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Abstract

Semi-volatile organic compounds (SVOCs), represented particularly by polycyclic aromatic
hydrocarbons (PAHs), are notorious pollutants that significantly affect aquatic ecosystems and
public health. Sediments serve as major sinks for anthropogenic PAHs, yet their role in modulating
aquatic ecological risks of PAHs under climate change scenarios remains underexplored. We
combined a global meta-analysis of PAHs concentrations in air, water, and sediment from 1993 to
2021 with a robust multimedia fugacity model to assess the transport and distribution of PAHs.
The toxicity equivalent concentration approach is used to calculate the Risk Quotient and Dioxin
Toxicity Equivalence of PAHs. We found that the majority of the reported measurements clustered
in three major watersheds: Yangtze (n = 488) and Huanghe (n = 196) in China, and St. Lawrence
(n = 337) in the United States. We reveal that sediment sinks contribute substantially to the
persistence and redistribution of PAHs. By 2050, high molecular weight PAHs will dominate the
sediment—water exchange pathway, while low molecular weight PAHs will be largely depleted in
sediments, primarily driven by projected shifts in emission composition, enhanced volatilization
and degradation of low molecular weight compounds, and the absence of continuous external
inputs. Climate-induced changes in sediment fluxes are predicted to elevate the aquatic PAHs
concentrations and associated risks, quantified by Risk Quotient and Dioxin Toxicity Equivalence,
in China. While this trend holds for most regions, the St. Lawrence watershed is projected to see
lower ecological risk due to higher PAHs degradation rates. This research underscores the critical
role of sediment sinks in shaping PAHs risks under climate change and emphasizes the need for

integrated management strategies, including sediment remediation and climate change adaptation.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous and highly toxic semi-volatile organic
compounds (SVOCs) that pose serious risks to aquatic ecosystems and human health 2. Exposure
to PAHs, which can occur through inhalation, ingestion, or dermal contact, is linked to various
adverse health outcomes, including carcinogenicity, respiratory issues, and developmental toxicity.
Despite global reductions in PAHs emissions—which peaked at 592 Gg in 1995 and are projected
to decrease by 46-71% between 2009 and 2030 °, PAHs inputs to lake sediment between 2002 and
2018 have increased *, and PAHs concentrations in the coastal water of ports worldwide exhibit
incremental trends > . Meanwhile, the studies of temporal trends in PAHs concentrations in
sediment since 2000 unveil relatively stable concentrations globally . These findings suggest a
disproportionate redistribution among gas, aqueous, and solid phases driven by biogeochemical
cycles and ongoing exchanges.

Sediments act as significant sinks for PAHs, trapping these toxic compounds while also serving as
a source under certain environmental conditions. Sediment-bound PAHs are subject to dynamic
processes like deposition, diffusion, and resuspension, which are further influenced by climate
change. Rising temperatures altered precipitation patterns, and more frequent extreme weather
events exacerbate the remobilization of sediment-bound PAHs, amplifying their ecotoxicological
impacts in aquatic systems. In contrast, low molecular weight (LMW) PAHs, typically comprising
2-3 aromatic rings, exhibit higher volatility and water solubility. These properties facilitate their
rapid exchange between air and water phases, leading to greater potential for atmospheric transport
and volatilization from aquatic systems. Although LMW PAHs are generally less persistent and
toxic than their HMW counterparts, they can still contribute to acute ecological stress. High
molecular weight (HMW) PAHs demonstrate strong hydrophobicity and persistence, making them
dominant contributors to ecological and health risks.

Watersheds, with their complex networks of interconnected water bodies, play a critical role in

mediating PAHs transport across air, water, sediment, and soil (Fig. S1, Supplementary



This is a Just Accepted version, keep updated with https://doi.org/10.26599/CS.2026.9510007

Carbonsphere, 2026, 2, 9510007

Information (SI)). PAHs enter watersheds through dry and wet deposition (Fp) " and air-water
exchange (Faw) !©'3; while within a watershed, PAHs migrate between sediment and water via
diffusion (Fsw) '*"7, facilitated by groundwater discharge, sediment resuspension, and biotic
activity '®. Recent studies suggest that bubble ebullition also contributes to PAHs transport (FGg)
from sediment to water '°2!. PAHs can be diluted by precipitation and biodegradation *? (Fig. S1,
SI). Fp and Fgg are one-way processes transporting PAHs to the water, whereas Faw and Fsw are
reversable (Fig. S1, SI). Climate-induced alterations in temperature, humidity, and precipitation
patterns further complicate these interactions, potentially increasing volatilization of LMW PAHs
and deposition of HMW PAHs.

The time-dependent evolutions of PAHs concentrations across these phases in influenced by
multiple factors 2°, including dynamic PAHs emissions, characteristics of PAHs sinks, and
transport pathways. For instance, the emissions of PAHs congeners depend on factors such as fuel

24, 25

type, season, combustion efficiency , heating demands 2°, photo- and thermo-chemical

27-29

oxidations , and meteorological conditions ** !, Aqueous PAHs concentrations are influenced

by biogeochemical cycles, atmospheric deposition, natural water flow, and sediment discharge 3>
34 while PAHs concentrations in sediment and soil are primarily governed by the partition
coefficients of individual PAHs between soil organic matter (SOM) and water (Ko values) *°. As
climate change alters precipitation patterns and intensifiers storm events, these processes may be
further complicated, leading to unpredictable PAHs behavior in watersheds. Climate change is
poised to exacerbate the complexities of PAHs behavior. Alterations in temperature, humidity, and
precipitation patterns can influence PAHs volatilization, deposition, and degradation, potentially
leading to greater volatilization of LMW PAHs and increased deposition of HMW PAHs in certain
regions. These climatic shifts could amplify the risks associated with PAHs contamination,
particularly in vulnerable watersheds.

