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24  Abstract

25 The isotopic composition of atmospheric species provides fundamental insights into their sources, sinks, and « { et Fx

26 chemical processes. HeweverconventionalConventional end-member mixing box-models-fail-te-aceurately

27 representthe, however, cannot capture progressive isotopic evolution within-cemplexin open systems; where
28 mixing and reactions-eceurreaction proceed simultaneously. This limitation hinders a comprehensive

29 understanding of the |sotope effect and its atmospherlc appllcatlons 1e—aéd+ess—t-h45Here we have

30 designeddevelop an i isotope-enabled
31 chemical transport model
32 Rayleigh-equation—Themodelincorporates (CTM) that tracks four sulfur |sotopo|ogues (32502, 3450,, 325042'

33 3450477) as-pregnestic-tracersforthrough emissions, transport, chemistry, and deposition. An iterative time-

34 splitting method reduces the numerical bias from applying the Rayleigh equation in the open atmosphere. The

35 model reproduces the 3*S enrichment of sulfate relative to SOz and sulfate-aereselsimulatingisotopeeffects

36 dmgamﬂeﬁs—gas—pha&erhe%&egeneeus#m&npha&ecagtures the spatial and =gaesusphasereactions—al dation
37 i i i ity easonal patterns of the sulfur
38 |sotope effect (—%“S—SQE‘ g—%A%ﬂ—l—béﬁaneLspat@tempeFaWaﬂaﬂeﬁ&e@é“SOA across Easterneastern

39 China-_(simulated A8%*S _S04%/S0, = 6.11+1.85%o; observed = 3.43+1.11%o). Further, surstudyundersesresthe

40 agreement between simulated (with 83*S SO, = 0%0 emission assumption) and observed sulfate isotopic

41 compositions, combined with the documented higher &3S values of coal at 1%0—10%o across eastern China, implies
42 a systematic **S depletion in emitted SO relative to fuels. This highlights the importance of considering isotopic

43 fractionation during combustion, flue gas desulfurization and chemical processes for accurate source

44 apportionment-using-the-isetepe-mixingmodek. The isotope-enabled model presentsan-innevativeprovides a new
45 approach for-effeetively constraining the sulfur budget.
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1 Introduction

Sulfate and sulfur dioxide (SO;) have complex interactions with the environment and
Earth’s climate system, involving aerosol and cloud formation, climate cooling, and the global
sulfur budget {Seinfeldand-Pandis; 2016} (Seinfeld and Pandis, 2016). The primary sources of
SO, emissions are from the combustion of sulfur-containing fuels (coal and oil, etc.) at power
plants, industrial facilities, and residential heating (Crippa et al., 2023). The atmospheric
oxidation of SO to sulfate has been extensively investigated through gas-phase reactions with

OH radicals and heterogeneous/multiphase oxidation involving H203, O3, NO, and transition [igﬁTtgi\‘,

metal ion catalysis (TMI-catalysis).

Recent investigations into sulfate isotopic composition have emerged as promising
proxies for gaining fundamental insight into the sulfate’s sources, sinks, and concentration-
independent information on atmospheric oxidation processes. However, there remains a
significant discrepancy among studies that use the end-member mixing model. Han et al-.
(2016a) emphasized the dominance of biological sulfur emissions in summer and coal
combustion in winter. Lin et al-. (2022) illustrated how isotopic fractionation significantly
reshapes the sulfur isotopic composition in sulfate, leading to distinctive results of source
apportionment. While Feng et al-. (2023) highlighted the impact of sulfur isotopic fractionation
during combustion on source apportionment, identifying traffic emissions (49%) and coal
combustion (46%-65%) as major contributors to sulfate during heavy pollution in the North
China Plain. Discrepancies also arise in identifying the dominant SO oxidation pathway. Fan et
al-=. (2020) highlighted SO, oxidized by NO, and TMI-catalyzed O; as a key contributor to high
sulfate loading using 34S_S04%~. While Han et al-. (2022) revealed enhanced SO, oxidation by
H,0,, supported by §3S- SO, and §34S_S042 analyses. Several limitations may explain these
divergences. (1) Studies rely on the Rayleigh distillation equation, which is only suitable for
closed systems with reservoir-limited conditions, leading to an increasing apparent isotope
effect as the reservoir is progressively consumed (Guan and Liu, 2023). (2) Laboratory studies
have indicated that the combustion process, atmospheric chemistry and mixing can reshape the
sulfur isotopic composition from the sources of sulfur-containing fuels to SO, and sulfate.

Therefore, our goal is to reconcile the ongoing debate among previous research findings
related to sulfur isotope tracing and establish a comprehensive understanding of the
atmospheric isotope effect. To achieve this, developing an isotope-enabled model that
integrates isotopic chemistry and the isotopic fingerprints of emission sources is crucial. Recent

applications have incorporated isotope effects into ehemicaltranspertmeodels{CTMs} to

simulate 8°N of atmospheric NOy and NOs~ using CMAQ (Fang and Michalski, 2022) and {iﬁg?tﬁi\‘,

mercury isotopic fractionation using GEOS-Chem (Song et al., 2022). These methodologies
involve using isotopologues as prognostic tracers and scaling the rate constants of different
isotopologues with their corresponding isotope fractionation factor. However, these models
primarily focus on "gas-phase" or one-step unidirectional kinetic reactions. Censideringthe
complexity-ofsulfurSulfur chemistrywhiek involves heterogeneous and multiphase reactions
with severalprocessesnehsding-mass transfer, dissociation equilibrium, and chemical reaction.
His-extremely-diffieultand-challenging to-determinetheDetermining reaction intermediates
and their isotopic fractionation facterfactors for each elementary step is therefore challenging.
In addition, the isotope effects obtained from laboratory studies for complex reactions
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represent apparent or overall isotope effects. Consequently, the incorporation of isotopic
chemistry into CTMs faces new challenges, especially with heterogeneous/multiphase
reactions.

In this study, we develop a rewdynew isotope-enabled model to simulate the isotopic
compositions of sulfur-bearing species, considering both physical mixing and isotopic
fractionation due to chemical reactions, and enabling the explicit simulation of progressive
depletion/enrichment in the reservoir and their impact on sulfate production. The study aims to
present a comprehensive description of the isotope-enabled model, evaluate its skill in
reproducing the spatial-temporal variations in sulfur isotope composition, and erhancea
comprehensivedeepen our understanding of the atmospheric sulfur isotope effects.

2 Methodology

2.1 Model framework

We incorporate the isotopic chemistry module into the Eulerian atmospheric chemistry
transport models NAQPMS. The NAQPMS is a Nested Air Quality Prediction Model System
developed by the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS)
(Wei et al., 2019; Chen et al., 2021; Wang et al., 2001), including physical processes (advection,
diffusion, and dry/wet deposition), chemistry module (gas and aqueous chemistry, aerosol
chemistry and thermodynamics, and mercury chemistry) (Chen et al., 2015), and online
emission of dimethyl sulfide, sea salt, and dust. The Advanced Particle Microphysics module
(APM) and 1.5-D Volatility Basis Set (VBS) aerosol schemes are also coupled to simulate the
aerosol microphysical processes and organic aerosol formation, respectively (Chen et al., 2019;
Yang et al., 2019; Chen et al., 2014).

The simulation is performed with a two-way nested configuration. The external domain
D1 covers the mainland of China at a horizontal resolution of 45 km, while the innermost
domain D2 is centered over eastern China with a finer resolution of 15 km, as illustrated in
Figure 1. The model runs on 20 atmospheric vertical layers, utilizing terrain-following hybrid
sigma coordinates from the surface to an altitude of 20 km. The sulfur chemistry from SO, to
S(VI) involves gas, heterogeneous and aqueous-phase oxidation. The gas-phase chemistry
incorporates the Carbon Bond Mechanism Z (CBM-Z) (Zaveri and Peters, 1999). For aqueous
chemistry, the Regional Acid Deposition Model (RADM?2) is applied, resolving cloud-phase sulfur
oxidation through dissoluble S(IV) with O3, H202, proxy acetic acid (CH300H), and transition
metal-catalyzed O (Stockwell et al., 1997). The oxidation of S(1V) species by dissolved NO> is
also incorporated into the sulfur aqueous chemistry, referring to the kinetic parameters
proposed by Cheng et al.(2016). Heterogeneous reactions of SO, on various surfaces, including
dust, sea salt, soot and deliquesced aerosols, have also been incorporated using the reactive
uptake coefficients parameterization (Li et al., 2018). The gas-particle partitioning of inorganic
aerosols and aerosol water content are simulated using the improved ISORROPIA Il (Fountoukis
and Nenes, 2007; Song et al., 2018). The simulation began in March 2014. The initial 3 months

ETHES




134 serveserved as a spin-up time. For additional details on the model and its detailed
135 configuration, refer to Text S1 and Table S2.
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Figure 1. Model domain and compiled sulfur isotopic composition (53*S) data. The simulation
uses a two-way nested configuration, with the parent domain D1 covering the Chinese
mainland (45 km resolution) and the child domain D2 centered over eastern China (15 km
resolution). Literature-reported §3S data are overlaid at sampling locations. Black, red, and
green bars denote the mean + one standard deviation of §34S of coal, aerosol sulfate, and wet
precipitation sulfate, respectively. The small black bar near Inner Mongolia denotes coal §3*S
value only (regional mean = 0.8%o), no aerosol or wet precipitation sulfate §3*S are available
there. All values are in per mil (%o). Additional details on the observed data can be found in
Table S1.

