338
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0.3885
0.3916
0.3654
0.3899
0.3845
0.3645
0.3818
0.3799
0.3667
0.3598
0.3614
0.4572
0.5029
0.4024
0.3615
0.3581
0.3571
0.3581
0.3581
0.3614
0.3762
0.3707
0.3559
0.3552
0.3561

0.0848
0.0851
0.0787
0.0858
0.0828
0.0782
0.0820
0.0818
0.0784
0.0769
0.0773
0.1016
0.1088
0.0852
0.0775
0.0765
0.0764
0.0768
0.0768
0.0773
0.0804
0.0795
0.0745
0.0744
0.0764

0.7586
0.7657
0.7403
0.7556
0.7533
0.7379
0.7567
0.7552
0.7428
0.7352
0.7367
0.8058
0.8667
0.7788
0.7384
0.7344
0.7333
0.7348
0.7338
0.7362
0.7533
0.7479
0.7331
0.7143
0.3741

0.3877
0.3921
0.3648
0.3899
0.3833
0.3641
0.3802
0.3793
0.3652
0.3578
0.3595
0.4607
0.5050
0.4021
0.3606
0.3565
0.3555
0.3566
0.3566
0.3599
0.3755
0.3701
0.3551
0.3456
0.3550

0.0850
0.0850
0.0788
0.0861
0.0833
0.0782
0.0824
0.0820
0.0786
0.0772
0.0776
0.1022
0.1080
0.0847
0.0776
0.0767
0.0766
0.0771
0.0771
0.0776
0.0803
0.0795
0.0747
0.0745
0.0767

0.7582
0.7650
0.7398
0.7542
0.7528
0.7382
0.7567
0.7546
0.7420
0.7345
0.7360
0.8029
0.8650
0.7782
0.7380
0.7336
0.7326
0.7341
0.7338
0.7369
0.7565
0.7503
0.7344
0.7138
0.7325

0.3872
0.3923
0.3651
0.3892
0.3828
0.3640
0.3800
0.3791
0.3651
0.3575
0.3593
0.4587
0.5039
0.4018
0.3605
0.3563
0.3553
0.3564
0.3563
0.3597
0.3749
0.3700
0.3550
0.3455
0.3548

0.0849
0.0853
0.0784
0.0855
0.0823
0.0776
0.0812
0.0812
0.0774
0.0759
0.0763
0.1005
0.1081
0.0840
0.0767
0.0753
0.0753
0.0760
0.0759
0.0763
0.0796
0.0790
0.0740
0.0737
0.0757



52 05813 0.0162 0.5806  0.0162 0.5802  0.0162 0.7359 0.3573  0.0766 0.7350 0.3561 0.0769  0.7345 0.3559  0.0759
53 0.5814 0.0163 0.5802  0.0162 0.5802  0.0162 0.7360 0.3575  0.0766 0.7346 0.3562 0.0770 0.7346  0.3560 0.0760
54 05817 0.0163 0.5801  0.0163 0.5801  0.0163 0.7364 0.3580  0.0768 0.7344 0.3567 0.0771  0.7344 03565 0.0761
55 0.5816 0.0168 0.5801 0.0167 0.5800 0.0167 0.7363 0.3580 0.0768 0.7343 0.3568 0.0770 0.7343 0.3564 0.0761
56 0.5814 0.0163 0.5799  0.0163 0.5799  0.0162 0.7360 0.3586  0.0770 0.7341 0.3573 0.0773  0.7341 0.3569  0.0763
Rural soil
Emission scenario 1 Emission scenario 2
B1 AlB A2 B1 AlB A2

| 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2035/ 2035/
D 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010