Past studies often focused on short-term temporal trends within isolated small systems, e.g.,

monitoring a single lake system for weeks or months 2*, and employing two or three-phase models
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to predict PAHs concentrations in terrestrial water *® while ignoring climate impacts. A more
sophisticated approach, such as meta-analysis combined with climate change and mechanistic
modelling ¥/, e.g., a multimedia fugacity framework, which incorporates a whole set of attributes
from a typical watershed, is essential for predicting the behavior of PAHs in different
environmental compartments ®. To this end, overall trends *° and key factors driving regional
PAHs concentrations in the context of a changing climate “° is enlightened. However, most large-
scale PAHs measurements and modeling trials concentrated on oceanic systems ! % 2% 4142 with
terrestrial studies being extremely limited due to a lack of time- and location-dependent PAHs
concentration big data 3.

In this study, we aim to predict individual concentrations and aggregative aquatic toxicity of 16
PAHs congeners in major watersheds under the dual influences of global energy market shifts and
climate change, with a focus on achieving sustainable management of water aligned with
Sustainable Development Goals (SDG) target 6.3. We conducted a comprehensive meta-analysis
of global PAHs measurements, including spatiotemporal profiles of congener-specific
concentrations and degradation factors. We then established a robust non-steady-state open system
multimedia fugacity model (OSMF) to predict PAHs concentrations in the air, surface water, and
sediment of three representative watersheds with extensive available monitoring data: the Huanghe,
Yangtze, and St. Lawrence. This research pioneers in quantifying global PAHs distribution,
transport, and aqueous ecotoxicity in the context of climate change, providing crucial insights for

policymakers to formulate effective, region-specific prevention and remediation strategies.

2. Methods
2.1. Literature review and data collection
Between September 2020 and December 2024, we collected data on 16 USEPA-prioritized PAHs
from Web of Science and Google Scholar, focusing on studies from 1990-2020 (Fig. S2, SI). The

dataset includes 931 water samples, 290 air samples, and 1521 sediment samples across Asia,
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Europe, and North America (Table S1-3S, SI). Samples were grouped into 5-year intervals to
analyze temporal trends. Due to the limited data, South America and Africa were excluded. The
study compares PAHs concentrations across East Asia (primarily Chinese waters), Europe

(primarily Western Europe waters) and the North America Great Lakes.

2.2.Non-steady-state OSMF model for PAHs transport and degradation

PAHs are categorized into low molecular weight (LMW, 2-3 rings), including naphthalene (NAP),
acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), and
anthracene (ANT), and high molecular weight (HMW, 4-6 rings) categories, including
fluoranthene (FLA), pyrene (PYR), benz[a]anthracene (BaA), chrysene (CHR),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-
cd]pyrene (IcdP), dibenz[a,h]anthracene (DahA) and benzo[g,h,i]perylene (BghiP). Transport
pathways — air-water exchange, atmospheric deposition (Table S4, SI), sediment-water diffusion,
and bubble ebullition, were analyzed for three major watersheds (Yangtze, Huanghe, and St.
Lawrence). We derived 5-95% percentiles of PAHs concentrations in the air, water, and sediment
and orthogonalized these factors (Fig. S3-S4, SI). We further evaluated PAHs migration in the
water phase under the non-steady-state OSMF framework combined air-water exchange
equilibrium and sediment-water diffusion equilibrium. The study made the following assumptions:
(1) changes in PAHs concentrations in EA, EU and NA surface waters are determined by net fluxes
of Fp, Faw, Fge and Fsw coupled with degradation; (2) regional atmospheric PAHs concentrations
are proportional to PAHs emissions; (3) point (e.g., manufacturers) or non-point source (e.g.,
surface runoff) input of PAHs to the surface water and sedimentation are neglected; (4) potential
PAHs degradation in the surface water is determined from regression analysis on historical data
(Table S5, SI). It is also important to note that the OSMF framework is not as a high-precision
regional prediction model given that point source PAHs inputs were not included in our predictions;

future models should account for these inputs to enhance accuracy. The three watersheds were
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classified into four temperature zones based on latitudes (< 22.4°, 22.4-54°, 54-66°, > 66°), with

temperature-dependent parameters adjusted accordingly (Fig. S5-S6 and Table S6, SI).

2.3. Air-water exchange flux
PAHs exchange between air and water (F, ng/m?/d) was modeled using Fick's law of two—film

theory ** incorporating Henry’s law and meteorological factors,
Faw =Ky * (1000 C, - 72) eq (1)

Where C, and C,, are the average concentrations of air (ng/m?) phase and dissolved PAHs in water
phase (ng/L) respectively, Kaw is the air-water mass transfer coefficient (m/d) calculated using the
two-film model *°, and H' is the dimensionless Henry's constant. The dimensionless Henry's law
constant (H') is calculated from equation (2) 647,

H=H+(RxT)eq(2)

Here, H is the temperature- and salinity-corrected Henry's law constant (Pa/m®/mol), R is universal
gas constant (8.314 Pa m*/kmol), and T(k) is the absolute temperature of the air-water interface.
The air-water mass transfer coefficient (K,,,) comprising resistances to mass transfer across the air
(K,, m/d) and water (K,, m/d) is calculated as **:

VK, =1/K, +1/(HK,) eq (3)