2.2 Isotope notation and isotopic fractionation

The sulfur element is widely present throughout all natural environments and possesses
four stable isotopes, namely 325, 335, 345, and 3¢S, with relative abundances of 95.02%, 0.75%,
4.21%, and 0.02%, respectively (De Laeter et al., 2003). In general, the sulfur isotopic
composition is denoted as &*S value in per mil (%o), where *S represents one of the less
abundant isotopes, e.g., 335, 34S, or 36S).. This notation is defined as the difference between the
isotopic ratio of a given sample and the reference standard V-CDT (Vienna Canyon Diablo
Troilite):

X./32 - :
8 *Ssumpie (%0) = (oldSamrle _ 1 5 1000 (1) . (wEe R

R(*s/**s)y_cpr

Where R represents the isotopic ratio, as-defined as the atomic abundance ratio of any
minorheavier to a-majorabundantlighter stable isotope, expressed as REEs /225y = —— =
N("X)/N( 'X), where N("X) and N( 'X)_represent the atomic abundances of the heavier
stable isotope ( hX) and lighter stable isotope ( lX), respectively. V-CDT is the international
sulfur isotope standard, with isotopic ratios of R(3*S/32S)v.cor= 0.044163 and R(33S/32S)y.coT =

0.007877 (Ding et al., 2001).

Isotope effecteffects are observable in physical or chemical processes, especially during
equilibrium (or thermodynamic) and kinetic processes, leading to ehangeda change in isotope
distribution between two substances or different phases of the same substance with distinct
isotope ratios. Isotopic fractionation is often a result of the isotope effect. The isotopic
fractionation factor a th/S is defined as the ratio of isotopic ratio of the instantaneously
formed product R/ -Rp; = (N("X)/N( X)) p; and substrate REEY/ SR =
(N(™X)/N( 'X))s_(Mariotti et al., 1981),

o0 "Xps = REFS DD pf REEXS S sRpi /Rs (2) < [ mme: R

For thermodynamic (equilibrium) or unidirectional kinetic process with a single-step
reaction following a first-order rate law, the hXP/S can be interpreted as the ratio of rate
constant k or equilibrium constant K:

@ "X p s = "k ke ="K/ K (3) < mtaRe: B

An isotope enrichment factor, € (in per mil %o), can be defined as:



178 £ = (et "X, /5 1) *1000 (4) < mtae: B

179 The aa hXP/S determines how much faster or slower the reaction with the

180  minertheavyheavier isotopologues proceeds relative to the reaction with the majerfightlighter
181  isotopologues.

182 Generally, isotopic fractionation determined in laboratory experiments represents

183  overall isotope effects, resulting from physical, equilibrium, and kinetic fractionation. The

184  isotopic composition between reservoir and product, as a function of reactant extent and

185  fractionation factor, is described by the Rayleigh fractionation eguations—Takingthe-example-of
186 thedsotepieatfesi oo —andasrecnsohaseaidation et 0o the Palelshcouationsdeoceribe
187  theprecessas:equation.

h

188 Ayt Ay = D
_ (a "XP/s _1)
189 Rs/Rst0 = frem —(5)
190 where frem is the fraction of residual reactanté@z,—l%é)&%)Qg,_Rsmand R%
191 Rg.are the isotope ratio **S/*?S-of substrate at initial ard-remainingreactantattoand t [iﬁﬁ??ﬁiﬂ: JE LI/ iR

192 moment, respectively. The instantaneous isotope ratio of the product éRéX%:‘)Q—p;)RPI att
193  moment is given by:

194 Ry, L hy ) L _ (a=5PFS 1y

195 v } }
196  can-bederivedfromtheisotopemassbalance:

JE (S, hy

h 1 h _ frem————2 _ hx a “P/S-1
197 R IR By Rp/Rsio = @ XPIS X frpm )
198 (6)
199 The average isotope ratio of accumulated product (Rp) during a finite reaction interval
200 follows the standard Rayleigh-fractionation expression for accumulated products (Hoefs, 2015):

- v RS .| mmteEe
201 Rp/Rgto = - (7)
rem

202 2.3 Developing Isotope-Tagged Emission Inventories
203 The multi-resolution Emission Inventory for China (MEIC,attp://

204  http://meicmodel.org.cn/?p=1579&Ilang=en) provides a comprehensive SO, emission inventory,
205 including anthropogenic emissions from power plants, industry, residential, and transportation,
206  respectively. Primary combustion sulfate, which forms as the oxidation product in the chimney
207  and plumes (Sun et al., 2023; Ding et al., 2021), is assumed to be 5%wt of anthropogenic SO,
208  (Berglen et al., 2004). Anthropogenic sulfur-containing sources exhibit a highly variable and

209  overlapping isotopic composition, ranging from —30%o to 30%. (Hoefs and Harmon, 2022). We
|210 adopt a constant signature of 63*S= 0%o V-CDT for anthropogenic SO, emission sources.
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effect from poorly constrained source signatures.

The sulfur isotope difference between SO; and sulfate (A**SA53%S_S04%*/S0O; = §34S_S04*"
- 8%%S_S0,)approximating) approximates the-value-of apparent isotopic fractionation
multiplied by 1000%s;%0 and is hereafter referred to as the isotope effect;. A53*S S04*/S0, is
mathematically independent of the absolute emission §3*S and can be applied-totherefore
validate the oxidation module of isotope-enabled €FMs—-CTM. By contrast, the §%*S SO, and
534S S04~ depend on the prescribed emission signature. Direct comparisons between
simulated and observed 63*S SO, and 63*S S04~ are subject to the uncertainties of this
assumption and should be interpreted with caution. Jointly examining the simulated and
observed §3*S SO, and &3*S SO4% together with A83*S S04*/S0O, provides a diagnostic of
whether a given model—observation bias arises primarily from the atmospheric oxidation
processes or from the assumed emission-source signatures.

The tracer mass of 3250,, 34503, 3250427, 345042 isotopologues can be determined from
the SO, mass in the emission inventory based on the Equation (1), with the initial values of

34_,32
RR_ES?L_S%WV—CDT at 0.044163.
5 =325 x ((1000 +1) X RE S22y Ry _cpr) (8)
2.4 Coupled methodology of isotopic chemistry module

2.4.1 The development of isotopic chemistry module

To dynamically simulate the spatiotemporal distribution of isotopic composition (834S) in
particle SO4%~ and its gaseous precursor SO,, we have implemented the tagging technology and
isotopic chemistry module into the atmospheric chemistry transport model. The four
isotopologues (3250,, 3*S0,, 3250477, 3450427) are treated as independent prognostic tracers of
SO; and sulfate aerosol throughout their entire atmospheric life cycle, including emission,
transport, chemical production/loss, and deposition processes.

Generally,+the previous isotope-enabled models incorporating isotope chemistry
typically only consider kinetic isotope fractionation, deriving different rate coefficients for
individual isotopologues from isotopic fractionation factors (a) with Equation (4) (Fang and
Michalski, 2022; Gromov et al., 2010). This assumption is suitable for single-step, steady-state
reactions, such as gas-phase chemical reactions. However, most processes in natural systems
involve reaction sequences; each reaction within the sequence exhibits its intrinsic isotope
fractionation, and not all isotope fractionation of these individual reactions is measurable. For
example, the cloud and aqueous-phase chemical module invehresinvolve gas-to-particle
equilibrium, dissolution, diffusion, and chemical reactions. Thus, the isotope effect observed in
the complex system with multiple intermediates represents an overall isotope effect. If the
reaction sequences have a given end product, the conventional approach for deriving the
isotope effect requires the-repeated determination of R&,g,—Rg,Rs,m,_E and fina-clesed
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system-f,.m. The isotope fractionation factor is then calculated using the Rayleigh eguatiens
with-the-isotepe-ratie-or—8"value;equation as,

Ry =R o)
7 : —
8y Sg—ex D 110
7 : —
1 frem(u P/S_l)
Rp = Rg o X 1o 9
rem

When a substrate is consumed through multiple competing pathways simultaneously,
the Rayleigh equation relates the change in the isotopic ratio of substrate to the extent of
substrate consumption, employing the apparent overall isotopic fractionation factor (aa) (Van
Breukelen, 2007). The factor of ax is expressed as a function of various instantaneous isotopic
fractionation factors (ains) associated with individual pathways, given by the following equation:

Oa = F1XQlins_1 + F2XQlins_2 +...+ FnXQlins_n (10) B

Where F;is the ratio of contribution from the i-th process to the overall product.

Therefore, the **S/2?S-sulfur isotopic ratio of the residual SO, within the grid cell can be
determined using the following equation:

RIS )= RIS /28 ) crmexpletath = RIS /2S Yo Fram e HEF etins -1}
Rst = Rs 10 X frem ™ ™ = Rg g X from & 7 msi™D _(11)

To directly apply the-measured-isetepic-isotope fractionation frem-factors measured in
laboratory studies, we have-developed an independent isotopic chemistry module
utilizingcoupled to the host CTM, as illustrated in Figure 2. The module utilizes Rayleigh
eguatieon-fractionation equations to selve-thecalculate isotopologues ehangechanges between
reactants and products—Fhis-medule-tracksthenet-change-in-, combined with the iterative
time-splitting method described in Section 2.4.2 to reduce numerical bias. At each model time
step, the module receives SO; loss and sulfate based-en-eutputproduction separately from the
gas-phase, heterogeneous, and cloud&/aqueous-phase chemistry modulesseparately, and then
the relative contribution of specificeach oxidation pathwayspathway is calculated and recorded.
KE-Temperature-dependent isotope fractionation factors are then updated in each grid cell
according to the local temperature. The module tracks the net changes in four isotopologues
(32502, 34502, 325042‘, 34504 ) and updates t—he—tempe#atwe—depeﬁdeﬁt—nsetepie#aehe{m
hangetheir concentrations
through an iterative time-splitting procedure, which divides each OX|dat|on calculation into
smaller SO, conversion sub-steps. Within each sub-step, isotope ratios are calculated using
Rayleigh-fractionation equations-and, isotopic mass balance—Fhe- is enforced, and the isotopic
composition of the reactant reservoir and accumulated product is updated. The full algorithm

