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Abstract. Subarctic cities notoriously experience severe winter pollution episodes with fine particle (PM2.5)
concentrations above 35 µg m−3, the US Environmental Protection Agency (EPA) 24 h standard. While winter
sources of primary particles in Fairbanks, Alaska, have been studied, the chemistry driving secondary particle
formation is elusive. Biomass burning is a major source of wintertime primary particles, making the PM2.5 rich
in light-absorbing brown carbon (BrC). When BrC absorbs sunlight, it produces photooxidants – reactive species
potentially important for secondary sulfate and secondary organic aerosol formation – yet photooxidant measure-
ments in high-latitude PM2.5 remain scarce. During the winter of 2022 Alaskan Layered Pollution And Chemical
Analysis (ALPACA) field campaign in Fairbanks, we collected PM filters, extracted the filters into water, and
exposed the extracts to simulated sunlight to characterize the production of three photooxidants: oxidizing triplet
excited states of BrC, singlet molecular oxygen, and hydroxyl radical. Next, we used our measurements to model
photooxidant production in highly concentrated aerosol liquid water. While conventional wisdom indicates pho-
tochemistry is limited during high-latitude winters, we find that BrC photochemistry is significant: we predict
high triplet and singlet oxygen daytime particle concentrations up to 2× 10−12 and 3× 10−11 M, respectively,
with moderate hydroxyl radical concentrations up to 5× 10−15 M. Although our modeling predicts that triplets
account for 0.4 %–10 % of daytime secondary sulfate formation, particle photochemistry cumulatively domi-
nates, generating 76 % of daytime secondary sulfate formation, largely due to in-particle hydrogen peroxide,
which contributes 25 %–54 %. Finally, we estimate triplet production rates year-round, revealing the highest
rates in late winter when Fairbanks experiences severe pollution and in summer when wildfires generate BrC.
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1 Introduction

In 2022, Fairbanks, Alaska, was ranked the third-worst US
city for fine particle (PM2.5) pollution, averaging 30 d per
year above 35 µg m−3, the US Environmental Protection
Agency (EPA) 24 h standard (Simpson et al., 2024). Like
Fairbanks, cities across the Arctic and subarctic suffer from
severe winter PM2.5 pollution episodes (Arnold et al., 2016;
Schmale et al., 2018; Simpson et al., 2024). These pollu-
tion events are caused by local emissions and unfavorable
meteorology, where strong surface-based inversions trap lo-
cally emitted pollution in the bottom 20 m of the atmosphere
(Cesler-Maloney et al., 2022; Simpson et al., 2024). While
the meteorology driving pollution episodes has been charac-
terized (Brett et al., 2025; Cesler-Maloney et al., 2024) and
many of the primary sources of PM have been identified, the
secondary chemical processes that form and transform PM in
Fairbanks are only starting to be explored (Moon et al., 2024;
Simpson et al., 2024; Sunday et al., 2025). These secondary
processes can produce PM, worsening air quality, and need
to be characterized for a complete understanding of PM pol-
lution in Fairbanks (Ijaz et al., 2024; Joo et al., 2024; Mao et
al., 2024; Moon et al., 2024; Sunday et al., 2025; Virtanen et
al., 2010).

Winter PM2.5 in Fairbanks is, on average, 60 % organic
aerosol (OA) and 20 % sulfate (SO2−

4 ), with the remain-
ing 20 % a combination of elemental carbon, nitrate, am-
monium, and other inorganic ions (Kotchenruther, 2016;
Robinson et al., 2024; Simpson et al., 2024). The dominant
sources of primary PM2.5 – fine particles emitted directly
into the atmosphere – are residential wood burning, combus-
tion of sulfur-rich fuel oil, and vehicle emissions (Moon et
al., 2024; Robinson et al., 2023; Simpson et al., 2024). Sec-
ondary PM2.5 formation – the oxidation of gases to form low-
volatility products – has also been identified as a PM source
in Fairbanks (Ijaz et al., 2024; Moon et al., 2024; Robinson
et al., 2024; Simpson et al., 2019). Kotchenruther (2016) re-
ported that in Fairbanks winters, on average 12 % of OA is
secondary (i.e., SOA) or aged woodsmoke OA – both formed
by secondary chemistry. Similarly, during the Alaskan Lay-
ered Pollution And Chemical Analysis (ALPACA) field cam-
paign in 2022, between 16 % and 58 % of total SO2−

4 was
secondary (Moon et al., 2024). While it is evident that sec-
ondary PM comprises a substantial portion of winter PM2.5
in Fairbanks, the oxidants driving this observed secondary
PM formation remain unclear (Simpson et al., 2019).

In Fairbanks, the abundance of biomass burning PM in-
dicates a strong potential for condensed-phase brown car-
bon (BrC) photochemistry. Biomass burning (BB) particles
are rich in BrC – light-absorbing organic compounds formed
during the incomplete combustion of biomass – as well as
fossil fuel combustion and multiphase chemical processing
(Laskin et al., 2025). When BrC chromophores absorb light,

Figure 1. Schematic of condensed-phase qOH, 3C*, and 1O2* for-
mation from brown carbon (BrC) photochemistry.

they form photooxidants – reactive species that can produce
secondary sulfate and secondary organic aerosol (Jiang et al.,
2021; Sunday et al., 2025; Wang et al., 2020b). We focus on
three photooxidants that are important for condensed-phase
reactions in woodsmoke particles: hydroxyl radical ( qOH),
oxidizing triplet excited states of BrC (3C* or “triplets”), and
singlet molecular oxygen (1O2*) (Bogler et al., 2022; Chen
et al., 2018; Kaur et al., 2019; Kaur and Anastasio, 2018; Lyu
et al., 2023; Ma et al., 2023, 2024; Manfrin et al., 2019). As
shown in Fig. 1, these photooxidants, which are formed by
sunlight reactions involving brown carbon, can be significant
intermediates in the formation of secondary PM species.

Hydroxyl radicals in aqueous droplets can be formed
through a variety of mechanisms. In cloud/fog water, where
the PM mass/H2O mass ratio is between 10−3 and 10−4

(Ma et al., 2023), transport of qOH from the gas phase is
an important source of aqueous-phase qOH. In aerosol liq-
uid water (ALW), where the PM mass/H2O mass ratio is
close to 1 (Ma et al., 2023), in situ photochemical produc-
tion of qOH becomes the dominant source (Kaur et al., 2019;
Ma et al., 2023). Aqueous-phase qOH can be produced by
reactions of hydrogen peroxide with reduced iron or cop-
per, the decomposition and photolysis of organic hydroper-
oxides, the photolysis of nitrate and nitrite, and as a byprod-
uct of BrC photochemistry (Arciva et al., 2022; Gerritz et al.,
2023, 2024; Tomaz et al., 2018; Tong et al., 2016). In addi-
tion, Kapur et al. (2024) report production of qOH in dark
samples from the ALPACA campaign using electron para-
magnetic resonance. The dominant sink for photochemicalqOH in cloud water and ALW is dissolved organic carbon
(DOC) (Arakaki et al., 2013): hydroxyl radicals react rapidly
with organic compounds and can form aqueous secondary
organic aerosol, which may contribute to the abundant OA
observed in Fairbanks (Arciva et al., 2022; Smith et al., 2015;
Yu et al., 2014). Aqueous-phase qOH also reacts with S(IV)
to form secondary SO2−

4 , which may contribute to the sulfate
observed in Fairbanks (Seinfeld and Pandis, 2016).

Atmos. Chem. Phys., 25, 9561–9581, 2025 https://doi.org/10.5194/acp-25-9561-2025



L. M. D. Heinlein et al.: Surprisingly robust photochemistry in subarctic particles during winter 9563

Oxidizing triplet excited states of brown carbon are
formed when BrC chromophores absorb sunlight, forming an
electronically excited state chromophore (Kaur and Anasta-
sio, 2018; McNeill and Canonica, 2016). 3C* concentrations
in the atmosphere were first measured in cloud and fog drops,
but recent work showed much higher levels in ALW (Kaur
and Anastasio, 2018; Ma et al., 2023). These results suggest
that triplets are kinetically competitive against other parti-
cle oxidants like qOH and indicate the strong potential for
3C*-driven chemistry in particles (Ma et al., 2023). Specif-
ically, triplets might be an important oxidant in secondary
SO2−

4 formation in BrC-rich aerosols due to in situ particle
chemistry and surface reactions (Wang et al., 2020b; Liang
et al., 2024). They can also rapidly convert phenols to aque-
ous SOA in drops and particles (Jiang et al., 2023b, a; Ma
et al., 2021, 2024; Smith et al., 2014, 2016; Yu et al., 2014;
Zhang et al., 2022) and form secondary oxidants such as phe-
noxy radicals, which may drive additional chemistry (Remke
et al., 2022).

The third photooxidant of interest in BrC-rich particles is
singlet molecular oxygen, which is produced when triplets
transfer their energy to dissolved oxygen (Fig. 1; Appiani
and McNeill, 2015). Of the three photooxidants discussed
here, 1O2* is predicted to exhibit the highest steady-state
concentrations in ALW, roughly 10 times higher than those
of triplets and 100–1000 times higher than those of aqueousqOH (Kaur et al., 2019; Ma et al., 2023). Interestingly, the
concentration of 1O2* is highly dependent on the type of BrC
and varies greatly among BrC sources (Jiang et al., 2023a;
Ma et al., 2024; Manfrin et al., 2019). While 1O2* concen-
trations in ALW are higher than those of 3C* and qOH in
ALW, singlet oxygen is also more selective: 1O2* reacts with
fewer organic species and with slower reaction rates than 3C*
and qOH (Manfrin et al., 2019). Nonetheless, in ALW, singlet
oxygen can be a significant sink for some organic species and
might also be important for aqueous SOA formation (Ma et
al., 2023; Manfrin et al., 2019).

Given the potential importance of photooxidants and the
lack of measurements, our goal is to quantify photooxidant
production in wintertime particles from a high-latitude site
to understand their role in multiphase chemical processing
during severe winter pollution events. First, we measure the
photolytic production of aqueous-phase qOH, 3C*, and 1O2*
in dilute extracts of PM2.5 collected in Fairbanks during AL-
PACA. We then use these extract measurements to model
photooxidant production in aerosol liquid water to under-
stand wintertime photooxidant production in biomass burn-
ing PM. To explore how 3C* and other oxidants contribute
to chemical processing in particles, we first assess the life-
times of various organic species due to qOH, 3C*, and 1O2*.
We next build a kinetic model to estimate the importance of
triplet excited states and other oxidants in the formation of
secondary sulfate. Lastly, we predict 3C* production in par-
ticles throughout the year in Fairbanks to assess the overall
potential for 3C* chemistry.