K,=107 +4.62x 102 x U x S, x (a)** eq (4)

K, =10°+34.1x10* x U" x S, x (w)*> (U>0.3 m/s) eq (5)

K, =10°+1.44 x 1072 x (U")*? x S, x (w)"*5 (U'<0.3 m/s) eq (6)

U =102 x(6.1+0.63 x Uj)"> x Uy eq (7)

S.(w) =5.42 x MW + 825.04 eq (8)

S.(a) =0.0033 x MW+ 1.85 eq (9)

where U* is the flow velocity of PAHs in the air (m/s); Uy is the wind speed at a height of 10 m
above the water surface (m/s)*. S.(w) and S.(a) are the Schmidt values of PAHs in the water and

air, respectively; MW is the molecular weight of the PAHs. According to the literature, the wind
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speed (U*) in Asia, Europe, North America, and South America is 0.027 £ 0.007, 0.031 £+ 0.010,

0.032 £ 0.009, and 0.032 + 0.005 m/s, respectively.

2.4. Sediment-water diffusion flux

Sediment-water diffusion followed Fick's gradient flux law, assumed a well-mixed sediment layer.
The flux is calculated as follows:

Fsw=K;x(C,, - C,) eq (10)

Where, Fsw (ng/m?/d) is the diffusion flux of PAHs between the sediment and water, Cpw and Cyw
are the concentrations of PAHs in sediment pore water and the upper water column (ng/L), and K
(m/d) is the sediment-water mass transfer coefficient. Ks can be calculated by the following
formula:

K,=D, +heq(ll)

Where, Dy (m?/d) is the molecular diffusion coefficient of PAHs, which is temperature-dependent,
and h (m) is the thickness of the boundary layer, and the value of h in this paper is set to 0.0012m

50

PAHs concentrations in sediment pore water are calculated using:
Cow = Cs = (KoeXf,, ) €q (12)
Where, Cs is the PAHs concentration in dry sediment (ng/g d.w.); Ko is the organic carbon-water

partition coefficient (Table S6, SI); and fo. is the organic carbon content (wt.%).

2.5. Bubble-ebullition facilitated flux
Bubble transport was estimated based on gas-phase partitioning and interface adsorption models

19 (Table S7, SI). The PAHs flux due to gas phase partitioning is estimated using Henry’s law 2%-°!,

Fegpamn =224 x H x Cow % GFpuy = Vep, €q (13)

Where 22.4 is the molar volume of a gas at standard temperature and pressure (STP, 32° Fahrenheit

and 1 atm, L/mol); Fgpan1 is the PAHs flux facilitated by bubble portioning (mg/m?/d); GFgbun is
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the bubble ebullition flux (mmol CH4 m*d); Vcua is the percentage volume (vol.%) of gas in the
bubbles (set at 60%).

The flux due to bubble surface adsorption is calculated as 2,

Fegpan =6 % Kiy X Fgparn = d eq (14)

Kio =K = Kay €9 (15)

Where Fgi pap is the PAHs flux facilitated by bubble interface adsorption (mg/m?/d); K;, (m*/m?)
is interface-air partitioning coefficient, which is defined as the ratio between interface-water
partitioning coefficient (K,,,) to air-water (Table S6, SI) partitioning (K, ); d is the average bubble
diameter (m); while the number 6 is the coefficient of volume calculation residue (V' =7 x d° + 6).
(Note, the air-ocean exchange is benchmarked as a background value of the Faw for PAHs, with
the net Faw in the Atlantic Ocean, Pacific Ocean, and Indian Ocean being (0.8-1.4) x10* ng/m?/d,

(1.4-2.6) x10* ng/m?/d and (0.4-0.7) x10* ng/m?/d, respectively (Fig. S7, SI)).

2.6. Predictions of regional PAHs emissions and water concentrations

Historical PAHs emissions (1999-2014) * were analyzed as functions of energy consumptions and
gross domestic production (GDP):

Fpypi = a > E;' x GDP}’ eq (16)

Where Fp,y; stands for the total PAHs emissions of region i. Ei stands for energy consumptions of
region i. GDP1 stands for GDP of region i. 11 and r2 are constant elasticities between PAHs and
energy or GDP in the function.

The change of PAHs concentration in water phase and the change trend of the water-air exchange
flux that changes dynamically with the change of air phase and water phase concentration are
predicted according to the four processes of water-air exchange, dry and wet deposition, sediment-
water diffusion, and bubble ebullition.

Fuywi =K x (1000 x Cy,; - Cp i X RX T+ H) eq (17)

Ca,i = Ca,2020 X Ea,i €q (1 8)
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Fpi=Fppooo * Eg;eq(19)

Fgpi =Ky X (Cp,i - Cy) €9 (20)

Covit = (Opaers = Fawa + Foi+ Fegi+ Fsws) X DF+ Vigyer €4 (21)

Where, Faw,; is the water-air exchange flux occurred in the i-th year, Cy,;i and C,; is the
concentration of PAHs in the water and air in the i-th year, Ca2020 and Fp020 is the concentration
in the air and deposition flux of PAHs in 2020, E,; is the scaling factor calculated according to the
PAHs emission in the air, DF is the average degradation factor; Vyater is the volume of surface
water, in which, it is assumed that the PAHs flux (Fgg, i) promoted by bubble ebullition remains
unchanged.