framework is depicted-inFigure2-and-deseribed-in-further documented in Text S2.
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286 Figure 2. Algorithmic framework of the isotope-enabled CTM and the isotopic chemistry
287 module. (a) Host CTM framework, including the main physical and chemical modules (gas-phase
288 chemistry, aerosol chemistry and thermodynamics, cloud and aqueous chemistry, advection,
289 diffusion, and dry and wet deposition) and their coupling with the isotopic chemistry module.
290 (b) The workflow of the isotopic chemistry module. At each time step, the module tracks net
291 S0, and sulfate changes, calculates reaction fractions, updates temperature-dependent
292 fractionation factors, applies iterative time splitting, computes isotope ratios via Rayleigh-
293 fractionation equations, performs isotopic mass balance, and updates the isotope ratios of the
294 reactant reservoir and accumulated product.
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Based on the assumptions outlined in Text S1, the &3S is primarily influenced by
fractionation during different chemical reactions. Relevant sulfur isotopic fractionation data
have been sourced from laboratory studies conducted by Harris et al. (Harris et al., 2012b;
Harris et al., 2012c; Harris et al., 2012a; Harris et al., 2013), including the gas-phase oxidation by
OH radicals, aqueous-phase oxidation by H,0,, O3, and iron catalysis, heterogeneous oxidation
of SO on sea salt aerosol and mineral dust (see Table 1). The sulfur isotopic fractionation
during SO, oxidation by NO; in the aqueous phase, as determined by Yang et al. (2018), is
excluded from this study. This exclusion is attributed to their methodology, which yielded an
apparent isotopic fractionation factor calculated by dividing the isotopic ratio of accumulated
production by the initial isotope ratio of reactant. This calculation assumed that Rp; was

approximated by Re-withfbeingapproximately 1 However anerrorinthecaleulationwi
SR pes R He R astmated-te- b ebaan 05 a0 Comiths—ran sl atre 00200
{Foyedaetal2005%R, with frem being approximately 1. This approach contrasts with the

conventional definition of the isotope fractionation factor, which typically represents the
isotope ratio in the instantaneously formed product in an infinitely short time divided by that of
the reactant (Equation (2)) (Harris et al., 2013; Hoefs, 2015; Mariotti et al., 1981). For reference
in our discussion, the apparent isotopic fractionation factoerF"‘SNoz (Tat3%€)°C)=0.998 is
adopted in the simulation.

Table 1. The sulfur isotopic fractionation factor determined by the lab experiment and its
temperature dependency for a specific oxidation pathway.

Oxidation Reaction Symbol Model isotope T Reference
pathway Type fractionation dependence
factor a N
petc)
(at 0°€}.°C)
S(IV)+OH- Gas-phase  o3*Son 1.0106 -0.004 (Harris et
al., 2012c¢)
S(IV)+H,02 Aqueous-  a3*Sy02 1.0165 -0.085 (Harris et
phase al., 2012c)
S(IV)+0s3 Aqueous-  o3*So3 1.0167 -0.085 (Harris et
phase al., 2012c)
S(IV)+02 (TMI Aqueous-  o3*Stm 0.9949 -0.237 (Harris et
catalyzed) phase al., 2013)
S(IV)+02 (TMI or0On 03*Stmi_surface 1.0096 (T =19°C) - (Harris et
catalyzed) mineral °C) al., 2012b)
dust
S(IV)+0s3 On the a3*Sseasalt 1.0124 (T=19°C) - (Harris et
seﬁsabe@ °C) al., 2012a)
salt
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S(IV)+NO> Aqueous-  a**Snoz* 0.998 (-T =3°C} - (Yangetal.,
phase °C) 2018)

We consider the temperature dependence of the isotopic fractionation factor by utilizing the
real-time temperature of the grid cell, thus avoiding a significant effect on the seasonal
simulation of isotopic composition.

* a®*Syo* denotes the apparent isotopic fractionation factor during SO, oxidation by NO, in the

aqueous phase at 3°C; °C, a3*Syo, (T at 3°C) °C) = 0.998+0.00041, was determined by Yang et al. [iﬁﬁ??ﬁi\h FH: +FEXIEX (Calibri)
(2018). In their laboratory experiment, SO, was oxidized by NO; in a reaction chamber [iﬁﬁ??ﬁi"ﬁ FA: + P IESL (Calibri)

containing liquid water. The isotopic composition **S534S in the initial SO, and accumulated
sulfate product after 2 hours of reaction time was collected and measured. However, the
residual fraction of SO, wasn“twas not measured, and the apparent isotopic fractionation factor
was calculated by dividing the isotopic ratio of accumulated production by the ratio of reactant.
As the reaction progresses, the isotopic composition of the accumulated product changes. Once
the reactants are completely consumed, the isotopic composition of the accumulated product
is equal to the initial reactants (See Figure 3). Therefore, according to the isotope mass balance,
the apparent isotopic fractionation factor is highly dependent on the residual fraction during
the reaction process, and cannot be equal to the exact isotopic fractionation factor, which is
represented by the isotope ratio in the instantaneously formed product divided by the ratio in
the reactant. Although the detected apparent isotopic fractionation factor can indicate the
direction of isotopic fractionation (enrichment or depletion in the product relative to the
reactant), it cannot be directly used in the model to calculate the isotope effect of S(IV)+NO
pathway.

2.4.2 Improving isotopic chemistry simulation with the iterative time-splitting method

In ChemicalFransportMedels{CFMs),CTM, numerical integration is crucial for solving
the kinetic equations asseciated-withof chemical mechanisms. In the gas-phase sechanism
module, the CBMZ mechanism is coupled with the LSODES aumerical-solver (the sparse version
of the Livermore ODE solver) to aumericalyselve-ordinary-differentialegquations
representingintegrate the chemical transformations and provide species concentration changes
in-species-concentrations-over time. Whenln the cloud and aqueous chemistry module-is-cated,
the distribution-between-gas-ahd—aqueous phasespartitioning is determined by instantaneous
HenrysHenry's law equilibrium-—At; at each time-step, thea bisection method is-empleyedte
estimateestimates pH and the-distribution-ef-ionic speciesassumingspeciation under
electroneutrality and thermodynamic equilibrium-—Fhe, and a forward Euler solver is-used-for

the—ﬁameﬂeal—uﬁegpaheﬂ—ef— integrates the aqueous- phase sulfur OX|dat|on reactions, with time

b&reestabllshed after each incremental oxidation step.

The classical Rayleigh distillation equation assumes that (i) the product, once formed, is
immediately and irreversibly removed with no further isotopic exchange, and (ii) the reservoir
receives no external input, the reactants being consumed solely by the fractionating reaction.
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These assumptions do not hold in the open atmosphere-continuum-involvessimulianesus.
Within a single integration step (~30 min), the reactant reservoir in each grid cell is

continuously influenced by emissions, advect|on and d|ffu5|ve m|xmg Because mixing and
fractionation g

simultaneously, applying the Rayleigh equatlon B-empieyed—mover the full- tlme step, especially
under a large conversion fraction, makes the isotopic-ehemistry-modulethe-isotope
composition efthe-productandremainingreactant-highly-dependson-sensitive to the residual
fraction efreactantsfrem, Which isinfluenced-by-the-itself depends on time discretization and
reaction--rate constants. This artificially amplifies the apparent enrichment or depletion in the
residual reactant, producing the so-called reservoir effect. Mitigating this bias provides the
numerical motivation for the iterative time-splitting method used here.

la-our-simulationwe use-a-default time step-of 30-minutes-ThereforeTo reduce the

numerical bias that can arise when the Rayleigh equation is applied directly over a finite CTM

time step in an open atmospheric system, we introduce an iterative time-splitting method te

mteg#a#.mn—methedthat d|V|des each OX|dat|on calculatlon into smaller conversion sub-steps
and updates the isotopic composition iteratively. Within each main time step, the total reactant
supplied by emissions, advection, and mixing is apportioned across the sub-steps. At the start
of each sub-step, the reactant concentration and isotope ratio are updated by incorporating the
freshly allocated reactant, after which the Rayleigh equation is applied under the approximately
closed conditions of that sub-step, where the conversion fraction is kept below 2%. This
ensures that isotope fractionation is computed incrementally in the presence of continuous
fresh input, rather than over the full model time step. In addition, we derive an exact
integration solution describing the isotopic evolution of the reservoir in an open system with
simultaneous fresh mixtureinput and remeved-product simultaneoustyremoval (Text S3). Sur
goaHsteBy comparing the iterative method against this exact benchmark, we determine the

optlmal sub mﬁw%eﬁ@m%%mma&e@me&epﬂm

enstep size that
minimizes the discrepancy between the Ravlelgh based calculation and the open-system

solution; further sensitivity tests are presented in Section 3.1.

3 Results

Building upon the isotope-enabled modeling framework established in Section 2, we
evaluate the model's performance. The evaluation proceeds in two stages. First, we validate
the iterative time-splitting method incorporated into the isotopic chemistry calculation (Section
3.1), demonstrating that our approach adequately resolves the isotope evolution in open
systems with simultaneous mixing and reaction. Second, we assess the model's ability to
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capture observed sulfur isotope signatures, focusing on the sulfur isotope effect (A§3*S SO4&
/S0>) and the site- and season-dependent §3*S S042~ across eastern China (Section 3.2).

3.1 Improving isotopic chemistry simulation and sensitivity tests

In previous studies, the initial isotopic composition of reactant (8s0) was calculated
based on the isotopic composition of the product (§,) and the residual fraction of reactants frem
using the Rayleigh equation+{eg-—9-18};, assuming no addition or mixing. This resulted in isotopic
"reservoir effects" as the reaction progressed. The isotopic fractionation factor e=determines
the direction of fractionation: when a > 1fa<lpreferentialy-enriches/depletes, heavy isotopes
are preferentially enriched in the product and depletes/enriches-heavy-isetepes-depleted in the
residual reservoir—avestigatingthe; conversely, when a < 1, heavy isotopes are preferentially
depleted in the product and enriched in the residual reservoir.