2 Methods

2.1 Chemicals

Syringol (SYR; 99 %), furfuryl alcohol (FFA; 98 %), ben-
zoic acid (BA; ≥ 99.5 %), p-hydroxybenzoic acid (p-
HBA; 99 %), 3,4-dimethoxybenzaldehyde (DMB; 99 %), and
methanol (MeOH; ≥ 99.5 %) were received from Milli-
pore Sigma. Chemical solutions and particulate matter ex-
tracts (PMEs) were prepared using air-saturated ultrapure
water (Milli-Q water) from a Milli-Q Advantage A10 sys-
tem (Millipore; ≥ 18.2 M� cm) that was pretreated with a
Barnstead activated carbon cartridge. pH was adjusted with
TraceMetal™ grade concentrated sulfuric acid (Fisher Sci-
entific, 18.4 M).

2.2 Sample collection, extraction, and storage

Between 13 January and 25 February 2022, high-volume
24 h filter samples of ambient particles were collected at two
separate sites in Fairbanks: a residential location designated
as the “house” site and the University of Alaska Fairbanks
Community & Technical College in downtown Fairbanks,
called the “CTC” site (Simpson et al., 2024). We collected
PM2.5 at the house site and PM0.7 (particulate matter ≤ 2.5
and ≤ 0.7 µm in diameter, respectively) at the CTC site. De-
tails regarding filter collection at the house and CTC sites are
outlined in Edwards et al. (2024) and Moon et al. (2024), re-
spectively, and in Sect. S1 in the Supplement. While we mea-
sured photooxidants on all house site composites, we only
performed a few measurements of photooxidants using the
CTC composites and instead used them to perform the dilu-
tion series experiment (outlined below), to explore site dif-
ferences, and to examine pH differences.

The 24 h filters were compiled into multiday composites,
with each composite named with its midpoint date (Table S1,
Fig. 2). To prepare PMEs, filters were first cut into 2× 2 cm
squares (with several squares cut from each filter), placed in
individual 20 mL amber bottles, and submerged in 1.0 mL of
solvent. For a given composite, we used an equal number of
filter squares from each filter to ensure that each day was
equally represented. In other words, we controlled the ratio
of filter area from each individual filter to the total area of
filter extracted to create a composite. Filters were extracted
in Milli-Q water, 50 mM sulfuric acid (pH 1.3, henceforth
referred to as pH 1), or 10 µM sulfuric acid (pH 4.7, hence-
forth referred to as pH 5). House site filters were extracted
into only Milli-Q water and pH 1, while some CTC site fil-
ters were extracted into pH 5 in addition to Milli-Q water and
pH 1. The two concentrations of sulfuric acid were selected
to mimic the high- and low-pH values predicted in aerosol
liquid water by Campbell et al. (2024b). The filters in solu-
tion were shaken for 4 h in the dark, after which the filter
squares were removed and extracts in a given solvent were
combined. For each filter, we made up two to three differ-
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Figure 2. Hourly average PM2.5 mass concentrations in downtown
Fairbanks (NCore site; Simpson et al., 2024) for the ALPACA cam-
paign of winter 2022. Grey lines delineate each composite, labeled
with its midpoint date, while grey-shaded days were used for initial
testing and were not part of a composite (see Table S1 for collection
times). The dashed red line marks the EPA 24 h PM2.5 standard.

ent extracts: Milli-Q; pH 1; and, for some filters, pH 5. The
extracts were filtered (0.22 µm PTFE; Pall); their pH values
were measured (Table S2); and for pH 5 extracts, which gen-
erally had an initial pH above 5, additional sulfuric acid was
added to adjust to within 0.2 pH units of pH 5. The solu-
tions were then flash-frozen in liquid nitrogen and stored in a
−20 °C freezer until further use. The pH 1 and pH 5 particle
extracts were used to measure photooxidant production, UV–
Vis absorbance spectra, and concentrations of water-soluble
transition metals, while parallel Milli-Q extracts were used
to determine concentrations of total solutes, DOC, and ions.

2.3 General sample composition

The UV–Vis absorbance spectrum of each composite was
measured with a Shimadzu UV-2501PC spectrophotometer
in a 1 cm quartz cuvette. The pH of each extract from ev-
ery composite was measured using a microelectrode (MI-
414 series, protected tip; Microelectrodes, Inc.). The DOC
concentration of each composite was measured using a Shi-
madzu total organic carbon analyzer (TOC-V CSH). Dis-
solved metal concentrations of each composite were mea-
sured using an Agilent Technologies triple-quadrupole 8900
inductively coupled plasma mass spectrometer. The concen-
trations of major ions of each composite were measured
using ion chromatography (Dionex ICS-6000) (Sunday et
al., 2025).

2.4 Illumination experiments

Illumination experiments were performed as outlined in Ma
et al. (2024) and are briefly reviewed here. Tropospheric sun-
light was simulated with a 1000 W Xenon arc lamp with three
downstream optical filters: a water filter, an AM1.0 air mass

filter (AM1D-3L, Sciencetech), and a 295 nm long-pass filter
(20CGA-295, Thorlabs; see Fig. S1 for the simulated sun-
light spectrum; Kaur and Anastasio, 2018; Ma et al., 2023;
Sunday et al., 2025). All illuminations were performed in
1 mL GE 021 quartz tubes (5 mm inner diameter). On each
experiment day, the photolysis rate constant of 10 µM of 2-
nitrobenzaldehyde (j2NB,EXP) was measured and used to de-
termine the daily photon flux in the solar simulator (Gal-
bavy et al., 2010). Values of j2NB,EXP ranged from 0.018 to
0.026 s−1 (decay plots are shown in Fig. S2); all laboratory
oxidant production rates and concentrations reported in this
work were normalized to a standard j2NB,AK of 0.0045 s−1,
a value representative of the Fairbanks midday actinic flux
on 1 February 2022 using actinic sunlight modeled by the
Tropospheric Ultraviolet and Visible (TUV) radiation model
(Madronich and Flocke, 1998). This j2NB,AK value also in-
cludes an enhancement factor of 2.5 to account for opti-
cal confinement (described in Sect. 3.1) (Corral Arroyo et
al., 2022). Light screening, i.e., the attenuation of photons
through the reaction tube, was quantified using a screening
factor (Sλ) (Sect. S2). The rate of light absorbance by PM
extracts in the solar simulator was calculated as described in
Sect. S3.

2.5 Photooxidant measurements

Steady-state concentrations of qOH, 3C*, and 1O2* were
measured under laboratory conditions with widely used
probe methods (Anastasio and McGregor, 2001; Appiani et
al., 2017; Appiani and McNeill, 2015; Kaur et al., 2019;
Kaur and Anastasio, 2018; Ma et al., 2022). Benzoic acid,
syringol, and furfuryl alcohol were used to measure qOH, ox-
idizing 3C*, and 1O2*, respectively, by quantifying the loss
of the probes during illumination. For benzoic acid, we also
monitored the formation of a product, p-HBA (Sect. S4). For
each experiment, 1.0 mL of particulate matter extract was
spiked with 10 µM of a probe (P ), held at 10 °C, and illu-
minated. Solutions were not stirred since the entire solution
was illuminated, but solutions were shaken vigorously prior
to illumination and sampling to ensure homogeneity. At five
designated time points, a 130 µL aliquot was removed, and
the probe concentration was determined using high-pressure
liquid chromatography (HPLC; Shimadzu LC-20AB pump,
Thermo Scientific Accucore XL C18 column (50× 3 mm,
4 µm bead), and Shimadzu-M20A photodiode array detec-
tor). The probe decay was then fit with the following first-
order kinetic equation:

ln
[Pt ]

[P0]
= −k′P t, (1)

where t is time, [Pt ] is the probe concentration at time t ,
[P0] is the initial probe concentration, and k′P is the mea-
sured pseudo-first-order rate constant for probe loss (raw data
are shown in Fig. S2). Here k′P is corrected for internal light
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screening and normalized to a j2NB,AK of 0.0045 s−1 using

k′P,EXP =
k′P 0.0045
Sλ j2NB,EXP

, (2)

where k′P,EXP is the normalized pseudo-first-order rate con-
stant for P loss, and Sλ is the screening factor. Parallel dark
control experiments were performed by measuring probe
concentrations in a quartz tube containing the particulate
matter extract spiked with all three probes and wrapped in
aluminum foil. No probe loss was observed in the dark sam-
ples. Using the experimental k′P, the steady-state oxidant con-
centrations and oxidant production rates were calculated us-
ing the methods described in Sects. S4 and S5 and rate con-
stants from Table S3. Finally, the quantum yield (8Ox) of
each oxidant in our dilute extracts was determined by

8Ox =
POx,EXP,PME

Rabs,EXP,PME
, (3)

where POx,EXP,PME is the production rate of a given oxi-
dant, and Rabs,EXP,PME is the rate of light absorbance of our
PMEs (Sect. S3), both under laboratory experimental condi-
tions with a standard photon flux of j2NB,AK = 0.0045 s−1.

2.6 Predicting photooxidant concentrations in aerosol
liquid water of Fairbanks particles

2.6.1 Sunlight in Fairbanks

Throughout ALPACA, the downwelling spectral actinic flux
(310–700 nm) was measured every 8 min using a diode array
actinic flux spectroradiometer (MetCon GmbH) at the NCore
site in downtown Fairbanks (calibrated prior to the ALPACA
campaign). To quantify albedo, upwelling and downwelling
jNO2 values were measured at 1 min intervals using a filter
radiometer (MetCon GmbH, calibrated after the ALPACA
campaign). The upwelling-to-downwelling ratio of jNO2 was
calculated and applied to the downwelling spectral actinic
flux to estimate the total (i.e., upwelling and downwelling)
actinic flux. Using these data, we calculated the daily peak
3 h average actinic flux (Iλ,AK). We then averaged the daily
peak 3 h Iλ,AK over each composite to calculate an Iλ,AK
representative of the peak 3 h average sunlight condition for
each composite. The rate of light absorbance (Rabs,AK,ALW,
mol L−1 s−1) of BrC in Fairbanks particles was then calcu-
lated with

Rabs,AK,ALW = [DOC]ALW×

550∑
310[

MACλ× Iλ,AK×1λ × 10−3
]
× (a+ 1)× 2.5, (4)

where [DOC]ALW is the water-soluble DOC concentration
predicted for ALW conditions (mg L−1), MACλ is the DOC-
normalized mass absorption cross section at wavelength λ
(cm2 g−1), Iλ,AK is the composite-average peak 3 h actinic

flux based on measurements during ALPACA (mol pho-
tons cm−2 nm−1 s−1),1λ is the wavelength interval between
discreet Iλ,AK values (1 nm), the 10−3 factor is a unit con-
version of g to mg, a is the albedo, and 2.5 is a factor that
accounts for optical confinement (Corral Arroyo et al., 2022;
Kaur et al., 2019). We defined our ALW conditions based on
the ALW concentrations reported by Campbell et al. (2024b)
modeled using ISORROPIA-II during the ALPACA cam-
paign. DOC concentrations in ALW were calculated as de-
scribed in Sect. S6.