We use the arithmetic mean of PAHs concentrations in air, water, and sediment from different
continents over the past 10 years as the initial boundary for the baseline scenario, and integrated
projected atmospheric PAHs emissions (by a 1-year operator) to derive future aqueous PAHs
concentrations with iteration (by a 1-month operator). The model was validated against historical
surface water PAHs concentrations (Fig. S15, SI). Cyw in EU was largely consistent with the past
regional average PAHs emission profiles. Although the correlation in EA and NA regions was
rather moderate, both showed statistical significance (R*> = 0.24 (EA), 0.83 (EU), and 0.51 (NA),

p <0.05, Table S8, SI), reflecting broad-scale trend consistency.

2.7. Risk assessments of aqueous PAHs

The risks of aqueous PAHs are commonly characterized by assessment indices such as Risk
Quotient (RQ) and Toxic Equivalent Quantity (TEQ).> RQ is the most commonly used ecological
risk assessment index for water >, RQ < 1, 1 <RQ < 100, and RQ > 100 indicate that PAHs pose
no particular risk, moderate and potential risk, and high ecological risk, respectively >*. The RQ
does not respond proportionally to changes in £16Cy, given the different ecological hazards of
individual congeners.

Aqueous PAHs risk was quantified using risk quotients (RQ) (Eq. 22):

10
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RQ=PEC~+ PNEC eq (22)

Where PEC is the predicted environmental concentration (equal to Cy), and PNEC is the predicted
no effect concentration for three different aquatic organisms — algae, crustaceans and fish,
calculated by dividing the LCso or ECso value by an appropriate assessment factor (AF) as follows
(eq 23):

PNEC=LCsy or ECs5y +~ AF eq (23)

An AF of 1000 is used in prioritization of PAHs in this study, where short-term toxicity data is
adopted in three trophic levels (algae, crustaceans and fish). LCso or ECso values were obtained
from literature search or estimated using the Toxicity Estimation Software Tool (TEST, version
5.1) (Table S9, SI).

Carcinogenic risk was evaluated using the TEQ. The toxicity potential of each chemical was
represented TEQ, which was estimated by a single PAHs concentration and the Toxic Equivalency
Factor (TEF). The total toxicity of the sample was expressed by the sum of the TEQs of the
individual PAHs compounds, and the formula was as follows:>>

TEQs = ) TEQ, = J(C; < TEF,) eq (24)

Uncertainty was addressed through Monte Carlo simulation (10,000 runs), considering variability
in mass transfer coefficients (K., H, C, and C,,) based on their literature-reviewed value range
was used. Statistical analyses were carried out in R 3.6.3 and Microsoft Excel. In addition, we
assume that PAHs toxicity is additive without interactions may also contribute to uncertainty in

risk assessments.

2.8. Uncertainty analysis and model applicability

Uncertainty in the present simulation primarily arises from (1) assumptions regarding PAH sources
and dominant transport processes into surface waters, and (2) constrains using literature-derived
physicochemical properties and independently reported concentration ranges. While fully

independent regional calibration datasets were not available for all regions. As point and non-point

11
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terrestrial runoff sources were not explicitly included, the predicted aqueous PAHs concentrations
mainly reflect inputs from atmospheric deposition (dry and wet), air—water exchange, sediment—
water diffusion, and bubble ebullition. Monte Carlo analysis indicates that atmospheric deposition
and sediment—water diffusion contribute most to long-term PAHs mass balance in watershed
waters, whereas air—water exchange plays a secondary but non-negligible role, particularly for low
molecular weight PAHs.

It is acknowledged that, in highly human-impacted watersheds, riverine runoff and advective
renewal can exceed air—water exchange in magnitude. However, the present framework targets
long-term, climate-driven responses of the air—-water—sediment system, under which sediment acts
as a persistent reservoir and regulator of aqueous PAHs. In less disturbed or quasi-reservoir-like
watersheds, such as large rivers with extensive floodplains or long water residence times,
interfacial exchange processes become increasingly important.

The emission inventory employed in this study represents atmospheric PAHs emissions, which
enter surface waters predominantly through dry and wet deposition rather than direct discharge.
Consequently, the model is not intended to resolve short-term hydrological variability, but to
capture long-term trends and relative process contributions under climate change. These
assumptions make the framework more applicable to lakes and large watersheds with slow
turnover, while uncertainties increase in systems dominated by rapid river flow and strong lateral
inputs. Regional variability, data sparsity, and unaccounted local processes may contribute to

reduced model performance in certain regions.

3. Results
3.1 Meta-analysis of global PAHs concentrations in air, water, and sediment
We collected all the available PAHs concentrations from 1993 to 2021 in air (Ca, n = 290, Table
S1, Supplementary Information (SI)), water (Cw, n = 931, Table S2, SI), and sediment (Cs, n =

1,521, Table S3, SI) from the literature for a global meta-analysis, primarily covering three regions:

12
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East Asia (EA, n=2,074 in three phases), Europe (EU, n =230), and North America (NA, n=442)

(Fig. 1). During this period, the sum of yearly average C, of the 16 prioritized PAHs (216C,) in
NA (4.1-16.1 ng/m?) was significantly lower than that in EU (8.6-42.3 ng/m?) and EA (11.8-32.6
ng/m?®) (Fig. 1a-c). The £16C, peaked during 2006-2008 and decreased in NA by 71.5% by 2016
and in EU by 79.7% by 2014, while maintained at stable high levels in EA. The medians of 16C,
in the three regions decreased significantly. These results highlight the positive impact of source
PAHs reduction on C, (Fig. S9 and Tables S10-11, SI), which is driven by regional industrial
transformations and relocations, and distinct technical and regulatory controls over PAHs releases
56,