To illustrate the magnitude of the reservoir effect under realistic atmospheric exidation
ofS0,viavarieusconditions, we consider the competing S(IV) oxidation pathways-iacluding
oxigationby: gas-phase OH radicals, aqueous-phase H»0;, O3, and TMI-catalysis, and

heterogeneous reaction. Using model results from Shao et al. (2019), who employed the
GEOQOS-Chem model to guantify the contributions of these competing pathways to sulfate
formation during a Beijing pollution episode, their respective-contributionto-sulfateformation
werereported contributions are 42.6%, 2.2%, 1.3%, 27.2%, and 26.7%, as-derived-from
simulationresulisusing GEOS-Chem-modeHShao-etal2019)TFherespectively. Based on these
pathway contributions, the calculated overall/net sulfur fractionation factor a®*Ss(v)is 1.0063 at
0°C. Therefore, the sulfate product favors the heavier isotopologues 3*S04%~ over 325042,
leading to an increase in 63*S_S04?" as the reaction progresses. This relationship depends on
the fractionation fraction and the reaction extent. As shown in Figure 3, settingwith the initial
534S of SO, atset to 0%o, When frem beecermesdrops to 70% and 20%, the 534S of the
remainingresidual SO, rapidhy-drepsto-reaches approximately -2.2%o and -10%e-
Simultaneoushy; %o, while the 634S of the accumulated sulfate product reaches clese
teapproximately 5.2%o and 2.5%., respectively. Fhis-impliesthat-thesulfurisotope-difference
between-SOs-and-sulfate{The resulting A83*S_S04%/S03} is 7.4%0 and 12.5%e+espectively—Due
£0-%0. As the reservoir eﬁeet—treme—*rdeuﬁy—la%geapproaches depletlon (frem:o) the apparent
isotope
#%-O-)—'FMG—phenemenen—fracnonatlon becomes unreal|st|ca|lv large. Th|s chaIIenges the

appheabilitydirect application of the Rayleigh equation applied-te-scenarios-invelving
simultaneeusto systems where mixing and reaction_occur simultaneously.
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Figure 3. Rayleigh plot for sulfur isotope fractionations during SO, oxidation in a closed
system with no external input and irreversible product removal. §3S values of the residual
reactant (solid black line), instantaneous product (blue dotted line), and accumulated product
(blue dashed line) are shown as a function of the fraction of remaining reactant based on a
Rayleigh equation, with the initial §3*S of SO, set to 0 %o. Three scenarios are illustrated: (a)
aqueous-phase H,0, oxidation (o3*S = 1.0165 at 0 °C), (b) aqueous-phase TMI-catalyzed
oxidation (03%S = 0.9949 at 0 °C), and (c) the net isotope effect under competing S(IV) oxidation
pathways (a3S = 1.0063 at 0 °C). The pathway contributions in panel (c) competing S(IV)
oxidation pathways—gas-phase OH oxidation (42.6%), agueous H,0; oxidation (2.2%), O3
oxidation (1.3%), TMI-catalyzed oxidation (27.2%), and heterogeneous reactions (26.7%)—are
derived from GEOS-Chem simulations (Shao et al., 2019).

Using the integration method deseribingthat describes the isotopic evolution of the
reservoir in an open system with-simultaneousmixingandreaction{see-(Text S3}), Figure S1
illustrates that as the B value (the ratio of the instantaneous amount added to the removal)
increases, the 6 value of the reservoir progressively gets higher, with the external sources
consistently contributing with a constant isotopic composition (8s) of 10%o.. This emphasizes the
importance of considering the mixing process when calculating the isotope effect. The overall
apparent isotope fractionations are indeed the result of combined effects of the Rayleigh-like
distillation process and the diffusion-driven isotope distributions (Guan and Liu, 2023). The
combined processes with the mixing of fresh material and isotopic fractionation can lead to a
smaller variation in 4**SA6%*S_S04%/SO, than estimated by Rayleigh equation. }t-indicatedThese
results indicate that the optimal sub-timesteps that-effectively reduce the impactef-time--step

mpact and minimize discrepancies in-the-simulated-evolution-ef-isotopiccomposition-ef-the
Fesewew—between the Rayleigh-eguation-based calculation and the integration method.

To mitigate the significantnumerical bias insimulatedisetopiccompositionintroduced
bythat can arise when the Rayleigh equation in-the-isetepic-chemistry-meduleis applied directly
over a finite CTM time step, we implement an iterative time-splitting method. Firstly, the
comparison between this iterative method and integration method in the open system helps
determine the optimal sub-timesteps, effectively minimizing the biases in isotopic calculation
when employing the Rayleigh equation. Figure S2 illustrates that the largest differences are
observed for small reaction fraction and large fraction of fresh mixture relative to the initial
substrate. A larger difference is expected when the differences between the isotopic
composition of substrate and mixture increase and the isotope effect becomes stronger. For 50
sub-timesteps, good agreements are found in the calculated isotopic value of the reservoir
between the iterative time-splitting method and the integrating method, assuming 0.3%e is
approximate to the average analytical precision of isotope. This indicates that the combination
of the Rayleigh equation with the iterative method is capable of effectively simulating the
progressive isotopic evolution of reservoirs with simultaneous mixing and isotopic
fractionation.

We also conduct sensitivity tests to check the performance of the simulated isotopic
composition of product with the optimized sub-timesteps. We choose 0.3%. as the tolerance of
this iterative time-splitting method. Figure S3 illustrates the deviation of §-values for 1, 10, 50,
and 100 sub-steps relative to the reference simulation with 1000 sub-steps. Notably, the largest
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deviation occurs for a large fraction of reaction f and mixture, attributed to greater depletion in
the reservoirs (a>1) and influence of mixing process. For 50 sub-steps, the maximum deviation
is less than 0.1%e.. This comparison confirms that the sub-timestep limiting reaction fraction f to
approximately 2% is acceptable for reducing simulation bias, thus the value is adopted to
improve the simulation.

The numerical comparison further shows that the largest differences between the direct
Rayleigh calculation and the iterative method occur mainly over remote oceanic regions, where
SO, emissions are low, reaction extents are high, and the SO, reservoir effect is strongest; in
these regions, the iterative method reduces the simulated A53*S S04*/S0, by approximately
1.5%0—3.0%o relative to the direct Rayleigh calculation applied over the full model time step. In
regions with intensive anthropogenic activity, the influence is smaller but still non-negligible,
with changes of approximately 0.3%0—1.0%o in some polluted areas, demonstrating that the
iterative time-splitting method improves the numerical accuracy of simulated sulfur isotope
fractionation.

3.2 Model evaluation

3.2.1 ReproductionEvaluation of sulfur isotope effect

As shown in Table 1, the sulfur isotopes exhibit distinctive fractionation during chemical
reactions, including gas-phase, agueous-phase, and heterogeneous reactions. It provides
valuable information for investigating the relative importance of the different oxidation
pathways converting SO, to sulfate. Gas-phase and aqueous-phase oxidation by H.0; and O3
produces sulfate that is enriched in 3*S (+15.1%o to +19.9%o, depending on pH and
temperature) relative to the initial SO, reservoir, while the SO reservoir becomes depleted in
345, In contrast, TMI-catalyzed oxidation produces sulfate depleted in 34S (9.5 + 3.1%o) relative
to initial SOz (Harris et al., 2012a; Harris et al., 2012c; Harris et al., 2013; Harris et al., 2012b).

FigureFigures 4 and 5 shewsshow the simulated spatial-temporal distribution of
dailynear-surface §%S_S0; and 63*S_S04?-reargreund-level for individual sulfur oxidation
pathways through controlled experiments. We focus on the simulation results for the isotope
effect resulting from individual sulfur oxidation pathways. The §34S of all emission sources is
assumed to be 0%o. The model predicts a daily-mean range of §34S_S042~ withof 8%o,
2%0~16%0, 0%0™~6%0, and —8%0~0%o Via gas-phase oxidation by OH radical, and cloud-phase
oxidation by H,0,, O3, TMlI-catalyzed O, over Easterneastern China, respectively.
Correspondingly, a depleted 3S in SO, and the daily-mean range of 63*S_SO; = —=5%0~1%o,
—5%0~0%0, —3%0~—1%o0, and 0.5%0~3%., respectively. A distinetrelatively homogeneous spatial
distributionpattern of 63*S_S04? is observedwith-homegeneity for gas-phase oxidation (~8%s}
and-heterogeneous-spatial-distributionfer%o), whereas aqueous-phase oxidations show more
heterogeneous spatial distributions. The simulated spatial-temporal distribution of 63*S_S04*
depends on the relative importance of different oxidation pathways and the ratio of mixed SO
to formed sulfate within an-infinitesimaleach model time interval-Atateachgrid-eelistep. Unlike
gas-phase reactions, cloud and aqueous phase chemistry highly depend on the geographical
distribution of cloud coverage and liquid water content. \While-theThe spatial-temporal
distribution of simulated &34S_SO; is more sensitive to the mixing rate of SO,-the-Eastern; in
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Fhereforewe-are-confidentincomparirgWe evaluate the oxidation isotope module using the
sulfur isotope effect A53*S S04%/S0,, the isotopic difference between sulfate and SO,. Because
A83*S S04% /SO, depends on the relative isotope fractionation among oxidation pathways
rather than on the absolute §3*S of emitted SO, it is less sensitive to source isotopic

assumptions and provides a more direct evaluation of the oxidation module.

Simultaneous 53*S observations of PMy s sulfate and SO, are available at Nanjing
(118.5°E, 32.1°N) for summer (6 July to 30 August 2014) and winter (1-23 January 2015) (Chen
etal., 2017). As shown in Figure 6(b), the simulated A53*S S04%/SO; averaged 5.50%o * 1.66%o
(summer) and 6.54%o + 1.91%, (winter), compared with the observed means of 3.27%. + 0.76%o
(summer, n =25, R=0.76, NMB = 54.8%) and 3.39%o + 1.68%o (winter, n =16, R =0.70, NMB =
35.3%), respectively. The overall simulated A83*S S04%/SO; is 6.11 + 1.85%o, compared to the
observed mean of 3.43 + 1.11%.. The model captures the enrichment direction and seasonal
variation but systematically overestimates the magnitude. This overestimation is physically
consistent with the underrepresented 3*S-depleting TMI-catalyzed oxidation pathway and the
absence of aerosol water multiphase chemistry in the current mechanism. Further discussion is
in Section 4.1.
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Figure 6. Comparison between simulated and observed sulfur isotope composition over eastern
China. (a) Simulated seasonal mean spatial distributions of sulfur isotopic composition
(863*S S0,, 63*S S04%") over eastern China for summer (June—August) and winter (December—
February) of 2015. (b) Comparison of simulated and observed §3*S S0,, §3*S S04%, and
A53*S S0427/S0O; at Nanjing during the summer and winter 2014. A83*S S0427/SO, primarily
reflects oxidation-induced isotope fractionation and is less sensitive to the assumed 534S of
emission sources, providing a more direct evaluation of the oxidation isotope module. (c)
Seasonal comparison of simulated and observed §3*S S04% in PM,.s across multiple cities in
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eastern China, simulated values correspond to the same seasonal periods as the observations
at each site. In panels (b) and (c), "Obs" denotes observation and "Sim" denotes simulation.