2.6.2 Dilution series

To predict the steady-state concentrations of qOH, 3C*, and
1O2* in aerosol liquid water in Fairbanks, we first charac-
terized how oxidant concentrations changed with solution
concentration (Kaur et al., 2019; Ma et al., 2023). We per-
formed a dilution experiment on the 14 February CTC com-
posite. We prepared five separate particulate matter extracts,
extracting the 2× 2 cm filter squares into different volumes
of solution to obtain a sequence of dilutions (prepared in pH
1, with parallel Milli-Q extracts prepared for the three most
dilute samples). Compared to the standard particulate mat-
ter extract, where a 2× 2 cm filter square was extracted into
1.0 mL of solution, the five dilution series extracts were pre-
pared with solution volumes equal to extracting each 2×2 cm
filter square into 10.0, 2.0, 0.70, 0.40, and 0.30 mL of solu-
tion. For the three most dilute extracts, we extracted the fil-
ters into 50 mM H2SO4 (pH 1.3). For the 0.40 mL per square
and 0.30 mL per square extractions, we extracted the filter
squares into 1.0 mL of 0.020 and 0.015 M H2SO4, respec-
tively. We then used rotary evaporation to concentrate the ex-
tracts (removing 60 % and 70 % of the water for the 0.40 and
0.30 mL samples, respectively), a technique described and
validated by Ma et al. (2024). The final extracts had H2SO4
concentrations of roughly 50 mM, which was verified with
pH measurements (i.e., pH 1.3). We then measured the qOH,
3C*, and 1O2* concentrations in each of the five extracts
to understand how photooxidant concentrations change as a
function of extract concentration. We also measured DOC in
all five extracts (in Milli-Q extracts of the three most dilute
samples and in pH 1 PME for the two concentrated samples)
and water-soluble metals and ions in the Milli-Q extracts of
the three most dilute samples to validate that DOC, ions, and
metals all changed linearly with the dilution (Sunday et al.,
2025); there was insufficient sample volume to measure met-
als and ions in the two most concentrated samples.

2.6.3 Modeling photooxidant production in aerosol liquid
water

We extrapolated steady-state concentrations of qOH, 3C*,
and 1O2* in aerosol liquid water from our particle extract re-
sults using the kinetic models developed by Ma et al. (2024)
and Kaur et al. (2019). The model was based on the definition
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of steady-state concentration:

[Ox] =
POx

k′Ox
, (5)

where the oxidant concentration ([Ox]) is equal to the ratio of
the production rate (POx) to the pseudo-first-order rate con-
stant for oxidant loss (k′Ox). We used DOC concentration as a
proxy for aerosol liquid water content (ALWC), with higher
DOC concentrations corresponding to lower ALWC (Ma et
al., 2023). For the dilution series composite, we calculated
POx, k′Ox, and oxidant concentrations at a wide range of liq-
uid water content, from fog/cloud drops to particle water; for
all other composites, we only determined these values under
ALW conditions.

We modeled the steady-state qOH concentration in ALW
by calculating both the qOH production rate (P qOH,ALW) and
the major qOH sink (k′qOH,ALW). Laboratory experiments de-
termined that P qOH,PME is proportional to DOC (Kaur et al.,
2019; Ma et al., 2023), which we verified for our samples
in the dilution series experiment. As such, we assumed the
quantum yield determined in the dilute particle extracts un-
der laboratory-simulated sunlight,8 qOH, was constant across
cloud/fog and ALW conditions. P qOH,ALW was calculated
with

P qOH,ALW =8 qOH × Rabs,AK,ALW, (6)

where Rabs,AK,ALW is the rate of light absorbance in ALW
conditions under Fairbanks sunlight. We estimate the con-
tribution of qOH in particles from gas-phase qOH mass
transport using the Fuchs–Sutugin transition regime theory
(Seinfeld and Pandis, 2016; Tables S4, S5, S6). The total
aqueous-phase P qOH,ALW was the combined rate of photo-
chemical qOH formation inside particles and uptake rate ofqOH from the gas phase. We calculate the sink for qOH con-
sidering only reactions with DOC (kDOC+ qOH= 3.8(±1.9)×
108 L mol C−1 s−1; Arakaki et al., 2013) since this was the
dominant loss for qOH under dilute and ALW conditions
(Arakaki et al., 2013; Kaur et al., 2019; Ma et al., 2023).
Once P qOH,ALW and k′qOH,ALW were determined, the qOH
concentration was calculated using Eq. (5).

Similar to P qOH,PME, laboratory experiments have shown
that P3C∗,PME is also proportional to solute concentration,
which we tested with our dilution series samples (Kaur et
al., 2019; Ma et al., 2023). P3C∗,ALW was calculated with
an equation analogous to Eq. 6, instead using 83C∗. The
rate constant for triplet loss in ALW (k′3C∗,ALW) was esti-
mated by considering three sinks for triplets: energy transfer
to dissolved O2, chemical reaction with DOC, and physical
quenching by DOC (Ma et al., 2024). The average second-
order rate constant for the reaction of 3C* with O2 (kO2+3C∗)
was estimated by Kaur et al. (2019) as 2.8× 109 M−1 s−1.
The concentration of O2 in Fairbanks particle water was es-
timated using the temperature-dependent Henry’s law con-
stant and composite-averaged temperature measurements,

assuming negligible influence of ionic strength (Seinfeld and
Pandis, 2016). The second-order rate constant for reaction
and quenching of oxidizing 3C* with DOC (krxn+Q,3C∗,SYR)
measured in biomass burning PM extracts with the syringol
(SYR) probe was 7× 107 M−1 s−1 (Ma et al., 2024). Once
k′3C∗,ALW was calculated, the 3C* concentration was pre-
dicted using Eq. (5).

While P1O2∗,PME increased linearly with DOC concentra-
tion in PM extracts, which are dilute, Ma et al. (2023) have
shown that the production rate plateaus at the high DOC
concentrations of ALW. We captured this behavior in P1O2∗
across both PME and ALW conditions using the formulation
from Ma et al. (2024):

P1O2∗ =

1P1O2∗
1DOC ×[DOC]

1+
(
krxn+Q,3C∗,FFA[DOC]

kO2+3C∗ [O2]

) , (7)

where 1P1O2∗
1DOC is the ratio of the 1O2* production rate to

DOC concentration for a given sample in dilute solutions,
and krxn+Q,3C∗,FFA is the second-order rate constant for re-
action and quenching of the entire pool of 3C* by DOC as
measured with furfuryl alcohol (FFA) (1× 107 M−1 s−1; Ma
et al., 2024). We then calculated the pseudo-first-order rate
constant for 1O2* loss by using two 1O2* sinks: quench-
ing by water (k′1O2∗,H2O = 2.76(±0.02)× 105 s−1, Appiani
et al., 2017) and reaction with DOC (k1O2∗+DOC = 1×
105 M−1 s−1, Ma et al., 2023). The 1O2* concentration was
then predicted using Eq. (5).

3 Results and discussion

To assess the role of brown-carbon-mediated photochemistry
during winter in Fairbanks, Alaska, we measured photooxi-
dant production in nine composites of PM2.5 filter samples
collected at the house and CTC sites during the 6-week AL-
PACA field campaign (Fig. 2, Table S1). During the cam-
paign, the composite-average temperature at the CTC site
ranged from −31 to −5 °C, and the composite-average rel-
ative humidity ranged from 75 % to 90 % (Table S7; relative
humidity was measured by the AK Department of Trans-
portation < 1.5 km from the CTC site). The most polluted
period during the ALPACA campaign is captured by the
31 January composite (29 January to 3 February), with a
peak hourly average PM2.5 of 89 µg m−3 and a composite-
average PM2.5 concentration of 27 µg m−3 (Fig. 2). The pol-
lution episode exhibited low temperatures and high relative
humidity, with a composite-average temperature of −31 °C
and relative humidity of 75 %. Details of each sample com-
posite, including the sample collection time period, average
PM2.5 concentration, ambient temperature, relative humid-
ity, albedo, and peak 3 h composite-averaged actinic flux are
listed in Table S7.
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3.1 Is condensed-phase photochemistry possible in the
winter in Fairbanks?

Conventional wisdom holds that photochemical oxidant gen-
eration, such as qOH formation from ozone photolysis, is
slow and generally unimportant in high latitudes during win-
ter. We sought to assess this for brown carbon photochem-
istry by examining whether BrC might be a significant source
of winter oxidants in Fairbanks particles. Figure 3a compares
the absorption cross sections of gas-phase O3 and HONO and
particulate BrC from the 31 January house sample. Ozone
absorbs very little wintertime sunlight, confirming its lack
of photochemical activity during ALPACA. However, both
HONO and BrC absorb sunlight significantly at longer wave-
lengths, suggesting they are likely sources of wintertime ox-
idants.

Figure 3b compares the per-molecule (or for BrC, per-
carbon-atom) light absorbance rates of BrC, O3, and HONO.
Three factors enhance BrC photochemistry in Fairbanks’
low-sunlight environment. First, BrC significantly absorbs
visible light (λ > 400 nm), while O3 and HONO do not.
Moreover, BrC and HONO both have significant UV-A ab-
sorbance and are therefore less impacted by the suppression
of UV-B photons in winter sunlight, which limits O3 pho-
tolysis (Seinfeld and Pandis, 2016). Second, Corral Arroyo
et al. (2022) report a 2- to 3-fold enhancement of the pho-
ton flux inside particles due to optical confinement, which
impacts particle-phase BrC but not gas-phase HONO or O3
(the factor of 2.5 is included in Fig. 3b and in all ALW cal-
culations). Third, sunlight during the winter in Fairbanks is
enhanced by albedo: the composite-average (±1σ ) measured
upwelling-to-downwelling ratio during the peak 3 h of day-
light was 0.85(±0.07) (Table S7), affecting all photochem-
istry. BrC absorbs 8 times more light than HONO and 1000
times more light than O3 on a per-molecule (or per-carbon-
atom) basis (Fig. 3b), demonstrating the strong potential for
BrC-mediated photochemistry.