However, the sum of yearly average Cy, of the 16 prioritized PAHs (X16C,,) demonstrated disparate
temporal profiles than the corresponding X16C,, particularly in EU. The time-dependent 216C,
and £16C,, are poorly correlated in EA (R? = 0.22, p > 0.05), EU (R? = 0.18, p > 0.05), and NA
(R?=0.23, p>0.05) (Fig. 1a-c and Table S12, SI). The largest gaps are noticed between the X16C,
and £16C,, in EA throughout 2001-2017, followed by in EU before 2004 and after 2012. These
differences are well anticipated, as individual Cy are influenced by multiple factors besides Ca,
such as the PAHs concentrations in sediment (Cs) and site-specific degradation factors 2% 33,
Therefore, we studied three watersheds with more data availability, including the St. Lawrence,
the Yangzte, and the Huanghe watersheds, using the OSMF model as a mechanistic diagnostic tool

for exploring dominant transport pathways and climate-sensitivity patterns.

13
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Figure 1: Global PAHs concentrations in air, water, and sediment. a-c. Time-series between 1997-
2020 of means (+1 standard deviation (¢)) and medians (50% quantile, Q2) of sum of yearly
average concentrations of the 16 prioritized PAHs in air (216C,, n = 290), surface water ((Z16C,,,,
n = 931), and sediment ((216C;, n = 1,521) in North America (NA, n = 442) (a), Europe (EU, n =
230) (b), and East Asia (EA, n=2,074) (c); d-f. Concentrations of the sum of 16 prioritized PAHs
in the St. Lawrence (n = 124, 80, and 133, Fig. 1d) watersheds, Huanghe (n = 78, 56, and 62, Fig.
le) and Yangtze (n = 78, 171, and 239 in air, water and sediment, respectively, Fig. 1f) between
1996-2021; g-h. Distribution of PAHs measurements in air, water, and sediment in the St.
Lawrence, the Yangtze, and the Huanghe watersheds, respectively. The shaded areas stand for the
uncertainty ranges of reported data (+1c). Time-series values are presented as the 5-year moving

averages to reduce the influence of outlier values. The concentrations of PAHs in Figs. 1d-f are

14
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plotted as box-and-whiskers, where the line in the box indicates median, the edges of the box are

the 25"-75" percentile range, and the whiskers are the 10"-90" range of the interquartile range.

3.2 Divergent fluxes trends of LMW and HMW PAHs in air-water-sediment nexus in
three major watersheds

The data availability is highly skewed toward three watersheds: the St. Lawrence watershed in NA
(n = 337), and the Huanghe watershed (n = 196) and Yangtze watershed (n = 488) in EA (Fig. 1),
which were selected as the subsequent focus of this study. The distribution of £16C,, in the three
watersheds follows the order of Yangtze (308.8 + 205.0 ng/L) > Huanghe (191.7 + 126.1 ng/L) >
St. Lawrence (4.3 + 3.3 ng/L), while the sum of yearly average concentrations of the 16 prioritized
PAHs in sediment (X16C;) follows the order of Yangtze (537.3 + 359.8 ng/g) > St. Lawrence (338.9
+ 219.7 ng/g) > Huanghe (89.6 + 52.4 ng/g) (Fig. 1a). These values remain at high levels despite
emission controls *®, posing threats to public health and aquatic ecosystems. To better understand
the causes of disparities between the £16C,, and X16C,, it is necessary to consider all the possible
PAHs transport pathways and fluxes using static and dynamic models. Various PAHs fluxes were
analyzed as inputs to the surface water of each watershed, which is assumed to be a completely
mixed waterbody °’. These fluxes include the Fp (Table S4, SI), Faw, Fsw, and Fgg. These fluxes
are correlated, approaching temporal equilibrium in the air-water-sediment nexus based on the
respective equilibrium equations (Fig. S1, SI).

Fp remains the primary pathway for PAHs input > *°, with higher values in the Yangtze and
Huanghe watersheds compared to the St. Lawrence due to elevated PAHs emissions in China * ¢*
6! The total Fp for the 16 prioritized PAHs (£16Cp) is (1.9 £ 2.2) x103, (0.4 + 0.7) x10°, and (0.3
+ 0.3) x10° ng/m?/year in the Yangtze, Huanghe, and St. Lawrence watershed, respectively (Fig.
2a). Dry deposition contributes 75.8% of Fp (Table S4, SI). HMW PAHs, which are more toxic
and particle-affinitive %2, dominate, making up 61.1% and 72.7% of total Fp in the Chinese and St.

Lawrence watersheds, respectively (Fig. 2a). PHE is amongst the most abundant congeners across
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all watersheds, while some PAHs, including ACY, ANT, BaA, and DahA, contribute minimally .

Modelled fluxes show that most LMW PAHs (except NAP, FLU, and PHE in the St. Lawrence)
volatilize from water. Faw in the Yangtze and Huanghe watersheds ((1.4 +0.7) x10% and (5.3 £ 1.4)
x10° ng/m?*/year) is 2-3 orders of magnitude higher than in the St. Lawrence (49 + 42 pug/m?/year)
(Fig. 2a). NAP shows the highest Cy in the Chinese watersheds due to widespread sources * and
strong solubility ¢ ¢+ HMW PAHs primarily migrate from air to water, but exceptions exist
across watersheds, for instance, HMW PAHs, including FLA, PYR, BaA, BbF, and BaP, volatilize
from the aqueous phase into the air in the Yangtze watershed, while LMW PAHSs, including NAP,
FLU, and PHE, tend to transport into the aqueous phase in the St. Lawrence watershed, influenced

by wind speeds (Table S13, SI) and temperature %% ¢’

, which impact volatilization.