3.2.2 Site- and season-dependent 534S SO,%=

The A&3*S S04*/S0, evaluation at Nanjing (Section 3.2.1) shows that the oxidation
module captures the direction and seasonal variability of the isotope effect, albeit with a
systematic overestimation. We next compare the simulated and-ebservedabsolute §34S S042=
with observations, noting that absolute §34S_S04?~ in-PMas-is influenced by both oxidation
fractionation and the assumed §3*S of emitted SO,. Figure 6(c) presents the model's
comparison with a compilation of §3*S_S04%>~ observations across Easterneastern China,
including Beijing (Han et al., 2016b; Han et al., 2017; Wei et al., 2618a;-Han-etak201652018),

Tianjin (Han et al., 2022; Ding et al., 2022), Nanjing {Chen-etal2017}(Chen et al., 2017), and
Hangzhou city (Lin et al., 2022).

The simulated daily mean §3*S_S042~ in Nanjing and Hangzhou der’tdo not significantly
differ from the observed values. Specifically, for Nanjing, the simulated and observed
534S_S04%~ were 3.88%0%1.63%0 and 4.01%0+0.39%o in summer (n=25, R= 0.74, NMB= -4.4%),
and 6.47%0+1.09%o0 and 4.80%0+0.84%. in winter (n=16, R=0.76, NMB= 34.8%), respectively.
For Hangzhou, the simulated and observed §34S_S04%~ were 3.91%0+1.77%o and 3.50%o%1.25%0
in summer (n=8, R= 0.88, NMB= 10.4%), and 4.63%0+2.37%o and 4.95%010.62%o in winter (n=8,
R=0.84, NMB= -10.5%), respectively. Regarding Tianjin, the simulated and observed §3*S_S04%"
were 3.88%011.73%0 and 4.20%0+1.26%o in winter (n=34, R= 0.83, NMB=-11.0%), the model
(4.40%0+1.62%0) slightly overestimates observed 83*S_S042"(2.75%0+0.45%o) in summer (n=12,
R=0.87, NMB= 57.4%). This difference remains within the acceptable 2%o range for the sulfur
isotope effect, considering a £10% uncertainty in the relative significance of enriched or
depleted sulfur oxidation pathways. However, the model (3.99%0+1.86%.) underestimates the
observed 63*S_S04% (7.94%0%1.41%o) about 50% in Beijing winter (n=16, R= 0.79, NMB=

4 Discussion

The model evaluation in Section 3 demonstrates that the isotope-enabled framework
captures the enrichment direction and seasonal variability of the sulfur isotope effect.
However, site- and season-dependent biases remain, including the systematic overestimation
of A834S S04%/S0O; and the wintertime underestimation of §3*S SO4*~ at Beijing. Section 4.1
discusses the sources of the biases. Section 4.2 extends the discussion to broader implications
inferred by combining model results with literature evidence. It examines how isotopic
fractionation during combustion and flue gas desulfurization (FGD) processes may reconcile the
apparent offset between fuel §3*S values and observed aerosol §3S, and discusses what this
implies for source apportionment studies.

4.1 Model-demonstrated results: oxidation-driven versus source-driven biases

The overestimation of A83*S S04*/S0, at Nanjing (NMB = 35-55%) is attributed to the
insufficient representation of the TMI-catalyzed oxidation pathway — the only known oxidation
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661 pathway that produces sulfate depleted in 34S relative to SO, (o = 0.9949, € = -5.1%o). Previous
662  studies have indicated that the aqueous-phase TMI-catalyzed oxidation pathway is

663  underestimated in the current atmospheric chemical transport models, contributing 9%~18% to
664  sulfate production globally (Alexander et al., 2009; Itahashi et al., 2022), while heterogeneous

665  reactions via TMI-catalyzed oxidation on deliquesced aerosol particles can contribute 14%-92%

666  to sulfate production during the heavy pollution period in Northern China (Shao et al., 2019; [H’r\’,ﬁsaiiﬂ

667 Wang et al., 2021). Furthermore, model parameterizations of Fe and Mn concentrations are
668  biased low in East Asia (Itahashi et al., 2022), which directly suppresses the simulated TMI-
669  catalyzed sulfate production. Our model does not currently include TMI-catalyzed oxidation in

670  aerosol liquid water. Instead! we emglo¥ the obtained sulfur |sotoge fractionation during
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672
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678
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686 , Which likely introduces additional biases. Currently, laboratory studies also show

687  enhanced multiphase oxidation of SO, by NO, in deliquesced aerosol particles (Wang et al.
688  2016; Liu and Abbatt, 2021), but isotopic fractionation factors for this pathway are currentl

689  lacking and require further measurement.

690 The site- and season-dependent §3*S SO4%~ biases can be grouped into two categories:
691  Category 1 — Oxidation-driven biases. At Nanjing, Hangzhou, and Tianjin winter, the §3*S S04%=
692  biases are broadly consistent in direction with the known overestimation of A83*S S04%*/S0O, by
693  the oxidation module. This confirms that the §3*S SO, = 0%o assumption is a reasonable

694  approximation for the well-mixed regional SO, emissions at these locations. The remaining bias
695 is therefore predominantly oxidation-driven, reflecting the underrepresented TMI-catalyzed
696  pathway and simplified heterogeneous chemistry noted above.

697 Category 2 — Source-driven biases. By contrast, at Beijing winter, the model (3.99%. +
698  1.86%0) underestimates observed 5§3*S S04%~ (7.94%o + 1.41%o) by ~50% (NMB = -50.5%). This
699  contrasts with the oxidation module’s upward bias in A53*S, which would drive §3*S SQ4%=

700  above observation. This reversed bias direction provides a clear diagnostic that the dominant
701  error originates from the source assumption rather than from the oxidation module.
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As shown in Figure 1 and Table S1, documented coal §3*S in northern China — including
Beijing, Hebei, and Henan — are substantially higher than 0%., with means of 7.4 + 16.1%., 3.5
+ 6.6%0, and 6.4 + 1.0%o, respectively. Enhanced residential heating in northern China
contributes about 46% of the monthly averaged PM; s concentration (Zhang et al., 2017),
providing a localized source of SO, with elevated §34S. If Beijing winter SO, carries §3S = 7%o
(the mean coal value) instead of 0%o, the modeled §3*S S042~ would increase from ~4.0%o to
~6—7%o after accounting for oxidation-driven enrichment, approaching the observed 7.94%.o.
Consequently, the distinct seasonal shift in energy type (coal, biomass, clean energy, etc.) and
activity (cooking, heating, etc.) can substantially affect aerosol §3*S SQ4%~ (Wei et al., 2018),
complicating direct model—observation comparisons where strong localized combustion
sources are present.

4.2 Interpretive implications: combining model results with literature evidence

The preceding discussion reflects what is directly resolved by the isotope-enabled
model. We now extend the discussion to broader implications inferred by combining our model
results with literature evidence on emission-source isotopic signatures, combustion
fractionation, and FGD.

Assuming a fixed 63*S_SO; of 0%. for all anthropogenic emissions of SO, Figure&
demonstratesthe model's eapabilityability to reproduce observed &34S_SO.-and-§34S-S0,%~-

Thisgood-agreementreveals §3S_S0,for 5042~ (Section 3.2.2) suggests that well-mixed
anthropogenic SO, emissions is-expectedare characterized by 63*S values close to be

appreximately-0%o. However, compiled data-on-the-anthropogenic 534S values of SO, emission
sources in Easterneastern China, including coal, crude oil, and biomass, range from 1%. to 10%o
(Hong et al., 1993; Guo et al., 2016; Chen et al., 2017). This discrepancy sparked-eurecuriosity
and-motivated-furtherinvestigationpoints to a systematic 3*S depletion process in emitted SO».