1.1054 1.1691 1.1822 1.1046 11736  1.1886  1.1059 11736  1.1850 0.3830 0.3827 0.3831
2 11538 12873 1.2984 11577 12933 1.3023 1.1556 1.2933  1.3110 0.3993 0.4006 0.3999
3 1.1121 11730 1.1800  1.1133 1.1812  1.1991 1.1162 1.1812  1.1996 0.3753 0.3755 0.3764
4 11519 12838 13061 11547 1.2899 1.2997 11544 12899  1.3013 0.1904 0.1910 0.1909
5 1.1806 1.3697 13905 1.1821 13737  1.3978 1.1820 13731  1.3804 0.4068 0.4073 0.4072
6 12194 14429 14680 1.2277 14809 13786 1.2326 14777  1.4837 0.3989 0.4015 0.4030
7 1.0759 1.2929 1.3787 1.0759 12916  1.3775 1.0771 1.2924 1.3571 0.3699 0.3699 0.3703
9  1.0893 11223 11445 1.0902 11279 11485 10905 1.1287  1.1392 0.3771 0.3774 0.3775
10 1.0968 1.1362 1.1488 1.0974 1.1453  1.1587 1.0994 1.1455  1.1550 0.3764 0.3765 0.3772
11 1.1702 13268 13767 11724 13458 1.3662 11722 13418 14291 0.3759 0.3765 0.3765
12 1.1516 1.8557 22734 1.1501 19141  2.2892 1.1454 1.8811  2.4425 0.3007 0.3003 0.2991
13 1.1280 12295 13093 1.1389 12572 12951 1.1351 1.2560  1.3905 0.3405 0.3435 0.3425
14 1.1452 1.3063 14434  1.1599 1.3484 14350  1.1552 1.3389  1.5472 0.3337 0.3381 0.3366
15 1.2723 16556 1.6805 1.2789  1.6763 1.6942 12783 1.6736 1.6956 0.4233 0.4254 0.4251
17 11177 1.1874  1.2012 1.1219 1.1996  1.2192 1.1208 1.2016  1.2258 0.3846 0.3860 0.3856
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18
19
21
22
23
25
26
27
28
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

1.2398
1.0417
1.0469
1.3739
1.0196
1.2278
1.1675
1.2279
1.2899
11711
1.0671
1.1210
1.1657
1.0830
1.0763
1.0598
1.0675
1.1046
1.1215
1.0343
1.0481
1.0588
1.0539
1.0604
1.0577

1.6758
1.5685
1.1305
2.3150
0.9828
1.5031
1.3675
1.5203
1.7308
1.5460
1.1013
1.1684
1.3198
1.0968
1.0800
1.0527
1.0684
1.2208
1.2813
0.9680
1.0218
1.0431
1.0337
1.0569
1.0525

1.9081
1.9759
1.1580
2.3803
0.8694
1.5106
1.4673
1.5605
1.7485
1.8118
1.1105
1.1234
1.3276
1.1087
1.0806
1.0626
1.0626
1.2591
1.3615
0.8990
1.0294
1.0488
1.0370
1.0591
1.0539

1.2458
1.0508
1.0629
1.3787
1.0318
1.2280
1.1705
1.2312
1.2948
11711
1.0744
1.1311
1.1669
1.0874
1.0798
1.0621
1.0729
1.1125
1.1196
1.0452
1.0503
1.0613
1.0564
1.0617
1.0597

1.7280
1.5814
1.1633
23377
1.0026
1.5058
1.3855
1.5402
1.7426
1.5588
1.1226
11934
1.3268
1.1138
1.0931
1.0610
1.0844
1.2485
1.2870
0.9829
1.0327
1.0554
1.0444
1.0630
1.0588

1.9188
1.9780
1.1873
2.3722
0.8401
1.5191
1.4618
1.5517
1.7513
1.8416
1.1998
1.0920
1.3363
1.0999
1.1016
1.0775
1.0524
1.2568
1.3891
0.8833
1.0241
1.0422
1.0303
1.0559
1.0506

1.2384
1.0425
1.0571
1.3747
1.0202
1.2279
1.1672
1.2322
1.2941
1.1629
1.0705
1.1286
1.1669
1.0866
1.0804
1.0630
1.0725
1.1068
1.1164
1.0429
1.0505
1.0621
1.0575
1.0627
1.0599

1.7001
1.5679
1.1628
2.3294
0.9955
1.5054
1.3799
1.5454
1.7477
1.5433
1.1172
1.1904
1.3269
1.1150
1.0951
1.0620
1.0826
1.2405
1.2827
0.9815
1.0335
1.0564
1.0457
1.0633
1.0588

2.0258
1.9773
1.0758
2.3662
0.7772
1.5202
1.5348
1.6005
1.7510
1.8779
1.1266
1.1035
1.3441
1.1371
1.1017
1.0690
1.0745
1.2571
1.3677
0.9236
1.0517
1.0703
1.0580
1.0745
1.0681