3.1.1 Subarctic winter sunlight

Next, we explore how the intensity of sunlight changes
throughout the campaign. Figure 4a compares the actinic
flux at solar noon measured during ALPACA to predictions
by the Tropospheric Ultraviolet and Visible (TUV) radiation
model run with standard clear-sky conditions (Madronich
and Flocke, 1998; TUV parameters in Table S8). The ra-
tio of measured-to-modeled actinic flux ranged from 0.31
to 1.28, with an average (±1σ ) of 0.62(±0.33). For peri-
ods when TUV underestimates the measurements, the error
is likely because the 0.85 albedo used in our TUV input un-
derestimates the midday albedo, which was often close to
1. For periods where TUV overestimates the measurements,
we attribute this to cloudiness not accounted for in our TUV
inputs. This is in line with the 50 %–70 % reduction in ac-
tinic flux observed below clouds in previous work (Craw-

Figure 3. (a) Base-e absorption coefficients for particulate BrC (31
January composite, expressed in units of per carbon atom of DOC)
and gas-phase O3 and HONO (Finlayson-Pitts and Pitts, 2000),
overlaid with the measured total photon flux (Iλ,AK) at solar noon
for the 31 January polluted period. (b) Rate constant of light absorp-
tion of BrC (per carbon atom), O3 (per molecule), and HONO (per
molecule). The ozone result is indistinguishable from the x axis.
The brown carbon result includes a factor of 2.5 enhancement of
Iλ,AK due to optical confinement within particles (Sect. 3.1).

ford et al., 2003). The most significant difference between
measured and TUV-modeled actinic fluxes is at short wave-
lengths, where the model overpredicts the flux (Fig. S3). This
is important for species like O3 that absorb light solely at
short wavelengths, but it has less of an impact on species
such as BrC, which absorb light strongly into the visible re-
gion (Fig. 3).

3.1.2 Light-absorbing properties of BrC

The composite-average DOC (Sect. S6) at the house site
peaked during the 31 January pollution event at 4 µgC m−3

and averaged (±1σ ) 2.2(±0.8) µgC m−3 across the campaign
(Fig. 4b). In our samples, the average (±1σ ) mass absorption
coefficient at 300 nm (MAC300) is 3.3(±0.8) m2 gC−1, and
the average (±1σ ) absorption Ångström exponent (AAE;
300–450 nm) is 9.4(±0.6) (Fig. S4 and Table S9). For the
composites where we measured the MAC at both the house
and the CTC sites, we see only minor differences between the
two sites (Table S9). While MAC300 is consistent through-
out the campaign, MAC365 decreases (p < 0.05), suggesting
photobleaching becomes more important as daylight hours
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Figure 4. (a) Daily measured total (upwelling and downwelling)
actinic flux (Iλ,AK) summed from 310 to 550 nm measured at solar
noon (gold triangles) and the corresponding midday values aver-
aged for each composite (gold line). TUV-modeled Iλ,AK summed
from 310 to 550 nm at solar noon at the midpoint day of each com-
posite (dashed black line), using an albedo of 0.85. All Iλ,AK values
here are for the gas phase and are not affected by in-particle en-
hancement from optical confinement. (b) Dissolved organic carbon
concentrations calculated in ALW (Sect. S6) at the two sampling
locations (house and CTC). (c) Rate of light absorbance by DOC
per volume of ALW using the measured 3 h midday Iλ,AK aver-
age for each composite. For the 15 January composite, Iλ,AK was
not measured, and so the modeled Iλ,AK was used. Rabs,AK,ALW
values account for the factor of 2.5 enhancement due to optical con-
finement in particles.

increase (Laskin et al., 2015). Our MAC and AAE values are
very similar to other urban polluted regions where residential
wood burning is abundant (Li et al., 2020) and are slightly
higher than values reported for wildfire-dominated samples
(Bali et al., 2024; Jiang et al., 2023a; Ma et al., 2023). Since
the MAC values of BrC from gasoline exhaust are a factor
of 2 lower than those of woodsmoke BrC, our data suggest
gasoline vehicles are not a dominant source of BrC during
ALPACA (Xie et al., 2017). We also characterized our BrC
with E2/E3, i.e., the ratio of absorbance at 250 nm to that at
365 nm (Helms et al., 2008; Peuravuori and Pihlaja, 1997).
While E2/E3 values in aqueous PM2.5 extracts have been re-
ported between 4.2 and 17 (Ma et al., 2024), our sample val-
ues inhabit a small range, from 5.8 to 8. Low E2/E3 values
correspond to high-molecular-weight compounds, indicating
their ubiquity in our samples (Helms et al., 2008; Ma et al.,

2024; Ossola et al., 2021; Peuravuori and Pihlaja, 1997).
High-molecular-weight compounds are associated with fresh
biomass burning OA (Farley et al., 2022; Ma et al., 2024),
indicating the abundance of fresh BrC. This is further cor-
roborated by the short (1.5–3 h) lifetime of particles during
pollution events (Cesler-Maloney et al., 2024) and by source
apportionment of ALPACA OA, finding that fresh and lightly
aged wood burning OA on average account for 47 % of the
total measured OA (Ijaz et al., 2024).

3.1.3 Brown carbon light absorbance

By combining the measured actinic fluxes (Iλ,AK), the water-
soluble organic carbon concentration, and the MACλ of
DOC, we calculated the rate of light absorption by water-
soluble chromophores in particles in Fairbanks during the
peak 3 h of daylight, when photochemistry is most active
(Fig. 4c). The peak 3 h average Rabs,AK,ALW is 39 %–88 %
of the value at solar noon. The rate shows no notable trend
across the campaign (Fig. 4c): this is a result of highly
variable measured actinic fluxes due to variable cloudiness,
a small decrease in soluble organic aerosol concentrations
from January to February, some photobleaching of BrC, and
a peak in the rate of light absorption during the pollution
episode. This elevated Rabs,AK,ALW for the 31 January com-
posite indicates heightened potential for BrC-mediated pho-
tochemistry during the pollution episode.

3.2 Measurements of photooxidant production in PM
extracts

Under laboratory-simulated sunlight, all particle extracts
produce significant concentrations of qOH, 3C*, and 1O2*.
Figure 5 presents particle extract results normalized to a stan-
dard Fairbanks winter photon flux, providing insight into
the capacity of water-soluble chromophores to produce pho-
tooxidants in each sample (details are in Tables S10 and
S11). The average (±1σ ) DOC concentration in PME is
2.6(±0.8)×10−3 M, which is 3–4 orders of magnitude lower
than aerosol liquid water but similar to DOC concentrations
of cloud and fog droplets (Kaur et al., 2019; Ma et al., 2023).

3.2.1 Hydroxyl radical in PM extracts

Hydroxyl radical concentrations are variable throughout the
field campaign (Fig. 5a). The qOH concentration peaks dur-
ing the 31 January pollution episode at a value 6 times higher
than the lowest value. qOH concentrations at pH 1 are mod-
erately correlated with DOC concentration (R2

= 0.47, p
value< 0.01) and poorly correlated with PM2.5 concentra-
tion (R2

= 0.28, p value< 0.01), though both correlations
are stronger than those reported in past work for biomass
burning samples (Fig. S5) (Kaur et al., 2019; Ma et al.,
2023). The correlation of qOH with DOC is unexpected: past
studies have found that qOH concentrations do not increase
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Figure 5. Steady-state concentrations of (a) qOH, (b) 3C*, and
(c) 1O2* in particle extracts measured under laboratory-simulated
sunlight and normalized to actinometric conditions of j2NB,AK =

0.0045 s−1, the Fairbanks midday photon flux modeled by TUV on
1 February 2022. Samples were collected from two different sites
(house and CTC) and were extracted at two different pH values
(pH 1 and 4.5/5). The error bars represent the error propagated
from each component of the calculation, including the regression
to determine k′

P
and the rate constants with each probe. The 3C*

concentrations have the highest errors, mostly due to large errors in
the rate constant of the syringol probe with 3C* at low pH.

with DOC because DOC is the dominant qOH sink (Kaur
et al., 2019; Ma et al., 2023). Instead, our observed corre-
lation suggests that DOC is an qOH source (Gerritz et al.,
2023) or an qOH precursor (e.g., through HOOH formation
by BrC; Anastasio et al., 1997) or that DOC is correlated
with other sources of qOH (Ma et al., 2024; Mao et al., 2013).
To understand our qOH sources, we compared our measuredqOH formation rates with calculated nitrate and nitrite pho-
tolysis rates based on measurement of inorganic ions, as
well as the HOOH formation rate measured by Sunday et
al. (2025) (Table S12). While nitrite and nitrate photolysis
are negligible, the rate of HOOH formation is large enough
to account for all qOH formed in our PM extracts. Further-
more, there is a strong correlation between P qOH,EXP,PME
and PHOOH,EXP,PME (R2

= 0.93, p value< 0.1; Fig. S6a)
and a notable correlation between qOH and water-soluble
Fe (R2

= 0.47, p value< 0.01; Fig. S6b). This suggests that
photo-Fenton reactions of HOOH with metals are a majorqOH source (Anastasio and McGregor, 2001; Arciva et al.,
2022; Kaur et al., 2019; Ma et al., 2024; Tong et al., 2016).

Further evidence can be seen in the strong pH dependence
of qOH concentrations: values at pH 5 for CTC particles are
15 %–30 % of their pH 1 house site counterparts, in line with
the lower Fe concentrations and slower rates of HOOH pro-
duction at pH 5 compared to pH 1 (Sunday et al., 2025).

3.2.2 Triplet excited states of brown carbon in PM
extracts

The triplet concentrations show strong differences between
clean and polluted periods (Fig. 5b). 3C* concentrations peak
during the pollution episode and are low during clean peri-
ods when DOC concentrations are low. We observe no sta-
tistically significant pH dependence or site difference for
3C*. Concentrations of 3C* and 1O2* are poorly correlated
(R2
= 0.04, p value< 0.01), a surprising observation be-

cause singlet oxygen is produced from triplets. The lack of
correlation might be caused by the specificity of the syringol
probe, which only quantifies the oxidizing subset of the 3C*
population, while 1O2* is produced from the total 3C* popu-
lation (Bodesheim et al., 1994; Ma et al., 2022; Schweitzer et
al., 2003). In general, we find that high DOC concentrations
during pollution events lead to high 3C* concentrations, in-
dicating the strong potential for triplet-driven chemistry.

3.2.3 Singlet molecular oxygen in PM extracts

The 1O2* concentrations in the house particle extracts do
not change significantly across the campaign (Fig. 5c). The
few samples from the CTC site and at pH 5 suggest that
1O2* generation is similar between the sites and relatively
independent of acidity. Surprisingly, we found poor correla-
tions between 1O2* concentration and PM2.5 (R2

= 0.01, p
value< 0.01) and DOC (R2

= 0.11, p value< 0.01; Fig. S5).
During the 31 January pollution episode, where PM2.5 and
DOC peaked, 1O2* did not increase, while concentrations ofqOH and 3C* were both enhanced during the pollution event.
We expected enhanced 1O2* concentrations for the pollution
event because the concentrations of BrC driving 1O2* forma-
tion are heightened, suggesting P1O2

∗ should increase, while
the dominant 1O2* sink in our laboratory PM extracts, water,
is consistent across all extracts (Kaur et al., 2019; Ma et al.,
2023). The lack of correlation between 1O2* and DOC indi-
cates significant variability in singlet oxygen quantum yields,
as discussed below.