dep#etmn—m“%e#atwe—te—the—mleté@;{-ealeeﬂatem shown in Flgure 7, re5|dent|al and industrial
combustion experiments show that the sulfate in ash particles enriched 34S, while emitted SO,
is depleted in 3S (=10%o ~ —5%o) relative to the fuel (Hong et al., 1993; Chen et al., 2017). FGD
further introduces isotopic fractionation, with the outlet SO» isotopically lighter than the inlet
SO; (calculated apparent sulfur isotope enrichment factors €*= -5.5%0) (Derda et al., 2007). Fhis
likehycontributestoThese documented combustion and FGD fractionation patterns are
temporally consistent with the abrupt ehangedecline in thelighter53*S_S0.2~ observed
everwith continuous long-term aerosol observation (shifting from 5%. ~ 10%o0 before 1999 to
0%o ~ 5%o at Tsuruoka, Japan) (Oduro et al., 2012) and wet precipitation records (dreppingfrom
6.6%o0 in 2010 to —0.1%. in 2017 at Jiaozuo city, China) (Zheng et al., 2024). This pheremenen
coincidentally-correspondstoobserved 534S decline coincides with the widespread adoption of
flue-gas-desulfurizationFGD technology in coal-fired industries after 2000 {iu20649)-(Liu, 2019),
although other concurrent factors — such as changes in the relative contribution of coal, oil,
and biomass combustion sources, shifts in the geographic distribution of SO, emissions, and
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variations in atmospheric oxidation pathways — may also contribute to the observed trends.
Establishing a direct causal linkage between FGD deployment and the recorded §3S decline
would require a dedicated study combining long-term field observations with systematic source
sampling and experimental study of isotopic fractionation during combustion and FGD
processes, which is beyond the scope of the present analysis. This temporal coherence,
nevertheless, suggests that FGD-induced isotopic fractionation is a plausible contributing factor
worth further investigation.
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Figure 7. Schematic diagram of different processes and associated isotope enrichment factors
for transformations of major sulfur-containing species to biogenic, anthropogenic, and sea-salt
sulfate in the atmosphere. The sulfur isotopic compositions (834S) of anthropogenic sources
(coal, crude oil, and biomass, etc.) in Easterneastern China are compiled from Hong et al.(1993),
Guo et al. (2016) and Chen et al. {2047}(2017). The 63*S of sea-salt sulfate, DMS, MSA, biogenic
sulfate, and the apparent enrichment factor during atmospheric oxidation of DMS to MSA are
referenced from Oduro et al. (2012). The isotope enrichment factor () for oxidation pathways
of sulfur are listed in Table 1. Apparent enrichment factors (€*) during residential combustion
are investigated by Hong et al. (1993) and Chen et al. {2047)(2017). €* during industrial
combustion and fluegas-desufurizationFGD are reported by Hong et al. (1993) and Derda et al.
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(2007), respectively. Because the combustion experiments are not comparable to the carefully
controlled environment of laboratory studies, itcan’t-ebtainthethese experiments cannot yield
accurate sulfur isotopic fractionation factors, thus, we employ the sulfur isotope difference
between initial §3*S of sulfur-containing fuels and &3S of outlet-emitted SO, to interpret £*

during combustion and flue-gas-desulfurizationrFGD processes.

Additionally, the sulfur oxidation pathway produces enriched sulfate with

A83*S S0427/S0O> at 6%0 ~ 8%o. The emission-side 34S depletion and the oxidation-side 34S
enrichment thus partly counterbalance each other, leading to only a modest net difference
between fuel §3*S and airborne sulfate &3S (typically 1-8%o) (Figure 7). This emphasizes a
complex isotope effect of sulfur chemistry during combustion and FGD. Using fuel §3*S directly
as the SO source end-member — without correcting for the 3*S depletion introduced by
combustion and FGD — artificially elevates the source signature, causing systematic
underestimation of the contribution of sulfur-containing fuels with significant combustion
fractionation and overestimation of sources with 63*S near 0%o. An independent study by Feng
et al. (2023) guantified this effect: using high-time-resolution §3*S observations during haze
episodes in Northern China, they found that neglecting coal-combustion 34S fractionation
caused the coal contribution to be underestimated by 17%—38% of secondary sulfate. These
quantitative findings corroborate the deductive evidence from our model and underscore the
necessity of incorporating both emission-side and oxidation-side isotopic fractionation into the
end-member framework for reliable source apportionment.

5 Conclusions and future atmospheric implications

Understanding-hew-isetopeslsotopic fingerprints of atmospheric chemicals bekave-is
erucial-foridentifiringprovide essential constraints on their sources and the-chemical precesses
they-uhdergeo—Wepathways. Here, we developed an isotope-enabled ehemical-transpertmmodel
CTM to overcome the limitations of conventional mixing models;simutating. The model tracks
four sulfur isotopologues {£250,,2450,,3250,2- 3450, 2°) with-(32S0,, 3S0,, 3250477, 34S04%7) and
uses an iterative time-splitting method to minimizereduce the Rayleigh--equation bias—Fhe
framewerk-successtully-guantifies- in open atmosphere. It reproduces pathway-specific
fractionation: gas-phase (OH) and aqueous-phase (H-8+/8s}H,0,/03) oxidation enriches sulfate
in 345345 (+15.1%o to +19.9%0), while TMI-catalyzed reactions deplete 22534S (9.5 + 3.1%o).
Critically-itreproduces-the-observed-mean-The model captures sulfate 34S enrichment and the

spatial and seasonal patterns of the sulfur isotope effect {across eastern China (simulated
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A634S SO42‘/§9; /SO, = 6.11+1. 85%0, observed 3 43+1. 1176a-)—aeress—Eastem—Gh+na—and—reveaL5

The remaining site- and season-dependent biases can be separated into two diagnostic
categories. The systematic overestimation of A834S-may-be-duete-53'S SO4* is primarily
attributable to the underrepresented contribution of the **S-depleting TMI-catalysis-and-

catalyzed pathway, simplified heterogeneous chemistry (using mineral dust o >1}—Previeus
studies-haveshown), and the absence of aerosol water multiphase chemistry — well-
recognized limitations common to current-generation CTMs. By contrast, the wintertime
underestimation of §3*S S04? at Beijing represents a source-driven bias. Because the trend
reverses the direction expected from oxidation-induced fractionation, this indicates that the
53*S S0, = 0%0 assumption—rather than the oxidation module—is the dominant source of
error in regions where strong localized combustion sources have elevated §3S. This bias
attribution allows the model to distinguish oxidation-driven from source-driven biases and to
constrain oxidation-pathway contributions.

Taken together with the documented higher 534S values of coal (1%0—10%o), the model's
ability to reproduce observed §3*S S04% under the §3*S SO, = O%o emission assumption implies
that i : bo 6
te—rsetep«:—iraet—lenat—lencombustlon and FGD related 345 depletlon in emltted SO, (E* = -5. 5%0,
Derda et al., 2007) is largely counterbalanced by the 34S enrichment durlng eembusﬂen%ﬂ-ue—gas

hel-ps—usatmospherlc 502 OX|dat|on (A634S +6 to make—a—ﬁunel-ameﬁt—aJ—ﬁndmg— %o) Th|

counterbalancing explalns whv ambient sulfate §3S is often close to that this-isotopicdepletion

0 a¥e g%&@ﬁ‘—iceaetiens;
e*plaamg—an—appre*wnate#ﬂue—be%m*een—éM&eﬁof sulfur contammg fuels-and-ambient
samples—gnoringthis-effectmay-cause. Neglecting the emission-side fractionation therefore
introduces systematic bias into isotope-based source apportionment-errers, underestimating
the contribution of fuels with significant combustion fractionation while overestimating sources
with &34S near 0%o. Our study highlights that incorporating both emission-side and oxidation-
side fractionation into source apportionment frameworks is therefore essential for reliable
results.

Our study also guidesinforms future sampling; by proposing simultaneous measurement
of the isotopic composition of gaseous precursors and aerosols—Fhis-appreach-aimsto-enhance
better, which would improve the interpretation of isotopic effects during chemical processes
and achieveenable more accurate source identification. tnadditienNevertheless, conducting
direct comparisons between simulations and field observations remains challenging, primarily
due to the limited availability and large uncertainties irof the isotopic composition adopted in
the emission inventory. Future investigations into the §3*S of sulfur-containing emission sources
and measurements of isotopic fractionation during combustion, gas-desulfurizatienFGD, and
multiphase chemical reactions will help improve the simulation. Fhe-isotepe-enabled-models
HustrateBy explicitly resolving the dynamic isotopic evolution of isetepesin-reactant reservoirs
and-ndicate, the isotope-enabled model further shows that the reservoir effect in open
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systems is found-to-be-less pronounced than initiaty-estimated by the conventional Rayleigh
equation. Fhe-meodelcan-serve-asOverall, by providing additional isotopic constraints, the
model offers a valuable-teelframework for a-comprehensive-understanding-ef-theinterpreting
sulfur isotope effecteffects and furtherreduee-thefor reducing uncertainties in sulfur chemistry

and budgets-by-providingadditionalisotopic-constraints,

Code and data availability

The compiled observation data and model output in our work are available via Wei et al.
(2024). The developed isotopic chemistry module is available on Zenodo as Wei, et al. (2025).
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Text S1 The description of CTMs and model configuration. The three-dimensional
atmospheric chemical transport model (CTMs) solves the continuity equation for the
chemical species for representing its entire cycle in the atmosphere, including
emission, transport (e.g. diffusion, advection), chemical production/loss, dry and wet
deposition processes. The general Eulerian form of the continuity equation can be

expressed mathematically by

A

oc __ e oc oc oc
E = -V (CU) +V- (KV : C) + [E]Emis +[§]Chem_[E]Dry _[E]Wet
LA oc ¢ oc

T = - c + c)+ [at]Emis+[at]Chem_[at]Dry_[at]Wet

(S1)

Wwhere &€ is the time-averaged concentration of the chemical species of interest. The

(BT T Be

(RETHER: FhEe: 26

term on the left side is the temporal change of concentration. The first two terms on
the right side are advection, and turbulent diffusion of the time-averaged flux, the last
four terms represent the emission intensity, time-averaged rate of chemical
interactions (including production and loss process), dry deposition, and wet scavenge.
V =(8/9x, 0/0y, 0/0z) is the gradient vector, U = (u, v, w) is the local wind velocity vector,
and K is a 3x3 matrix with zero values for the non-diagonal elements and with diagonal
elements Ky, Ky, K; representing the turbulent diffusion coefficients in each transport
direction.

The model is initialized using gridded meteorological and emission input. The
meteorological field is processed through the interpolation of NCEP FNL (Final)
Operational Global Analysis and forecast dataset on 0.25° x 0.25° grids,-employingthe

WRFE (\WeatherResearch—andForecastmodel—version—3-9),, employing the WRF

(Weather Research and Forecast model, version 3.9). Anthropogenic emissions,

including SO2, NOy, NH3, CO, VOCs, black carbon, and organic carbon, are obtained
S2 “«
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from the fusion of Hemispheric Transport of Air Pollution version-2 (HTAPv2) at a 1°
horizontal resolution for the year 2010 (Janssens-Maenhout et al., 2015), and the
Multi-resolution Emission Inventory for China (MEIC) at a 0.1°x 0.1° horizontal
resolution for the year 2015 (Li et al., 2017). The emission inventory for the Chinese
region is overwritten with the MEIC. The online mineral dust is based on the wind
erosion model developed by Wang et al. (2000) and the sea salt emissions
parameterizations are referenced from Athanasopoulou et al. (2008), respectively.