Fsw, assessed via Fick's law % (Equations 10-12), shows sediment act as a major sink for 13 out
of 16 PAHs in the Yangtze and Huanghe watersheds, but a net source in the St. Lawrence (Fig. 2a).
The St. Lawrence Fsw ((3.6 + 1.5) x10* ug/m?/year) is 4 times higher than in the Yangtze and
Huanghe watersheds (Fig. 2a). NAP dominates sediment fluxes across all watersheds, though high
uncertainties exist due to fluctuating PAHs concentrations. Fgg, modelled via bubble
adsorption/partitioning '° (Equations 13-15), is 2-3 orders of magnitude lower than Faw and Fsw
in the Yangtze and Huanghe, but in the St. Lawrence, it is comparable to Fp and much higher than
Faw. Total FgE in the St. Lawrence (434 + 253 ug/m?/year) significantly exceeds that of the Yangtze
and Huanghe watersheds (27.9 + 13.3 ug/m?*year) due to the lower Cs (Fig. 2a). HMW PAHs
dominate FgE in the Yangtze and St. Lawrence watersheds. Overall, PAHs exchanges at the air-
water and water-sediment interfaces are mainly controlled by Faw and Fsw. Sediment can act as a
PAHs source or sink, depending on equilibrium conditions. Fsw can counterbalance Faw in East
Asia when flux directions are opposite. Notably, Fge is minor in the Yangtze and Huanghe

watersheds but significant in the St. Lawrence, where Fp remains the dominant PAHs input

pathway.
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3.3 Predicted PAHs distributions in three major watersheds by 2050 under climate
change

Historical PAHs emissions were driven by various factors linked with socioeconomic contexts,
such as energy consumption, population, technology, and GDP ¢-72. Technology advancements *
73 coupled with increased social awareness 7+’ have significantly inhibited PAHs emissions. To
predict regional PAHs emissions between 2021-2050, we utilized a constant elasticity of
substitution (CES) model (Equation 16), correlating typical socioeconomic factors, including
energy consumption (Fig. S10, SI) and GDP (Fig. S11, SI) under three selected shared
socioeconomic pathways (SSPs) 76, including SSP1, SSP2, and SSP5, to understand the influence
of various developments in global society and economy (Fig. S12, SI). In NA, the PAHs emissions
are projected to be reduced by 64% by 2050, nearly double the reduction percentage in EA (Fig.
S9, SI). The regional changes in PAHs emissions will significantly impact their presences in the
watersheds.

We predicted future aqueous PAHs concentrations using a OSMF model combined with time-
dependent PAHs emissions, degradation, and climate change. Climate change has significant
implications for environmental chemistry of PAHs. Critical parameters like Henry's law constant
(H), the octanol-water partition coefficient (Kow), and the air-water partition coefficient (Kaw) all
influence the environmental fate, transport, and bioavailability of PAHs, which are temperature-
dependent. As temperatures rise, the solubility of PAHs in water tends to decrease, leading to an
increase in H, which causes more PAHs to volatilize from aquatic environments into the
atmosphere (Fig. S5, SI). Furthermore, climate change also alters the partitioning behavior of
PAHs between sediment and water, likely enhance their mobility in sediment (Fig. S6, SI). Given
the abundance of PAHs in sediment and their high sensitivity to temperature '°, we expect Fge to
gradually increase in the future '77. However, trends of Fp are uncertain due to conflicting factors:
while global efforts to reduce PAHs emissions should decrease Fp, the increasing frequency of

extreme weather events caused by climate change could drive Fp upward.
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Under the baseline scenario without climate change, X16Cy, in the Yangtze, Huanghe, and St.
Lawrence watersheds are expected to decline by 47.6%, 8.7%, and 19.4%, respectively, from 2021
levels by 2026, followed by additional reductions of 13.8%, 9.7%, and 19.7%, respectively, by
2050 (Fig. S13, SI). These reductions are primarily due to the volatilization of LMW PAHs into
the air through air-water exchange (Fig. 2b). Conversely, the Huanghe watershed will experience
a rapid increase in HMW C,, from 53.3 ng/L to 105.8 ng/L by 2030, which will then plateau.
Meanwhile, the HMW Cy in the Yangtze (82.5 + 66.0 ng/L) and St. Lawrence (3.2 + 2.8 ng/L)
watersheds will remain largely stable until 2050 (Fig. 2¢). This is due to the combined effects of
atmospheric deposition, air-water exchange, and bubble ebullition, which favor the accumulation
of HMW PAHs in the aqueous phase.

Under integrated climate-change scenarios that combine SSP with greenhouse-gas concentration
trajectories (Representative Concentration Pathways, RCPs) — specifically SSP1-RCP2.6
(SSP126), SSP2-RCP4.5 (SSP245), and SSP5-RCP8.5 (SSP585). Cw is expected to rebound from
169-171 ng/L in 2026 to 236-256 ng/L by 2050 in the Yangtze watershed and from 152-155 in
2026 to 150-176 ng/L by 2050 in the Huanghe watershed, with the highest Cw observed under
SSP585 (Fig. S13, SI), attributed to accelerated fossil fuel usage. Both LMW (27.3-75.4%, Fig.
2b) and HMW (24.6-72.7%, Fig. 2c) PAHs will contribute to these increased Cyw levels. Certain
congeners, such as BBF, ANT, and PHE, will account for 30% and 29% of £16Cy, in the Yangtze
and Huanghe watersheds, respectively (Fig. 2d, e). Climate change will significantly increase the
Cw of BBF, ANT, and PHE in the Yangtze watershed by 84.4-89.3 ug/L, 14.5-16.8 ug/L, and 12.1-
15.3 ug/L, respectively, by 2050, mainly due to sediment diffusion. The impact of climate change
on the St. Lawrence watershed is expected to be minimal due to high degradation rates that
counteract the accumulation of most congeners (Table S5, SI). As Cw and C, dynamically change
under climate influences, most LMW PAHs will significantly decrease in the sediment. NAP and
ACE will nearly deplete by 2050 in all the watersheds (Fig. 2g-1). However, HMW PAHs will