3.2.4 Photooxidant quantum yields determined in PM
extracts

Using the photooxidant measurements, we calculated the
quantum yields (8) of qOH, 3C*, and 1O2* in our samples
(Fig. 6). The average (±1σ ) 8 qOH was 0.037(±0.018) %,
similar to previously reported values in aqueous extracts
of ambient PM2.5 (Fig. 6a) (Kaur et al., 2019; Ma et al.,
2024). We find that8 qOH is independent of the sampling site
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but does depend on pH: the lower quantum yields at pH 5
(compared to pH 1) are likely due to the lower solubility
of transition metals, which can be sources of qOH (Sunday
et al., 2025). 83C∗ was relatively stable with an average of
3.0(±1.2) %, nearly identical to the average for Davis par-
ticles (Ma et al., 2024), although our quantum yield range
(1.2 %–4.9 %) is notably narrower than in this past work
(0.9 %–8.8 %).83C∗ demonstrates no site or pH dependence,
which is likely because our MAC values and DOC concen-
trations show little variation with sample site or extract pH
(Fig. S4). In contrast to 83C∗, the 81O2∗ of 1.8 %–8.5 % ob-
served in our 6-week field campaign demonstrates a range
of values similar to those reported in samples collected over
a 1-year period in Davis, California (Ma et al., 2024). We
find minor site and pH differences in 81O2∗, but without fur-
ther investigation, we cannot comment on the causes. We find
a significant correlation between 81O2∗ and E2/E3 (R2

=

0.63, p value< 0.01; Fig. S7), even with our narrow range of
E2/E3 values, which suggests that higher-molecular-weight
DOC (which has lower E2/E3 ratios) corresponds to lower
81O2∗. This also suggests that small changes in the average
molecular weight of BrC compounds can significantly im-
pact their ability to produce 1O2* (Ossola et al., 2021). Alto-
gether, we attribute the wide range of 81O2∗ values to minor
differences in BrC sources or small changes in the degree
of chemical aging due to reactions that might involve direct
photodegradation, qOH, 3C*, or ozone (Bogler et al., 2022;
Leresche et al., 2021; Ma et al., 2024).

3.3 Modeling photooxidant production in aerosol liquid
water

Next, we use kinetic models to predict the steady-state con-
centrations of qOH, 3C*, and 1O2* in aerosol liquid water
under Fairbanks actinic flux conditions using the quantum
yields determined in our extracts (Fig. 7). First, we used
our dilution series to understand how photooxidant produc-
tion changes with DOC concentration (Table S13, Fig. S8).
In our PM extracts, where DOC concentrations are similar
to cloud/fog water conditions, P qOH,EXP,PME, P3C∗,EXP,PME,
and P1O2∗,EXP,PME are all proportional to DOC concentra-
tion, which agrees with previous work on PM extracts from
Davis, California (Kaur et al., 2019; Ma et al., 2023). To
extrapolate our photooxidant concentrations to aerosol liq-
uid water conditions, we used parameters defined by Ma et
al. (2023) (Table S14) to predict how photooxidant produc-
tion rates and sinks vary as a function of ALWC (Sect. 2.6.3),
using DOC concentration as our proxy for ALW. As shown
in Fig. 7, concentrations of 1O2* and 3C* are predicted to
be higher in ALW compared to in PM extracts (which are
roughly as concentrated as fog/cloud drops), while qOH is
fairly stable across the entire range of DOC concentration.
Figure 8 shows the modeled photooxidant concentrations un-
der Fairbanks actinic flux in both ALW (colored points, Ta-

Figure 6. Quantum yields measured in dilute particle extracts under
simulated sunlight laboratory conditions for (a) qOH, (b) 3C*, and
(c) 1O2*.

ble S15) and in our much more dilute PM extracts (grey
points).

3.3.1 Hydroxyl radical in ALW

Even in the winter in Fairbanks, we predict significant con-
centrations of qOH, 3C*, and 1O2* in particles. MiddayqOH concentrations predicted for Fairbanks ALW at pH 1
range from (1–6)×10−15 M (Fig. 8a), similar to qOH con-
centrations in ALW reported by Ma et al. (2023) in PM2.5
from Davis, California, at midday on the winter solstice ((6–
9)×10−15 M). The lower qOH observed in Fairbanks is in
part because of lower wintertime actinic fluxes compared to
those in California and in part because the Davis sunlight
condition is solar noon, while the Fairbanks sunlight condi-
tion is the average peak 3 h of daylight. In ALW, we calcu-
lated the potential role of two additional potential sources ofqOH that would not be captured in our illumination experi-
ments: the reactions of ozone with superoxide (Bielski et al.,
1985) and ozone with phenolic moieties in DOC (Önnby et
al., 2018), but each accounted for less than 1 % of the mea-
sured qOH production. Of the three photooxidants discussed
here, qOH is the only oxidant whose steady-state concen-
tration does not show major differences between dilute ex-
tract conditions and concentrated aerosol liquid water condi-
tions (Fig. 8a). This is because both the production rate of

Atmos. Chem. Phys., 25, 9561–9581, 2025 https://doi.org/10.5194/acp-25-9561-2025



L. M. D. Heinlein et al.: Surprisingly robust photochemistry in subarctic particles during winter 9571

Figure 7. Kinetic models used to extrapolate photooxidant concen-
trations from the dilution series in PM extracts to aerosol liquid
water conditions for CTC sample 2/14 for singlet oxygen (gray cir-
cles), oxidizing triplets (blue circles), and hydroxyl radical (green
circles). The filled circles at low DOC concentrations represent the
dilution series measurements, and the open circles at high DOC
correspond to extrapolated values for ALW conditions with a PM
mass/H2O mass ratio of 0.69 µg PM/µg H2O determined for the
2/14 CTC sample. Oxidant concentrations in the dilution series
and ALW extrapolation were normalized to j2NB,AK = 0.0045 s−1,
which corresponds to the average midday actinic flux for 1 February
and includes the 2.5 enhancement factor due to optical confinement.
Lines represent extrapolations, which were made using Eqs. (4), (5),
and (6) with parameters from Tables S14, S15, and S16. The line forqOH includes mass transport of qOH from the gas phase, which is
why the green line is above the PM extract data points, which rep-
resent only aqueous sources.

qOH and its first-order rate constant for loss increase linearly
with DOC concentration (as a proxy for solution concentra-
tion), as reported in past work (Kaur et al., 2019; Ma et al.,
2023). For example, in our dilution experiment composite
(CTC 2/14, pH 1), the predicted P qOH,ALW is roughly 8000
times higher than the measured P qOH,EXP for the standard
extract, while k′qOH,ALW is also 8000 times faster than its ex-
tract value, corresponding to an qOH lifetime in ALW at pH 1
of 0.2(±0.1) ns (nanoseconds). The minor difference in qOH
concentrations between PME and ALW conditions, e.g., in
Fig. 7, is caused by mass transport – in dilute conditions with
PM mass/H2O mass ratios equal to our PM extracts, mass
transport accounts for 6 %–50 % of the qOH source, while
in ALW it only accounts for 0.4 %–5 %, leading to slightly
lower qOH concentrations in ALW.

3.3.2 Triplet excited states of brown carbon in ALW

We predict that Fairbanks PM also produces significant con-
centrations of 3C* during daylight (Fig. 8b), ranging from
(0.2–2)× 10−12 M, which are at the lower end of the range of
3C* concentrations in ALW reported in California particles
during winter, to (0.4–13)× 10−12 M (Ma et al., 2023). Be-
cause the source of 3C* is BrC, higher DOC concentrations
lead to higher 3C* production rates (Fig. S8). The dominant

Figure 8. Predicted steady-state concentrations of (a) qOH,
(b) 3C*, and (c) 1O2* under Fairbanks Iλ,AK averaged over
the peak 3 h of sunlight for each composite period. The colored
points represent concentrated ALW conditions (average [DOC] =
21(±7) M). The grey data represent results for the PM extracts (av-
erage [DOC]= 2.6(±0.8)× 10−3 M), i.e., Fig. 5 results with addedqOH uptake from mass transport and adjusted to the measured Fair-
banks Iλ,AK for each composite. For (b) and (c), the PME 3C*
and 1O2* concentrations are multiplied by a factor of 5 so they
can be distinguished from the x axis. Note that CTC site samples
may slightly underestimate DOC concentration in ALW due to us-
ing PM0.7 samples, which may lead to a small overestimate of 1O2*
at the CTC site. The pH of each sample type is indicated in paren-
theses in the legend.

sink for 3C* in dilute conditions is energy transfer with O2,
accounting for 90(±2) % of 3C* loss, with DOC accounting
for the remaining 10(±2) % (Table S16), as seen previously
(Ma et al., 2023). In ALW conditions, however, DOC con-
centrations are 103–104 times higher, and DOC is the domi-
nant (> 99 %) 3C* sink. Because DOC is both the dominant
source and the dominant sink of 3C* in ALW, the triplet con-
centration plateaus at the high DOC concentrations expected
in ALW (Fig. 7) (Kaur et al., 2019; Ma et al., 2023). On aver-
age, predicted 3C* concentrations in ALW are 12(±4) times
higher than in our extracts, similar to the enhancements re-
ported in past work (Kaur et al., 2019; Ma et al., 2023). In
ALW, the average predicted lifetime of 3C* is 0.9(±0.6) ns,
almost 3 orders of magnitude shorter than in PM extracts
(500 ns). It is worth noting that our predicted 3C* lifetimes
in ALW are within the range of singlet excited states of BrC
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(1C*) lifetimes (0.15–5.5 ns) measured for humic substances
in dilute surface waters. This suggests that singlet states of
brown carbon might be significant for chemistry in aerosol
particles.