The Rapid Radiative Transfer Model for General Circulation Model (RRTMG) scheme
is employed for the computation of longwave and shortwave atmospheric radiative
fluxes and heating rates (Pincus et al., 2003). The Madronich F-TUV (Fast Tropospheric
Ultraviolet-Visible) scheme is utilized to estimate the photolysis rate. The WSM3
scheme (Hong et al., 2004) is selected for microphysics schemes. For the surface layer
and boundary layer evaluations, the Monin-Obukhov scheme (Monin and Obukhov,
1954) and the Yonsei University (YSU) scheme (Hong et al.,, 2006) are chosen,
respectively.

The Carbon Bond Mechanism version Z (CBM-Z) is employed for the gas-phase
chemistry scheme (Zaveri and Peters, 1999). The aqueous chemistry module is taken
from Regional Acid Deposition Model (RADM2) (Stockwell et al., 1997), including sulfur
chemistry and a simple mechanism for wet scavenging. The dry deposition process is
parameterized through the calculation of deposition velocity, employing the resistance
model approach developed by Zhang et al. (2003). Recently, the Global Nested Grid
Air Quality Prediction Model System (GNAQPMS) has been coupled with the CAS earth
system model (CAS-ESM) (Wei et al., 2019). It shows good performance on the global

budgets and spatial distribution of major atmospheric species, as validated against
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field observations and other model results. The oxidation processes of S(IV) to S(VI)
involve gas-phase oxidation by SO, and OH radical, as well as aqueous phase oxidation
through dissoluble S(IV) with Os, H202, NO,, and proxy acetic acid (CH3OO0H), along
with transition metal-catalyzed O; in cloud water. The oxidation of S(IV) species by
dissolved NO; is also incorporated into the sulfur aqueous chemistry, referring to the
kinetic parameters proposed by Cheng et al. (2016). The bulk cloud water pH is
iteratively calculated online using the electroneutrality equation, considering
concentrations of anions (sulfate, sulfite, nitrate, carbonate, formic acid) and cations
(NH4*, Ca%*, Mg?*, Mn?*, Fe3*). lon concentrations are determined based on Henry's
law, dissociation equilibrium and ionization processes. Neutralized cations are mainly
contributed by dust aerosol, with natural dust materials assumed to contain 10 wt%
of Ca?*, 3 wt% of Mg?*, 0.5 wt% of Mn?* and 0.5 wt% of Fe3* (Wang et al., 2002). The
gas—particle partitioning of inorganic aerosols and aerosol water content is simulated
using the improved thermodynamic equilibrium module ISORROPIA Il (Fountoukis and
Nenes, 2007; Song et al., 2018). Refer to Table S2 for a comprehensive description of
the model configuration.

The current implementation of the isotopic chemistry module relies on several
assumptions. (1) The pollutants and cloud water are uniformly distributed within the
grid cell. (2) During wet scavenging and dry deposition, no isotopic fractionation occurs,
the small mass change due to isotopic substation is insignificant relative to the mass
of particle, therefore, we apply the same K;to 325 and 3*S due to their similar molecular
mass. (3) The model does not account for variations in isotopic composition from
different emission sources. Instead, we focus on model’s ability to reproduce the

isotope effect, thus the isotopic composition of SO, and sulfate from emission sources
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are simply set to 0%o.. The treatment does not influence the comparison between

simulated and observed sulfur isotope effect during oxidation processes.

Text S2 The algorithm framework of isotopic chemistry module

We initially track the net change of SO, and sulfate after gas-phase, heterogeneous,
and cloud&aqueous chemistry module separately, and then determine the reaction
fraction f of SO, with each specific oxidation pathway during every time step (At) to be
used as input for the isotope chemistry module. At each time step, the temperature
and the temperature-dependent isotopic fractionation factor at the grid cell are
updated.

To reduce the effect of time-dependent Rayleigh equation with a large reaction
fraction. The iterative time-splitting technique is employed. Within each sub-timestep,
the reaction fraction is set at 2%, and a repetition involves adding equal portions of
a fresh mixture. Utilizing the input mass of sulfur-containing isotopologues 3250, and

3450, at the last time step as initial value, we calculate the isotope ratio of 325042 and

112

113

114

115

116

117

34504% in the product, as well as the isotope ratio of 3250, and 3%S0> in the remaining
reactant based on Rayleigh equations. We then derive the net mass change of 32S0,,
3450,, 325047 and 3*S04% using the isotopic mass balance at each sub-timestep, as

expressed in the following equation.
amc( 'x), = (MC( "X~ R("x/ LX)S[x Mc( ‘X)SH)/(R( "X/ !X)Pt ~Rr("x/ iX)S)

AMc("x), = R( "X/ x), xamc( 'x),

amc( 'x), = (MC( "X)s,_, — Rse x MC( lx)s_t_l)/(ﬁpl, —Rsy) o
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139

AMC("X), = Rse x AMC( 'X), s3)

Where AMC(AhAX)tAand AMc( AlAX)n represent the change in molar mass of

3\

isotopologues containing heawy—heavier isotope AhX and lightlighter isotope X of

elemept—¢—at time t during the chemical process, respectively.

MG%MC( hX)s,quand MG@Q;MC( 'X)s,mA represent the molar mass of |

reactant S containing heavyheavier isotope "X and lightlighter isotope }}(ef—elemem

Adta

X at time t-1, respectively. \

During each sub-timestep, the isotope ratio of the substrate is updated with the new
mixing, and the isotope ratio of the accumulated product is weighted with the molar
mass and isotope ratio of the product at each sub-timestep. An iterative loop is
executed for the above steps.

—Text§3 Thederivationmrof stableisotopiccomposition of a reservoir in open systems.

We consider a reservoir that loses material due to any physicochemical process with
isotopic fractionation at a constant temperature. At any instant, the stable isotope

ratio is given by

h»
b

h
=NCO (54

R=—7=
N( )

where N("X) and N( 'X) represent the atomic abundances of the heavier stable

) h . ) ! )
isotope (%) and lighter stable isotope ( X), respectively.

Taking the logarithm of both sides of eg—~{StEquation (S4)
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(RETER: ThuE: 2o
dR _ dN* dN _dN* dN
RN N NN (e
27
dr _an("x) an(') _ an(x)  an( ) 56
R~ N("X) N T NCIOXR  N( lx)—(—l
At any instant, let dN<"dN ("X), and éN.dN( 'X), are being lost and éN.“dN ( "X), EETHE: TATe: BE
and eN.dN ( lX)rAare being added to the reservoir. So, the net change in N*N ( hX)A [‘EE?HE‘" FERE: RE
and NN ( X),is (iRETHR: T Be
(iETHER: THEe: 2o
dN" = dNy - dN; (igETHR: Fhwe: B
dN = dN, - dN, iS4}155) LEETHER: THEe: BE
’ (igETHER: FHme: B
dN("X) = dN("X); — dN("X)._ (57)
AN( X)) =dN( %), —dN( %X).__ (S8)
Dividing eg—{S4Equation (S7) by eg—S5Equation (S8) %Eﬁ?ﬁi\i: TR 12 15, TG B
. R REBTIRN: P 12 8, FhE: 26
AN _aN; —dN; _ NN ve _ B, —aR (iETHES: T 12 5, THHE: BE
AN~ dN, —dN, ey =" HeaiN , FAIREE: 3
¢ (S6)
=7
aN( "X anNCor  dn(X)e
an("x) _ dNC*B)r —dN("X)e _ an(Dor T an( e an e _ R, —ar
dN( ') T dN( DO)p —dN( X)e an bor ~ p-1 —(59)
dn( Ye
Where a is defined as - - = 5 [EE?F&E\:: IR B
153 h ! h ! . INCO: e ratio of the [ﬁﬁ?t&ﬂ P B
N dAN( )¢, (iRETHER: T e
amount of material added to that lost, and R; is the stable isotope ratio of the reactant
added to the reservoir during the interval, [i&ﬁ?ﬁi\‘.: FiEE: BE
Substituting the value of dN-=dN( hX)from eg-Equation (S9) to Equation (S6)-te-eq- FQE?EE& FHES: RE
RETHEN: FRame: Be
{s3), (RETHR: T (30 +HYIEY (RiE), FHHE: Bt
dR BR, —aR, _dN dN _dN B 4
T GE v v G
(s7)
drR _ (ﬁR, ~aR,  dN( b an(bo _an( " B_%T_L_ 1 (510
R~V p-1 ) NCIOxR  N(x) T ON() (13—1 B-1 ) (510)

After differentiating, eg—{S2Equation (S5) becomes

(gETHER:

FIAEE: BE
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(iETHER: P Be

(RETER: THhue: 26

)

or
dR _an
Errxr) - N
e (s8)
A )
dR dN( %)
= S11
BR a 1
E—_Z—(ﬂ+ 1)XR N( °X)
Taking integration on both sides, the integral on the left side is in the form of
[——dR.
A-BxR
1 fd{g%’l—(ﬁ"ju)x;z} _ fd—N
“Got)  {f-girnxR) N
I(G)
Using the substitution method, letu = A — B X R, where A = ﬁer and B = %_{_ 1,

Differentiating with respect to R yield du = -B dR, so dR = —édu. Substituting into

1

the integral [ dR.
——J A-BXR -
1 1 1 1 1 1
f;X(—E)du——Ef;du——g——glnlA—B*lﬂ (S12)

Then substitute the previously defined A and B back into the formula to obtain the

final complete solution. The condition for integrating this equation is

[ ieE TR P (R0 +RYIEY (RIK), FHEE: 26

(RETER: Fhue: 26

dN,

BR, i i r -1
ko (ﬁ + 1) X R, it gives that . (,i;_l)
: fd{%‘ GO ancty
—(%+ 1) {%-(ﬁ+1)x}?} N( )
BR, o o dN( %)y a-1
Where 7 (ﬁ_1 + 1) X R_, it gives that TR (%_1);

At B =1, this equation is not solvable, hence first we take the case where B #1.