0.4124
0.3524
0.3309
0.4685
0.3355
0.4252
0.4015
0.4208
0.4399
0.3950
0.3616
0.3817
0.4037
0.3736
0.3718
0.3664
0.3673
0.3730
0.3696
0.3454
0.3630
0.3665
0.3648
0.3672
0.3661
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0.4143
0.3553
0.3357
0.4701
0.3396
0.4253
0.4025
0.4219
0.4414
0.3950
0.3640
0.3851
0.4041
0.3751
0.3730
0.3672
0.3690
0.3756
0.3690
0.3491
0.3637
0.3674
0.3657
0.3677
0.3669

0.4119
0.3526
0.3338
0.4687
0.3357
0.4252
0.4014
0.4222
0.4411
0.3922
0.3627
0.3843
0.4041
0.3748
0.3732
0.3675
0.3689
0.3737
0.3679
0.3483
0.3638
0.3676
0.3661
0.3680
0.3669



46 10815 11034 11052 1.0862 1.1141 1.0982 1.0847 11129 11312 0.3735 0.3751 0.3746
47  1.0659 1.0542 1.0273 1.0729 1.0647 1.0074  1.0687 1.0627  1.0372 0.3615 0.3639 0.3625
48 11651 13050 1.2886 11712 1.3133 13754 11661 13142 1.3323 0.4021 0.4042 0.4024
49  1.0568 1.0329 1.0481 1.0597 1.0438  1.0399 1.0586 1.0455  1.0663 0.3661 0.3670 0.3667
50 1.0650 10371 1.0627 1.0659 1.0598 1.0607 1.0665 1.0599  1.0758 0.3689 0.3692 0.3694
51 1.0910 1.0263 1.0688 1.0935 1.0755 1.0614  1.0952 1.0770  1.0905 0.3779 0.3787 0.3793
52 1.0591 1.0464 1.0500 1.0602 1.0539 1.0457 1.0613 1.0545 1.0636 0.3668 0.3672 0.3676
53 1.0530 1.0390 1.0299 1.0554 1.0444  1.0344  1.0557 1.0451  1.0344 0.3647 0.3655 0.3656
54  1.0569 1.0504 1.0412 1.0599 1.0553 1.0466 1.0597 1.0555  1.0533 0.3660 0.3670 0.3670
55 1.0542 1.0418 1.0380 1.0578 1.0470  1.0322 1.0572 1.0478  1.0506 0.3645 0.3657 0.3655
56 1.0750 10952 1.0970 1.0772 1.0789 1.0957 1.0771  1.0997  1.1097 0.3724 0.3731 0.3731
Emission scenario 3 Emission scenario 4
B1 AlB A2 B1 AlB A2

| 2035/ 2065/ 2035/ 2065/ 2035/ 2065/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/ 2035/ 2065/ 2100/
D 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010

0.7641 0.0276 0.7636  0.0277 0.7644  0.0277 0.9673 0.6055  0.1326 0.9666 0.6078 0.1322  0.9677 0.6078  0.1340
2 07970 0.0324 0.7996  0.0326 0.7982  0.0327 1.0089 0.6664  0.1457 1.0123 0.6694 0.1450 1.0104 0.6694  0.1471
3 0.7526 0.0491 0.7530  0.0502 0.7549  0.0508 0.9527 0.5969  0.1301 0.9532 0.6005 0.1293 0.9556  0.6006  0.1318
4 03841 0.0447 0.3855  0.0458 0.3854  0.0465 0.4863 0.3190  0.0698 0.4881 0.3210 0.0693 0.4879 03212  0.0708
5 0.8130 0.0407 0.8139  0.0414 0.8138  0.0414 1.0292 0.7072  0.1546 1.0304 0.7091 0.1543 1.0303 0.7088  0.1557
6  0.8257 0.2496 0.8312  0.2647 0.8344  0.2639 1.0453 0.7331  0.1573 1.0522 0.7517 0.1531 1.0563 0.7502  0.1589
7 0.7419 0.0556 0.7418 0.0574 0.7426  0.0573 0.9392 0.6682  0.1556 0.9391 0.6674 0.1555 0.9402 0.6678  0.1532
9 07529 0.0295 0.7535  0.0298 0.7537  0.0300 0.9531 0.5812  0.1272 0.9539 0.5841 0.1265 0.9541 05845  0.1288
10 0.7570 0.0627 0.7574  0.0646 0.7588  0.0653 0.9584 0.5877  0.1287 0.9588 0.5924 0.1275 0.9606  0.5924  0.1305
11 0.8006 0.4222 0.8019  0.4383 0.8018  0.4331 1.0135 0.6807  0.1543 1.0151 0.6902 0.1532 1.0150 0.6881  0.1601
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12
13
14
15
17
18
19
21
22
23
25
26
27
28
30
31
32
33
34
35
36
37
38
39
40