accumulate in the EA watersheds, with the Cs of BBF increasing by up to 10 ug/L in the Yangtze
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watershed (Fig. 2g). This highlights the sediment as intermediate sink for HMW PAHs despite

global emission reductions.
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Figure 2: Predicted PAHs concentrations in surface water and sediment by 2050. a. Monte Carlo
simulated temporary air-water exchange (Faw), air deposition (Fp), sediment-water diffusion (Fsw),

and bubble ebullition-facilitated flux (Fgg) in the Yangtze, Huanghe, and St. Lawrence watersheds,
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respectively, under the initial boundary PAHs based on Fig. S1 (SI). Positive values indicate PAHs
fluxes moving into water phase, and vice versa; b-c. Predictions for the concentrations of LMW
PAHSs (Fig. 2b) and HMW PAHs (Fig. 2¢) in the surface water of the Yangtze (YZ), Huanghe (HH),
and St. Lawrence (SL) watersheds under baseline (BS) and climate change scenarios (SSP126,
SSP245, and SSP585). The climate change scenarios are represented by various Shared
Socioeconomic Pathways (SSPs, including SSP1, SSP2, and SSP5) coupled with Representative
Concentration Pathways (RCPs, including RCP2.6, RCP4.5, and RCP8.5), entitled SSP126,
SSP245, and SSP585, as recommended by the Intergovernmental Panel for Climate Change
(IPCC); d-f. predictions for the Cy, of 16 PAHs in the Yangtze (Fig. 2d), Huanghe (Fig. 2¢), and St.
Lawrence (Fig. 2f) watersheds under baseline and climate change scenarios; g-i. predictions for
the Cs of 16 PAHs in the Yangtze (Fig. 2g), Huanghe (Fig. 2h), and St. Lawrence (Fig. 21)

watersheds under baseline and climate change scenarios.

3.4 Increased risk of aqueous HMW PAHs by 2050 under climate change

Under the baseline scenario, the total risks for algae, crustaceans, and fish (ZRQs) between 2021-
2050 in the Yangtze and Huanghe watersheds are 9.4-14.3 and 8.2-19.8, respectively, both peaking
during 2030-2040. These values are 55-136 and 63-102 times higher than those in the St. Lawrence
watershed (0.13-0.15), respectively (Fig. 3a-c). Throughout 2021-2050, PAHs present moderate
risks to surface water in EA with the most risk on algal populations (81-89% of XRQs, Fig. 3a-c),
to which IcdP (RQ = 5-14 to the algae) is the main contributor. The risks to EA’s crustaceans and
fish are of no concern. Under SSP585, the XRQs between 2021-2050 in the St. Lawrence
watershed (0.13-0.15) remain at a low level (Fig. 3f), similar to that under the baseline scenario
(Fig. 3c¢), attributing to high degradation factors. However, ZRQs significantly increase in the
Yangtze watershed by 31-56% between 2040-2050 (Fig. 3d). Under climate change scenarios, the
Huanghe watershed also experiences increased XRQs by >10% since 2035 (Fig. 3b, e). These

trends align with potential risk assessments based on inter-regional multimedia fate analysis of
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PAHs 78. The increases in ZRQs in EA by 2050 are mainly contributed by sediment input through
Fsw. The replenishment of BbF to surface water under SSP585 is mainly responsible for 30-79%
and 77-80% of the increased £RQs by 2050 in the Yangtze and Huanghe watersheds, respectively
(Fig. 3d, e). However, the risk induced by IcdP remains dominant, accounting for 69-80% of the
2RQs in EA’s watersheds.

Under the baseline scenario, the trend of XTEQs is consistent with that of XRQs. The ZTEQs in
the EA’s watersheds are 106-362 times higher than that in the St. Lawrence watershed by 2050
(Fig. 3g-i). The ZTEQs in the Yangtze (0.06-0.11 nM) and Huanghe (0.04-0.11 nM) watersheds
are expected to increase by 99% and 192%, respectively, between 2021-2050, while decrease by
10% in the St. Lawrence watershed (3.2-3.6x10 nM) (Fig. 3g-1). BaP (0.009-0.018 nM) and DahA
(0.020-0.091 nM) are the primary contributors in EA, together accounting for 75-89% and 78-88%
of ZTEQs between 2021-2050 in the Yangtze and Huanghe watersheds, respectively. CHR (8.2-
8.9x10” nM, 24-26%), BaA (7.9-8.4x10”° nM, 23-25%), BaP (6.3-6.9x10” nM, 19-20%), and
BbF (3.6-4.0x10° nM, 10-12%) are the top four congeners contributing to XTEQs in the St.
Lawrence watershed (Fig. 31). By 2050 under SSP585, XTEQs are 32% and 5% higher in the
Huanghe and Yangtze watersheds, respectively, compared to the baseline scenario, but 4% lower
in the St. Lawrence watershed (Fig. 3g-1). The temporal variations in congeners’ TEQs and their
contributions to XTEQs are expected due to climate change impacts. For example, under SSP585,
the TEQs of BbF and DahA will increase by 48% and 192% in the Huanghe watershed but remain
steady in the Yangtze watershed and decrease by 18% in the St. Lawrence watershed by 2050 (Fig.
3j-i). Fortunately, the XTEQs >* of all the surface water in the watersheds will be within the
acceptable range recommended by the United States Environmental Protection Agency (USEPA).
However, the surface water in EA by 2050 may suffer from potential carcinogenic toxicity if
gauged by the standards set by the Swedish Environmental Protection Agency and the Royal