Case 1: on integrating eg—S8Equation (513), we get

(RETHER: Trhue: e

(gETER: FHEE: 26
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1 BR,
—(B'IT]+1) In {5—1

a —_—
—(E+1)><R}—lnN+k

LN ln{BRr -G+ D xR} =InN('X) +k (s14)

—_—
~Gg+ D) B-1

fter applying boundary conditions, at t=3-N=Ng;to, N X =N x 0. R=Ro, we
L'

(igETHER: T 2e

evaluate k and substitute in eg—~S10Equation (514); we get

1 Dﬂ—(g"jﬁ)xk}

- x In{-£=L =ln£=ln
Gt {{gf;—(;’j-ﬁ—l)xRo}} No f

>

1 l —gﬁ - (—B‘fl +1)XR l N Do l
% = = (515)
o PR - G5+ xR g - rem

183 Here ., 1s the fraction of the material [eft in the reservoir relative to the initial
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194

(RETHER: FHhue: 26

(igETHER: T e

(RETHER: FhEe: 26

amountwhichisdifinadas A NI AL
Further simplifying eg—~S+LEquation (S15) becomes

— =Gy B =57}
R= Rof -1 +a+B71erxl1 f ot J
(S12)
et
Repf ~Gz*v B . p 4 ~GE D
- Ofrem + a+f-1 X Ry X - f‘rem S16
or
B
R = Rof? +a+£—1 X R, x[1—=fP]
€212

R = Rofrem’ + o= X R X [1 = frem”] (517

— -
Here p=—(—+bHp =—C+ 1.

Substituting B=0, ee—{S33Equation (S17) converts to the simple Rayleigh equation,
which cross-checks the derivation.

R = Rof(a—l)
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208

R=Ryfrem® ™ (518

Case 2: When B=1, dN—=-—0-hencedN( lX) = 0. Hence, from eg—S5)-dNo-—=dN—~

RETHN: PR RE

[Equation ($358),dN( “X), = dN( "X),. Equation (S6) becomes

RETHEN: FhEe: B

dR = Luv:l;dzv; — R, d;\;/, —aR dlzvve _ (RT;aR)dNT _ (R,;:R) dn,

dN("X), — dN("X). dN( X)), dN( X
dR = = —a
N('X) N(C'X) N(C'X)

r

= (ZT)dN(X), = G)dN( 'X),___(519)

N( %) N( ')
After rearranging and integrating, this becomes

—lfw=ider

R AL

>

1 .d(Ry—aR) 1
af Rr—aR  N( %),

[dN('X), (520

After solving fully and applying boundary conditions as in the previous case, we get

R = Ryexp[—(aN; /No)] + (R, /@) X {1 — exp[—(aN, /No)]}

(S17)
\ox77

an( ),
N( ')

R = Ryexp [— ] + (R, /a) X {1 —exp [— ot lx)r]} S21

N( YX)o

Here M-N( lX)nindicates the total number of lighter isetepeicisotopic molecules

(
(BT P Be
(
(

RETHER: A Re
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209 Table S1 Compiled observation data of 63S values of coal, sulfate aerosol, and

210 wet precipitation across different Chinese provinces

(BT T Be
534S of

Province 63S of coal 534S of aerosol < [ﬁﬂﬂsﬁﬁ

wet precipitation

e e e J e J e g 0 0 0 0 J 0 0 0 0 0 0 J 0 J )L JL _JL

Beijing 7.4+16.1 4.7+1.8 6.1+1.3 (iRETHER: T e
Tianjin 41116 (RETER: T 26
JInner Mongolia 0.8 [iﬁﬁ?t&iﬁ: FIREE: BE
Heilongjiang 32418 6.4 (gETER: FHEE: 26
Liaoning 9.443.2 5.9 [i&ﬁ?ﬁi\i: FHERE: RE
Jilin 1.7 8.1 (gETER: FHEE: 26
Hebei 3.5:6.6 (igETHER: T 26
Henan 6.4+1.0 2.1%23 (igETER: T 26
Shandong 7.642.9 (gETHER: T 26
Gansu 7.343.5 (gETER: FhYE: 26
Zhejiang 4.0+1.5 6.2+2.7 (iRETHER: FHEE: 26
Jiangsu 3.841.3 5.5+1.0 (BT T Be
AnweiAnhui 3.8 (iRETER: T 26
Fujian 3.5¢1.1 (gETHR: Fhue: 26
Chongging 4.3%1.1 [iﬁﬁ?t&iﬁ: FREE: BE
Jiangxi -4.4%13 (BT P e
Sichuan 8.841.3 3.9 (gETHER: T 26
Shaanxi 7.9¢4.6 12.3+1.1 (gETER: T 26
Shanxi 12.1+10.8 (gETER: T 26
Hubei 12.1 (gETHER: T 26
Hunan -6.645.7 (BT P e
Guangdong 9.6x1.0 5.2+1.6 [i&ﬁ?ﬁi\;: FAEHE: BE
Guizhou -7.540.1 -2.849.8 1.2 (iRETHER: FHEE: 26
Yunnan -0.7 (igETHER: T 26
R11 The dataset (Meanzstd.) are compiled from references. [EE?E?\.: FhEE: B
R12 The compiled data from various Chinese provinces are cited from sources such as Beijing (Fan et

213 al., 2020; Wei et al., 2018; Han et al., 2016b; Hong et al., 1993; Maruyama et al., 2000; Ohizumi et
R14  al., 1997; Mukai et al., 2001; Han et al., 2016a; Zhu et al., 2016), Tianjin (Han et al., 2022; Ding et
15 al., 2022), Inner Mongolia (Hong et al., 1993), Heilongjiang (Hong et al., 1993; Ohizumi et al., 1997,

R16  Mukai et al., 2001), Liaoning (Hong et al., 1993; Maruyama et al., 2000; Ohizumi et al., 1997), Jilin [%Fﬁ\‘.ﬂg: EETRG

S11 “




217
218
219
220
P21
222
223
224
225
226
R27

(Hong et al., 1993; Mukai et al., 2001), Hebei (Hong et al., 1993), Henan (Hong et al., 1993; Zheng
etal.,, 2024), Shandong (Hong et al., 1993), Gansu (Xiao and Liu, 2011), Zhejiang (Hong et al., 1993;
Lin et al., 2022), Jiangsu (Hong et al., 1993; Chen et al., 2017; Li et al., 2020; Maruyama et al., 2000;
Mukai et al., 2001), ArweiAnhui (Hong et al., 1993), Fujian (Lin et al., 2018), Chongging (Xiao et al.,

2009; Wu and Han, 2015), Jiangxi (Hong et al., 1993; Xiao and Liu, 2011; Xiao et al., 2009), Sichuan
(Hong et al., 1993; Xiao et al., 2009), Shaanxi (Xiao and Liu, 2011; Bai and Wang, 2014), Shanxi (Xiao
and Liu, 2011; Maruyama et al., 2000; Ohizumi et al., 1997), Hubei (Xiao and Liu, 2011), Hunan
(Hong et al., 1993; Xiao and Liu, 2011), Guangdong (Lin et al., 2018),-Guizheu-(Lin et al., 2018)
Guizhou (Hong et al., 1993; Mukai et al., 2001; Xiao et al., 2009; Xiao et al., 2014), Yunnan (Hong

etal., 1993)
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230

Table S2 The detailed information of model configurations

Module

Parameterizations/schemes «

Input global analysis data

Gas-phase chemical mechanism

Aqueous-phase chemical
mechanism and wet scavenge

Anthropogenic emissions

Dust, sea salt

Photolysis scheme

Microphysics scheme

Longwave radiation scheme
Shortwave radiation scheme
Surface layer

Land surface schemes

Planetary boundary layer physics

Cumulus

Vertical layers

NCEP GDAS/FNL data
CBM-Z mechanism (Zaveri and Peters, 1999)

RADM mechanism (Chang et al., 1987)
HTAPv2 and MEIC

wind erosion model (Wang et al., 2000)
sea salt online parameterization (Athanasopoulou et al., 2008)

Madronich F-TUV

WSM3 (Hong et al., 2004)

RRTM (Mlawer et al., 1997)

Dudhia scheme (Dudhia, 1989)

Monin-Obukhov (Janjic) scheme (Monin and Obukhov, 1954)
NOAH (Ek et al., 2003)

YSU scheme (Hong et al., 2006)

Kain-Fritseh-seheme{kain—andKain,—2004)Kain-Fritsch scheme

Kain, 2004
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233
234  Figure S1. An example illustrating the change in isotopic composition (6) of a reservoir [EE?F&E\‘.: TR B

P35 related to the remaining fraction (frem) of the original material, considering various
P36 values of B, which represents the ratio of the instantaneous amount added to the
237  removal during an infinitesimal time interval At (8 #1). The isotopic composition of
P38  the external source (8s) is assumed to be 10%., and the fractionation factor is set to
P39  1.0167.
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sub-steps (a) 1, (b) 10, (c) 50, and (d) 100, relative to reference simulation with
integration method in the open system associated with simultaneous reaction and
mixing processes. Each simulation involves the addition of a compound with an initial
S-value of 10.0%0 to the substrate (initially 6= 0%o), while the chemical reaction
exhibits an isotopic effect with a fractionation factor of a= 1.0167. The fractions of
added and removed products range from 1% to 99% of the initial amount of substrate
and are uniformly divided at every time sub-step. The color scheme and contour lines
illustrate the 6-value differences between the respective simulations and the

referenced simulation.
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265

sub-steps (a) 1, (b) 10, (c) 50, and (d) 100, relative to reference simulation with 1000
sub-steps. Each simulation involves the addition of a compound with an initial 6-value
of 10.0%o to the substrate (initially § = 0%o), while the chemical reaction exhibits an
isotopic effect with a fractionation factor of a= 1.0167. The fractions of added and
removed products range from 1% to 99% of the initial amount of substrate and are
uniformly divided at every time sub-step. The color scheme and contour lines illustrate
the 6-value differences between the respective simulations and the referenced

simulation.
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