3.3.3 Singlet molecular oxygen in ALW

We also predict high concentrations of 1O2* in ALW in Fair-
banks, ranging from (4–30)× 10−12 M (Fig. 8c). Surpris-
ingly, most of our measurements fall within the range re-
ported by Ma et al. (2023) for Davis PM ((1–8)× 10−12

M), despite notably different wintertime photon fluxes in
these two locations. We attribute this similarity to higher
1P1O2∗/1DOC values in Fairbanks, leading to comparable
P1O2∗ at both latitudes (Table S16). In addition, because the
steady-state 1O2* concentration in ALW is highly dependent
on the DOC concentration, similar ALW DOC concentra-
tions in both locations lead to similar predicted 1O2* con-
centrations. In ALW, DOC is the dominant sink for 1O2*,
accounting for 88(±6) % of its loss, while in our PM ex-
tracts, DOC is a minor sink, and water accounts for > 99 %
of 1O2* loss (Table S14, Ma et al., 2023). While the rate of
1O2* loss to DOC increased at higher DOC concentrations,
P1O2∗ reaches a maximum at high DOC concentrations be-
cause P1O2∗ is limited by the maximum 3C* concentration
in high-DOC conditions (Fig. 7). This phenomenon leads
to lower 1O2* concentrations predicted under higher-DOC
conditions and explains why the highest 1O2* concentration
was observed in the 24 February CTC composite: warmer
temperatures caused high ALW, dilute DOC concentration in
ALW, and therefore slower 1O2* loss to DOC. The high 1O2*
concentrations predicted here for Fairbanks PM in winter re-
iterate the impact of DOC on 1O2* concentrations in ALW
reported by Ma et al. (2023). Overall, the high concentra-
tions of all three photooxidants predicted for ALW suggest
these oxidants are important drivers of particle-phase chem-
istry during winter pollution events in Fairbanks.

4 Atmospheric implications

While measurements of qOH, 3C*, and 1O2* in ambient PM
extracts indicate a strong potential role of photooxidants in
heterogenous chemistry, little work has been done to as-
sess how particle photooxidants compete against other oxida-
tion mechanisms to contribute to PM2.5 production and loss
(Badali et al., 2015; Bogler et al., 2022; Kaur et al., 2019;
Kaur and Anastasio, 2018; Leresche et al., 2021; Ma et al.,
2023, 2024; Smith et al., 2014, 2015, 2016; Yu et al., 2016).
Here, we first explore the lifetime of various organic species
due to photooxidative loss. Next, we model secondary SO2−

4
formation in Fairbanks during winter pollution events, and,
finally, we assess the potential of BrC-mediated photochem-
istry year-round in Fairbanks.

4.1 Effect of photooxidants on the lifetimes of organic
compounds

Triplets and 1O2* are highly reactive with certain classes of
organic compounds, while qOH is highly reactive with nearly
all classes. Using the average particle photooxidant concen-
trations during the peak 3 h of daylight during ALPACA, we
estimated the average daylight winter lifetime of several or-
ganic species (Table S17). Substituted phenols, which react
rapidly with 3C* and qOH (Arciva et al., 2022; Ma et al.,
2021), have lifetimes in Fairbanks between 3 and 6 min due
to 3C* and 9–19 h lifetimes due to aqueous qOH. 1O2* also
reacts appreciably with certain organic classes, such as phe-
nols and heterocycles, leading to lifetimes of 0.4–12 h with
respect to 1O2*, which is 2 %–74 % of the lifetime due toqOH for the same compounds (Manfrin et al., 2019). The
lifetimes for these organic species are shorter with respect to
triplets and singlet oxygen, primarily because ALW concen-
trations of these oxidants are much higher compared to qOH:
the average [3C*] : [ qOH] and [1O2*] : [ qOH] ratios for our
samples are 390 and 4200, respectively. The short lifetimes
of organic compounds demonstrate that biomass burning par-
ticles are active sites of oxidation driven by BrC photochem-
istry, even in winter in Fairbanks, Alaska.

4.2 Secondary sulfate formation

In Fairbanks, traditional gas-phase S(IV) oxidants, such as
O3, HOOH, and qOH, are expected to be minor sulfate
sources in Fairbanks winter because of limited sunlight
(Moon et al., 2024; Simpson et al., 2019). Instead, sev-
eral nontraditional oxidants may be important for secondary
SO2−

4 formation in aerosols under highly polluted conditions,
including oxidation by 3C*, photochemical HOOH produced
inside BrC particles, HONO, and NO2 (Anastasio et al.,
1997; Sunday et al., 2025; Wang et al., 2020a, b). To as-
sess the contribution of 3C* to secondary sulfate during AL-
PACA, we built a kinetic model that calculates the rates of
secondary SO2−

4 formation through eight oxidation pathways
(one gas phase and seven particle phases) during the peak 3 h
of daylight.

The kinetics for each oxidant with inorganic S(IV) (Ta-
ble S18), the concentrations and activity coefficients of the
oxidants (Table S19), and the activity of inorganic S(IV)
(Table S20, Sect. S7) are summarized in the supplementary
information. Kinetics are from the literature (Cheng et al.,
2016; Ibusuki and Takeuchi, 1986; Martin and Hill, 1987;
Mu et al., 2021; Seinfeld and Pandis, 2016; Song et al., 2021;
Tilgner et al., 2021; Wang et al., 2020a, 2021, 2020b; Ye et
al., 2021; Yu et al., 2023), while the concentrations of several
key oxidants were measured and modeled during the AL-
PACA field campaign (Cesler-Maloney et al., 2022; Simpson
et al., 2023; Kuhn et al., 2024; Simpson et al., 2024; Sunday
et al., 2025). While the rate constants and oxidant concentra-
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tions have constrained errors, the concentration of inorganic
S(IV) is highly uncertain.

4.2.1 Predicting inorganic S(IV)

The measured concentrations of inorganic S(IV) in ALPACA
particles are orders of magnitude higher than expected based
on Henry’s law (Fig. S10). Mao et al. (2024) report that up to
30 % of the total particulate sulfur content was S(IV), includ-
ing hydroxymethanesulfonate, other organo-S(IV) adducts,
and inorganic S(IV). The measurements of inorganic S(IV)
were determined in parallel extracts of the same filter with
and without added HOOH to remove inorganic S(IV), but
the HOOH probably also destroyed labile organo-S(IV) com-
pounds, resulting in them also being counted as inorganic
S(IV) (Campbell et al., 2022; Dingilian et al., 2024b). To
better constrain inorganic S(IV), we used the model to find
the activity of inorganic S(IV) where the fraction of sec-
ondary SO2−

4 formed by HOOH in our model matched the
value reported from sulfate isotope measurements by Moon
et al. (2024) (Sect. S7). Based on this process, our modeled
inorganic S(IV) activity for pH 1 particle water is, on average
(±1σ ), 29(±40) times lower than the “measured” inorganic
S(IV) and 1.5(±3.0)× 106 times higher than that predicted
by Henry’s law (Fig. S10). The HOOH fraction is fixed to
match the isotope results, making the fractional contribu-
tion of HOOH well constrained. In contrast, the contributions
from other sources are calculated only from our kinetic mod-
eling, leaving the error in the rest of the model difficult to
quantify. Nonetheless, the results provide novel insight into
the contribution of competing secondary sulfate pathways,
including from 3C*.

4.2.2 31 January polluted period

During the 31 January polluted period, the model cal-
culates a cumulative secondary SO2−

4 formation rate of
0.9 µg m−3 h−1 at pH 1 during the peak 3 h of daylight.
Within the 1.5–3 h estimated lifetime of a particle in the
boundary layer during pollution episodes (Cesler-Maloney et
al., 2024), this yields 1–3 µg m−3 of secondary SO2−

4 , sim-
ilar to the isotope-determined measurements of 1.5 µg m−3

for the daytime sample collected on 31 January (Moon et
al., 2024). During the pollution episode, HOOH accounts
for 54 % of secondary sulfate, while NO2, gaseous qOH,
3C*, and O3 each contribute between 8 % and 14 %, ac-
counting for much of the remaining portion (Table S21).
Surprisingly, local photochemistry dominates the production
of secondary sulfate during ALPACA: of the modeled day-
time secondary sulfate, 76 % is photochemically formed by
the sum of HOOH produced inside particles, gas and aque-
ous qOH, and particulate 3C*. The sulfate isotope field mea-
surements support the hypothesis of significant photochem-
ical secondary SO2−

4 : during daylight hours on 31 January,
secondary SO2−

4 accounted for 35 % of total SO2−
4 , while

at night, the fraction of secondary SO2−
4 decreased to 16 %

(Moon et al., 2024). Our model highlights the important, and
unexpected, role of photochemistry in sulfate formation dur-
ing winter pollution events in Fairbanks.

As a direct oxidant, triplets play a minor role in sulfur
chemistry. The model predicts that during the 31 January
pollution episode, 10 % of secondary sulfate is from 3C*
during the peak 3 h of daylight, while the 24 h average iso-
topic measurements attribute 3 % of secondary sulfate to the
3C*/TMI pathways (sulfate from 3C* and TMI are isotopi-
cally equivalent and cannot be distinguished by measure-
ments; Sect. S8) (Moon et al., 2024). The difference be-
tween the measured and modeled 3C* contribution is likely
because they represent different time periods: the contribu-
tion of 3C* is the strongest during peak daylight and stops at
sunset, leading to low 8 h average isotopic signatures of sul-
fate from 3C*/TMI. During peak daylight hours, we calcu-
late 0.1 µg m−3 h−1 of sulfate from 3C*, which is 800 times
slower than the 7.9 µg m−3 h−1 upper bound predicted in past
work (Wang et al., 2020b). The discrepancy stems from dif-
ferences in predicted 3C* concentrations in ALW. Wang et
al. (2020b) calculated triplet-mediated rates of sulfate forma-
tion using 3C* concentrations as high as 1× 10−10 M, while
recent work shows that 3C* concentrations in particles are
closer to the 10−12 M value shown in Fig. 7 (Kaur et al.,
2019; Ma et al., 2023; Wang et al., 2020b). Recently, Liang
et al. (2024) reported enhanced surface activity of triplets in
illuminated biomass burning organic aerosol (BBOA) micro-
droplets, leading to rapid interfacial sulfate formation, not ac-
counted for in our model. In Fairbanks, HOOH formed from
triplet-mediated reactions is more significant as an oxidant of
S(IV) than triplets themselves (Moon et al., 2024; Sunday et
al., 2025).

4.2.3 7 February clean period

During the 7 February clean period, the model predicts that
3C* contributes less than 1 % to sulfate formation. Overall,
our model has moderate agreement with the isotope mea-
surements for this period (Fig. 9f, Table S21) (Moon et al.,
2024). Because the activity of inorganic S(IV) was defined
by matching the modeled and measured fraction of secondary
SO2

4 formed by HOOH (see Sect. S7), both techniques agree
that HOOH is the dominant formation pathway, accounting
for 44 % of secondary SO2−

4 . The model and measurements
also agree that O3 and gas-phase qOH are the second- and
third-most important mechanisms, respectively. The biggest
discrepancies between the model and measurements are for
the 3C*/TMI and NO2 pathways: in the model these path-
ways each account for 1 % of secondary SO2−

4 formation,
while measurements indicate 3C*/TMI and NO2 account for
10 % and 9 %, respectively. The discrepancies between the
model and measurements are likely because our model uses
surface measurements and therefore only represents ground-
level chemistry. The well-mixed boundary layer, which is
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Figure 9. Modeled secondary (2°) SO2−
4 formation under low-pH (pH 1) daytime conditions during the 31 January polluted period and 7

February clean period due to HOOH, NO2, 3C*, and O2 catalyzed by transition metal ions (TMIs), gas-phase qOH, aqueous-phase qOH,
and O3. Panels (a) and (b) show the fraction of secondary SO2−

4 formation from each oxidation pathway as a function of particle inorganic
S(IV) activity. The vertical dashed black lines are the ALW inorganic S(IV) activities based on PM measurements (likely an overestimate
because of contributions from organo-S(IV) compounds). The vertical dashed yellow lines are the predicted ALW inorganic S(IV) activities.
Panels (c) and (d) show the total rate of secondary SO2−

4 formation from all pathways as a function of inorganic S(IV) activity. Panels (e)
and (f) show the contribution of each oxidant to secondary SO2−

4 formation at the modeled activities of inorganic S(IV). Parallel results for
high-pH (pH 4–5) conditions are presented in Fig. S9.

characteristic of clean periods in Fairbanks, likely transports
sulfate formed aloft to the surface, which is captured in the
isotopic measurements of sulfate but not by our model.