0.7197
0.7424
0.7499
0.8706
0.7719
0.8525
0.7164
0.7042
0.9475
0.6986
0.8486
0.8058
0.8459
0.8870
0.8083
0.7371
0.7741
0.8056
0.7472
0.7431
0.7321
0.7372
0.7679
0.1234
0.7148

1.3561
0.4995
0.6843
0.2522
0.0569
0.2950
0.1562
0.3074
0.1579
0.1894
0.0370
0.0574
0.0738
0.1084
0.1727
0.1151
0.0966
0.0320
0.0341
0.0311
0.0293
0.0474
0.1364
0.2981
0.1676

0.7185
0.7492
0.7595
0.8750
0.7748
0.8566
0.7226
0.7147
0.9507
0.7069
0.8487
0.8079
0.8482
0.8902
0.8082
0.7422
0.7811
0.8064
0.7502
0.7455
0.7336
0.7408
0.7681
0.7738
0.7224

1.3990
0.5148
0.7057
0.2625
0.0586
0.3102
0.1616
0.3160
0.1625
0.1923
0.0372
0.0588
0.0759
0.1110
0.1744
0.1178
0.1003
0.0323
0.0351
0.0318
0.0299
0.0490
0.1398
0.2988
0.1704

0.7157
0.7469
0.7565
0.8745
0.7740
0.8515
0.7169
0.7107
0.9480
0.6990
0.8487
0.8056
0.8488
0.8898
0.8026
0.7395
0.7793
0.8064
0.7497
0.7459
0.7342
0.7406
0.7642
0.7716
0.7208

1.3753
0.5155
0.7013
0.2609
0.0590
0.3016
0.1588
0.3191
0.1615
0.1913
0.0372
0.0586
0.0778
0.1136
0.1725
0.1172
0.0999
0.0323
0.0353
0.0321
0.0301
0.0489
0.1388
0.2981
0.1702

0.9111
0.9399
0.9493
1.1021
0.9771
1.0793
0.9070
0.8915
1.1994
0.8843
1.0743
1.0202
1.0709
1.1229
1.0232
0.9332
0.9799
1.0199
0.9459
0.9408
0.9267
0.9333
0.9655
0.9812
0.9049
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0.8675
0.6051
0.6386
0.8490
0.6145
0.8632
0.8085
0.5707
1.1966
0.5041
0.7784
0.7070
0.7850
0.8924
0.7995
0.5700
0.6045
0.6834
0.5669
0.5587
0.5448
0.5529
0.6315
0.6635
0.5012

0.2316
0.1402
0.1534
0.1846
0.1357
0.2145
0.2224
0.1222
0.2687
0.0973
0.1708
0.1656
0.1759
0.1947
0.2046
0.1255
0.1269
0.1501
0.1251
0.1221
0.1190
0.1201
0.1423
0.1540
0.1037

0.9096
0.9484
0.9615
1.1077
0.9808
1.0844
0.9148
0.9048
1.2036
0.8950
1.0745
1.0228
1.0738
1.1270
1.0232
0.9396
0.9888
1.0209
0.9497
0.9438
0.9287
0.9379
0.9724
0.9796
0.9145

0.8940
0.6182
0.6590
0.8590
0.6207
0.8900
0.8149
0.5872
1.2082
0.5143
0.7797
0.7161
0.7951
0.8983
0.8061
0.5810
0.6174
0.6870
0.5757
0.5655
0.5491
0.5611
0.6458
0.6665
0.5089