Society of UK 7.
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Figure 3: Predicted PAHs risks in surface water by 2050. a-f. Predictions of ecological risks of the

PAHs represented by Risk Quotient (RQ) from 2021 to 2050 (counter-clockwise order) in the

Yangtze (a, d), Huanghe (b, €), and St. Lawrence (c, f) watersheds under baseline (a-c) and SSP585

scenario (d-f), respectively; g-l. predictions of carcinogenic toxicity of the PAHs represented by

Dioxin Toxicity Equivalence (TEQ) from 2021 to 2050 (counter-clockwise order) in the Yangtze
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(g, j), Huanghe (h, k), and St. Lawrence (i, ) watersheds under baseline (g-i) and SSP585 scenario

(-1, respectively. The predicted Z16Cy is plotted in Fig. 3a-1 for comparison.

4. Discussion and conclusions

Our study highlights the persistence of HMW PAHs such as FLA, BbF, and DahA in surface water,
despite global reductions in PAHs emissions. This persistence is particularly concerning for the
watersheds in EA, where these pollutants are expected to contribute to long-term moderate
ecological risks until 2050. In contrast, the St. Lawrence watershed is expected to experience low
ecological risk, primarily ascribed to higher degradation factors that reduce PAHs concentrations.
The sediment in these watersheds emerges as a major PAHs source to surface waters, emphasizing
the need for targeted strategies to manage these inputs. In the EA watersheds, IcdP is identified as
the main contributor to aquatic ecological risks with respect to XRQs, while BbF, BaP and DahA
dominate ZTEQs. This profile contrasts with the St. Lawrence watershed, where Fla, Pyr, BaA and
IcdP are the dominant contributors to XRQs, and BaA, CHR, BhF, and BaP dominate XTEQs.
Notably, climate change may significantly reshape or even intensify ecological risks profiles by
altering interfacial fluxes. For instance, enhanced input of BbF into EA’s surface water—by as
much as 33-524% between 2030 and 2050—will likely increase its contribution to XRQs from 3-
7% to 7-28% and to ZTEQs from 4-8% to 9-29%. These findings emphasize the importance of
managing sediment as a critical source of PAHs to surface water. While emission controls are
essential, they are insufficient on their own to eliminate PAHs from surface water without
addressing sediment inputs.

The regional disparity in PAHs emission intensity further complicates the picture (Fig. S10, SI).
Asia, as the largest consumer of fossil fuels, exhibits a higher average PAHs emission intensity
(0.02 t/ktoe) compared to EU (0.01 t/ktoe) and NA (0.003 t/ktoe), where advanced power
generation technologies prevail (Fig. S10, SI). These disparities underscore the necessity for

region-specific strategies to address PAHs accumulation in surface water. Moreover, the global
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shift towards renewable and alternative fuels, including biomass, could emerge as a new significant
source of PAHs emissions !. Our watershed-scale analysis reveals that aqueous PAHs will continue
to pose ecological and health risks over time, regardless of global PAHs emission reductions.
Addressing PAHs pollution in surface water requires a multi-faceted approach that includes
tailored controls and treatments of both surface water and sediment. Natural monitored attenuation
may be effective in lightly to moderately polluted areas, while more aggressive interventions—

0 stabilization, dredging, physicochemical sorption !, thermal desorption,

such as capping ®
flushing, and enhanced biodegradation 5 are necessary for heavily polluted sediment hotspots and
water sources crucial for human livelihoods .

The variability in PAHs emission intensities across regions, coupled with the impacts of climate
change, presents challenges for predicting future PAHs distributions and risks in surface water.
The complexities of PAHs sources and the changing climate underscore the need for a
comprehensive understanding of PAHs migration and degradation processes across air, water, and
sediment, as well as their ecotoxicities in global ecosystems. However, data scarcity, particularly
in emerging economies like India, and South American and African countries, hampers a
comprehensive global assessment of PAHs transport, fate, and associated risks. Economic
developments coupled with demographic booming in these regions may indicate lags in potential
PAHs ecotoxicities being noted from watersheds in developed regions. For many watersheds
which are not scrutinized in the study, for instance those in EU and other areas in EA, their PAHs
in surface water may likely follow a similar trend from the Yangtze and Huanghe watersheds, given
degradation factors among these regions are not high (Table S5, SI). This study also recognizes
the potential interactions between PAHs and other persistent organic pollutants (POPs) in sediment,
which could exacerbate overall risks in surface water.

Given these challenges, future research should prioritize understanding transformation
mechanisms and interactive toxicity in ecosystems. Innovations in technology and management

strategies for PAHs emission reduction and remediation are crucial. Policymakers need to integrate
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scientific advancements with adaptive environmental regulations, promoting pilot- and full-scale
projects aligned with the Sustainable Development Goals (SDG) target 6.3. Additionally, there are
significant uncertainties in predicting surface-water PAHs concentrations, particularly when
considering sediment PAHs concentrations and degradation factors. Comprehensive field

monitoring is needed to validate these predictions.
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