4.3 Predicted seasonal variations in BrC-mediated
photochemistry

Brown-carbon-mediated photochemistry in Fairbanks is not
limited to winter pollution events but could contribute to
multiphase chemistry throughout the year. To investigate
this, Fig. 10 compares the monthly average photochemical
activities of particulate BrC, gas-phase O3, and gas-phase
HONO using actinic fluxes modeled with TUV (parameters
in Table S22, Finlayson-Pitts and Pitts, 2000; Seinfeld and
Pandis, 2016).

Figure 10a depicts the first-order photolysis rate constants
(j values) for each reaction normalized to their June value
(Sect. S9, Table S23). The photochemical production of qOH
from O3 shows a strong seasonable dependence in Fairbanks,
with the January photolysis frequency being only 0.2 % of
the June value. In contrast, brown carbon and HONO ex-
perience less seasonal dependence, with January j values at
13 % and 14 % of the June values, respectively. O3 is more

impacted by seasonal changes in the actinic flux because it
absorbs shorter wavelengths of light than BrC and HONO,
and short wavelengths are the most suppressed during winter
(Seinfeld and Pandis, 2016). Figure 10a also demonstrates
the impact of albedo: long-lasting snow cover leads to peak
HONO and BrC j values in March and April, indicating the
strong potential for BrC photochemistry during this period.

Seasonal variations in the concentrations of BrC, HONO,
and O3 (Fig. 10b) also affect their rates of photoactivity
(Sect. S10). The peak in woodsmoke OA and HONO con-
centrations during winter months enhances their dominance
in winter photochemistry. In the summer, BrC photochem-
istry is also expected to be important because of high, yet
highly variable, BrC concentrations from wildfires. HONO
concentrations in Fairbanks are expected to be relatively low
in summer, both because higher summertime HONO j val-
ues lead to enhanced photochemical loss and because of en-
hanced summer vertical mixing.

Figure 10c integrates the results from panels (a) and (b)
to compare the production of 3C* from BrC to the pro-
duction of qOH by HONO and O3; it clearly demonstrates
that BrC-mediated photochemistry is likely important year-
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Figure 10. Predicted seasonal variations in three photochemical re-
actions in Fairbanks, Alaska: oxidizing triplet formation from par-
ticulate brown carbon (BrC→3C*), qOH formation from gas-phase
ozone (O3→

qOH), and qOH formation from gas-phase nitrous acid
(HONO→ qOH) (Sect. S9). (a) Photolysis rate constant (j ) for each
reaction at solar noon on the 15th day of each month normalized
to the corresponding mid-June j value. (b) Measured and esti-
mated monthly BBOA, O3, and HONO concentrations (Sect. S10).
The black line is the estimated monthly HONO, and the black ×
symbols are monthly averaged HONO measured during ALPACA
within the polluted layer (Kuhn et al., 2024). (c) Predicted midday
rates of each reaction on the 15th of each month. The rate of triplet
formation in particles from brown carbon is expressed in equivalent
gas-phase units.

round. The 3C* production rate has two peaks: the first in
late winter/early spring, when surface-based inversions trap
copious BrC-rich woodsmoke, and the second during sum-
mer, when wildfires produce abundant BrC (Kotchenruther,
2016; Robinson et al., 2024). In the cold months, triplet pro-
duction in particles is on average 3.4(±0.6) times faster than
gas-phase qOH production by HONO and up to 10 000 times
faster than the negligible qOH production by O3 photolysis.
Triplet production is also predicted to be rapid in the summer
when wildfire smoke influences air quality. Based on the esti-
mated 3C* formation rates during the summer of 2021, a pe-
riod only moderately impacted by wildfire smoke (Fig. 10c),
summertime 3C* formation is much faster than qOH produc-
tion: 11(±5) times faster than qOH production by HONO and
20(±10) times faster than qOH production by O3. While oxi-
dizing triplets are more selective than qOH, they react rapidly
with multiple classes of organic compounds, including phe-
nols (Table S17a, Arciva et al., 2022; Ma et al., 2021; Smith

et al., 2014, 2015, 2016), and they are a source of HOOH
(Anastasio et al., 1997; Sunday et al., 2025). Overall, Fig. 10
indicates that 3C*-mediated photochemistry is likely impor-
tant for particle-phase chemistry year-round in Fairbanks.

5 Conclusions and uncertainties

In this work, we characterized the production of qOH, 3C*,
and 1O2* in aqueous particulate matter extracts collected
during the winter 2022 ALPACA field campaign in Fair-
banks, Alaska. We then used kinetic models to extrapolate
oxidant concentrations from our dilute extracts to the concen-
trated conditions of aerosol liquid water. We predict signif-
icant concentrations of all three photooxidants in Fairbanks
PM, at levels that are comparable to those in wintertime parti-
cles in northern California. Next, we modeled secondary sul-
fate formation and find that photochemistry is the dominant
source of secondary sulfate during daylight hours, primarily
from in-particle hydrogen peroxide, while oxidation by 3C*
and aqueous qOH are minor. Lastly, we estimated rates of
3C* production year-round from brown carbon in Fairbanks
PM: 3C* is formed at significant rates throughout the year,
with peaks during late winter pollution events and seasonal
summer wildfires. Overall, this work provides insight into the
unexpected role of photooxidative multiphase chemical pro-
cessing of PM during winter pollution events in Fairbanks,
Alaska, and throughout the subarctic.

As our PM filter extracts are prepared in water, our work
does not account for water-insoluble BrC. Atwi et al. (2022)
report that water-insoluble chromophores account for the ma-
jority of BrC light absorbance, indicating a potential missing
reservoir of water-insoluble BrC capable of forming parti-
cle photooxidants. As of yet, the photochemistry driven by
water-insoluble BrC has not been explored.

A significant source of uncertainty in our results is the ef-
fect of low winter temperatures on multiphase photochem-
istry. While we performed our experiments at 10 °C, mid-
day temperatures in Fairbanks ranged from −33.9 to 5.2 °C
during the ALPACA campaign. Temperature can impact nu-
merous processes, including gas–particle partitioning and the
rates of chemical reactions. Where thermodynamic data are
available, we corrected the Henry’s law constants and reac-
tion rate constants to Fairbanks winter temperatures (Sander,
2023; Smith et al., 2014, Table S18). However, many pro-
cesses do not have a well-constrained temperature depen-
dence, including many of the quantum yields, rate constants,
and absorption coefficients that we measured or used in this
study. Similarly, only one of the eight sulfate formation re-
actions in the secondary sulfate model has a published tem-
perature dependence. Nonetheless, our work incorporates the
available temperature dependence data to provide insight into
multiphase photochemistry at a high-latitude winter site.

Another important impact of low temperature is the phase
state of particles (Kiland et al., 2023; Reid et al., 2018; Shi-
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raiwa et al., 2017; Zobrist et al., 2008). A large body of work
has demonstrated a freezing point suppression in aerosol
particles. For example, Cziczo and Abbatt (1999) reported
that pure water aerosols freeze only at −39 °C, while super-
cooled ammonium sulfate (49 % by weight) particles freeze
at −49 °C, with higher salt concentrations leading to a larger
freezing point suppression. Hearn and Smith (2005) observed
rapid chemistry occurring in the organic condensed phase
as low as −32 °C, while at lower temperatures the aerosol
particles crystallized and chemistry stopped. We expect that
particles in Fairbanks during winter are not solids but su-
percooled liquids, and they are likely viscous (Kiland et al.,
2023; Koop et al., 2011). We expect photooxidants produced
in situ will not be hindered by high viscosities: BrC is ex-
pected to continue to absorb light in viscous particles, sug-
gesting 3C* and 1O2* production continues in viscous con-
ditions. We do, however, expect that the higher viscosities
predicted for Fairbanks particles likely affect secondary sul-
fate formation because gas-phase species like SO2 and O3,
which diffuse into the aqueous phase, will be limited by slow
mass transport in viscous media (Koop et al., 2011). More
research is needed to constrain the impact of particle phase
state on multiphase photochemistry.

The last major source of uncertainty is related to the ki-
netic model used to extrapolate photooxidant concentrations
from bulk PM extracts to aerosol liquid water conditions. Our
bulk PM extracts are roughly the concentration of cloud/fog
waters, which are 3 to 4 orders of magnitude more dilute
than aerosol liquid waters. The dilution experiment (Fig. S8)
constrains the relationships between photooxidant produc-
tion and dissolved organic carbon content, but direct mea-
surements of oxidant concentrations have not been made in
suspended particles to confirm the extrapolation to ALW.
Specific to 1O2* in ALW, the second-order rate constant for
DOC with 1O2* – a key parameter to determine 1O2* con-
centrations in particles – is not well constrained (Ma et al.,
2023). Measurements of photooxidant concentrations in sus-
pended particles and the rate constant for 1O2* with DOC are
needed to fully understand multiphase photooxidant produc-
tion in PM.
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Section S1. Sample collection and storage 

At the CTC site, PM2.5 filter samples were collected with a 4-stage cascade impactor using quartz filters (TE-QMA and TE-

230-QZ). Prior to sample collection, the filters were rinsed with 18 MΩ-cm water, baked at 500 ºC for 8 hours, wrapped in 90 

aluminum foil, and stored in airtight polyethylene bags. At the House site, filter samples were collected on quartz microfiber 

filters (Pallflex Emfab). The filters were precleaned by gently shaking in Milli-Q water for 4 hours, dried at 100 ºC, baked at 

550 ºC for 5 hours, stored in aluminum foil (treated by baking at 550 ºC for 12 hours), and placed in airtight polyethylene 

bags until sample collection. After sample collection, filters were again wrapped in aluminum foil, placed in air-tight 

polyethylene bags, transported over ice in coolers, and then stored in a -20 ºC freezer. Because filters were shared among 95 

several groups, ¼ of each filter was cut off at UC Irvine or the University of Washington, wrapped in aluminum foil, placed 

in air-tight polyethylene bags, and shipped to UC Davis in a cooler over ice. The quarter filters were then stored at Davis in a 

-20 ºC freezer until extraction.  