0.2333
0.1387
0.1524
0.1829
0.1344
0.2157
0.2226
0.1201
0.2678
0.0940
0.1707
0.1650
0.1738
0.1928
0.2080
0.1243
0.1234
0.1500
0.1242
0.1211
0.1184
0.1190
0.1420
0.1571
0.0999

0.9061
0.9456
0.9576
1.1071
0.9799
1.0780
0.9076
0.8998
1.2001
0.8849
1.0744
1.0199
1.0746
1.1264
1.0160
0.9361
0.9866
1.0209
0.9491
0.9443
0.9295
0.9376
0.9674
0.9768
0.9125

0.8790
0.6176
0.6545
0.8577
0.6217
0.8756
0.8080
0.5867
1.2039
0.5106
0.7795
0.7133
0.7978
0.9008
0.7980
0.5783
0.6159
0.6871
0.5763
0.5665
0.5496
0.5602
0.6417
0.6642
0.5082

0.2487
0.1486
0.1640
0.1850
0.1385
0.2277
0.2225
0.1186
0.2671
0.0868
0.1719
0.1731
0.1804
0.1949
0.2121
0.1274
0.1247
0.1520
0.1283
0.1245
0.1208
0.1214
0.1420
0.1547
0.1045



41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

0.7243
0.7316
0.7282
0.7328
0.7310
0.7475
0.7367
0.8065
0.7304
0.7361
0.7541
0.7320
0.7278
0.7305
0.7286
0.7430

0.0247
0.0261
0.0255
0.0254
0.0267
0.0372
0.1140
0.0549
0.0248
0.0246
0.0246
0.0251
0.0253
0.0261
0.0319
0.0260

0.7258
0.7333
0.7299
0.7337
0.7324
0.7507
0.7415
0.8107
0.7324
0.7367
0.7557
0.7328
0.7295
0.7326
0.7312
0.7445

0.0250
0.0265
0.0258
0.0256
0.0270
0.0381
0.1156
0.0557
0.0251
0.0251
0.0258
0.0253
0.0254
0.0263
0.0322
0.0261

0.7260
0.7338
0.7307
0.7344
0.7325
0.7497
0.7387
0.8071
0.7316
0.7371
0.7569
0.7336
0.7296
0.7325
0.7307
0.7445

0.0250
0.0266
0.0259
0.0257
0.0270
0.0380
0.1152
0.0558
0.0251
0.0252
0.0259
0.0253
0.0254
0.0263
0.0323
0.0261

0.9169
0.9261
0.9219
0.9277
0.9254
0.9463
0.9326
1.0210
0.9247
0.9318
0.9546
0.9267
0.9214
0.9248
0.9224
0.9407

0.5291
0.5400
0.5352
0.5473
0.5450
0.5714
0.5459
0.6769
0.5348
0.5371
0.5315
0.5419
0.5381
0.5440
0.5395
0.5672

0.1164
0.1186
0.1173
0.1198
0.1192
0.1250
0.1162
0.1460
0.1186
0.1202
0.1209
0.1188
0.1176
0.1189
0.1174
0.1241

0.9188
0.9283
0.9241
0.9289
0.9272
0.9504
0.9388
1.0263
0.9271
0.9326
0.9567
0.9277
0.9235
0.9275
0.9256
0.9425

0.5347
0.5463
0.5407
0.5504
0.5482
0.5769
0.5513
0.6811
0.5405
0.5488
0.5569
0.5458
0.5409
0.5465
0.5422
0.5691

0.1158
0.1178
0.1165
0.1194
0.1188
0.1242
0.1139
0.1445
0.1176
0.1200
0.1201
0.1183
0.1170
0.1184
0.1167
0.1239

0.9191
0.9290
0.9251
0.9297
0.9273
0.9491
0.9351
1.0218
0.9262
0.9332
0.9582
0.9287
0.9237
0.9273
0.9251
0.9425

0.5351
0.5469
0.5414
0.5506
0.5483
0.5763
0.5503
0.6816
0.5414
0.5488
0.5577
0.5461
0.5412
0.5467
0.5426
0.5695

0.1189
0.1210
0.1196
0.1215
0.1208
0.1268
0.1173
0.1475
0.1206
0.1217
0.1233
0.1203
0.1192
0.1203
0.1188
0.1255
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