Section S2. Screening factor calculation 

In the solar simulator, as light passes through the 1 mL reaction tube and is absorbed by the solution, the photon flux 100 

decreases (Smith et al., 2016). To account for this attenuation of light though the reaction tube, we calculated the screening 

factor (Sλ) for each extract: 

𝑆𝜆 =
∑[(1 − 10−𝐴λ) × 𝐼λ]

∑[(2.303 × 𝐴λ) × 𝐼λ]
                                                                             (S1) 

where 𝐴λ is the absorbance of the particulate matter extract at wavelength λ (unitless) and 𝐼λ is the photon flux of the solar 

simulator at wavelength λ (Smith et al., 2016). The measured pseudo-first order decay rates of probes are then corrected for 105 

screening using equation 2.  

Section S3. Rate of light absorbance calculation 

The rate of light absorbance in a PM extract in the solar simulator was calculated with 

𝑅abs,EXP,PME =
[DOC]PME

103
× ∑ (MACλ ×

550 nm

300 nm

𝐼λ,EXP × Δλ)                                                       (S2) 
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where [DOC]PME is the dissolved organic carbon concentration in the extract (mg L-1), the 103 factor is a unit conversion of 110 

mg to g, MACλ is the DOC-normalized mass absorption cross section at wavelength λ (cm2 g-1), 𝐼λ,EXP is the surface-area-

normalized photon flux at wavelength λ in the illuminated quartz tube (mol-photons cm-2 nm-1 s-1), and Δλ is the wavelength 

interval between discreet 𝐼λ values (nm) (Kaur et al., 2019). In our simulated sunlight illumination system, we determined 

𝐼λ,EXP as described in Hullar et al. (2020). Note that this 𝑅abs,EXP,PME only accounts for the light absorbed by water-soluble 

species that were extracted from the PM2.5 filters into our extracts. Water-insoluble BrC, which also absorbs light and 115 

produces photooxidants, is not included in our water extracts. 

Section S4. Experimental kinetic calculation: oxidant concentrations and oxidant production rates 

All rates of light absorbance, photooxidant concentrations, and photooxidant production rates in this paper are reported under 

two actinic flux conditions: (1) at j2NB = 0.0045 s-1, the photolysis frequency of 2-nitrobenzaldehyde for Fairbanks midday 

actinic flux on February 1st, 2022 determined using actinic sunlight modeled by Tropospheric Ultraviolet and Visible (TUV) 120 

Radiation (Madronich and Flocke, 1998), or (2) at the photon flux condition determined for each specific composite period 

(Section 2.6.1). 

S4.1 Hydroxyl Radical 

The •OH steady-state concentrations under laboratory conditions were measured using a low concentration (10 μM) of the 

probe benzoic acid (BA) (Anastasio and McGregor, 2001; Kaur et al., 2019; Ma et al., 2024). •OH concentrations were 125 

determined for each sample by simultaneously monitoring the loss of BA and the production of para-hydroxybenzoic acid 

(p-HBA) (Ma et al., 2022, 2023, 2024). The loss of BA was fit and normalized to a standard photon flux using equations 1 

and 2 to determine the first-order rate constant for BA loss, k’BA,EXP. The experimental •OH concentration in our PM extract 

(PME) was determined with  

[•OH]EXP,PME =
𝑘′BA,EXP 

𝑘•OH+BA

                                                                                   (S3) 130 

where k•OH+BA is the second-order rate constant for the reaction of •OH with BA at the pH of the extract, determined based on 

the rate constants for •OH with benzoic acid and benzoate (4.3×109 M–1 s–1 for benzoic acid, Ashton et al., 1995; Wander et 

al., 1968; 5.9×109 M–1 s–1 for benzoate, Ross et al., 1994) and the mole fractions of neutral and deprotonated benzoic acid 

(pKa = 4.2; Wander et al., 1968). The production of p-HBA was fit using 

[𝑝 − HBA]𝑡 = [𝑝 − HBA]0 + 𝐴(1 − 𝑒−𝐵𝑡)                                                                    (S4) 135 
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where [p-HBA]0 is the initial concentration, [p-HBA]t is the concentration at time t, and A and B are fitted parameters (Ma et 

al., 2023, 2024). The product of A and B is the initial rate of p-HBA production (Rp-HBA,EXP), which is used to calculate the 

steady-state •OH concentration: 

[•OH]EXP,PME =
𝑅𝑝−HBA,EXP

[BA]0 × 𝑘•OH+BA × 𝑌𝑝−HBA

                                                                   (S5) 

where [BA]0 is the initial BA concentration and Yp-HBA is the yield of p-HBA from the reaction of •OH and BA (17%) 140 

(Anastasio and McGregor, 2001). The reported •OH concentration for a given extract is the average of the values determined 

by BA loss and p-HBA production.  The average (±1σ) relative percent difference in •OH concentration determined for the 

two methods is 18(±51)%. 

The steady-state •OH concentration was used to estimate the production rate of •OH in each extract with 

𝑃•OH,EXP,PME = [•OH]EXP,PME × 𝑘•OH+DOC × [DOC]PME                                                (S6) 145 

where k•OH+DOC is the general second-order rate constant for reaction of •OH with atmospheric DOC, 3.8(±1.9) × 108 L mol-

C–1 s–1 (Arakaki et al., 2013). This assumes that DOC is the dominant •OH sink (Ma et al., 2023), which should be true for 

our DOC-rich extracts.  

S4.2 Singlet Molecular Oxygen 

Steady-state 1O2* concentrations were measured using a low concentration (10 μM) of the probe furfuryl alcohol (FFA) 150 

(Anastasio and McGregor, 2001; Appiani et al., 2017; Bogler et al., 2022; Kaur et al., 2019; Ma et al., 2024). Initially, we 

used the D2O diagnostic method to measure 1O2*. With this technique, two parallel experiments were performed: PM 

extracts were diluted 2-fold with either Milli-Q H2O or D2O, which varies the rate constant for 1O2* quenching by the 

solvent (Ma et al., 2023). While this technique has been successfully used to quantify 1O2* in the past under more moderate 

pH conditions (Anastasio and McGregor, 2001; Haag and Hoigne, 1986; Ma et al., 2023), in our pH 1 extracts the D2O 155 

method systematically underestimated [1O2*] compared to the result determined measuring FFA loss in Milli-Q (with 

correction for the loss of FFA due to •OH). Thus we measured FFA decay in our pH 1 extract without D2O, assuming the 

dominant loss of 1O2* was to the solvent H2O. The normalized pseudo-first-order rate constant for FFA loss (k’FFA) was 

determined using equations 2 and 3. We corrected for FFA loss due to •OH in order to determine the rate constant for FFA 

loss due to 1O2* using 160 

𝑘′FFA,1O2∗ = 𝑘′FFA − 𝑘•OH+FFA  × [•OH]EXP,PME                                                             (S7) 



8 
 

where 𝑘•OH+FFA is the second-order rate constant for FFA loss due to •OH, 1.5×1010 M-1 s-1 (Ross and Ross, 1977). The 

steady-state 1O2* concentrations were then calculated using an equation analogous to equation S3, with the denominator 

being the second-order rate constant for FFA reacting with 1O2* (at 10 °C, k1O2*+FFA is 8.06×107 M–1 s–1; Appiani et al., 

2017). The production rate of 1O2* was predicted with an equation similar to equation S6, assuming that in the dilute particle 165 

extracts 1O2* loss was mainly due to quenching by H2O (k’1O2*,H2O = 2.76(±0.02)×105 s-1), with minor loss due to 1O2* 

reacting with DOC (k1O2*+DOC = 1×105 M-1 s-1) (Appiani et al., 2017; Ma et al., 2023). In the dilute extracts, this is a 

reasonable assumption because H2O and DOC are the two dominant 1O2* sinks (Ma et al., 2023). 

S4.3 Triplet Excited States 

The steady-state concentration of 3C* was determined using a low concentration (10 μM) of the probe syringol (SYR), which 170 

reacts with the subset of the triplet population that is oxidizing  (Ma et al., 2022, 2023). A limitation to the SYR probe is that 

after SYR reacts with 3C*, the oxidized syringyl phenoxyl radical can be reduced by other phenols or dissolved copper in 

solution to regenerate the parent SYR probe (Ma et al., 2022). This regeneration inhibits SYR loss and leads to an 

underestimate of 3C* concentrations (Ma et al., 2022, 2023; Wenk and Canonica, 2012). To account for probe regeneration, 

we measured the inhibition factor (IFSYR,corr), which quantifies the fraction of 3C* and SYR reactions that lead to SYR loss 175 

(Section S5). Additionally, because SYR reacts with •OH and 1O2*, we correct k’SYR for SYR loss due to reactions with •OH 

and 1O2*. Accounting for all corrections, the steady state 3C* concentration was then determined by 

[3C ∗]EXP,PME =
𝑘′

SYR,EXP − 𝑘SYR+•OH × [•OH]EXP,PME − 𝑘SYR+1O2∗ × [ O2 ∗1 ]
EXP,PME

𝑘SYR+3C∗ × 𝐼𝐹SYR,corr

                                            (S8) 

where 𝑘SYR+•OH and 𝑘SYR+1O2∗ are the second-order rate constants for loss of SYR due to reaction with •OH and 1O2*, 

respectively (Ma et al., 2022). Finally, the 3C* production rate in extracts was estimated using an equation analogous to 180 

equation S6, calculated using reactions of triplets with dissolved O2 as the dominant sink (k3C*+O2 = 2.8×109 M-1 s-1) and with 

DOC as a minor sink (k3C*+DOC,SYR = 7×107 M-1 s-1) (Kaur et al., 2019; Ma et al., 2023). In the dilute extracts, this is a 

reasonable assumption because other 3C* sinks, such as S(IV), are expected to be negligible in our PM extracts (Ma et al., 

2023). 

Section S5. Inhibition factor (Ma et al., 2022) 185 

DOC in dilute particle extract can artificially suppress [3C*]EXP,PME. When 3C* react with SYR, the product is a phenoxy 

radical, which can abstract a hydrogen from DOC to reform SYR, causing an artificial suppression in SYR loss. However, 

because DOC is a 3C* sink, DOC also causes a real suppression in [3C*]EXP,PME concentration and thus a smaller observed 

k’SYR. We measure two inhibition factors to account for both types of inhibition by DOC. 
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The first inhibition factor we measured is the inhibition of the SYR probe (IFSYR) which represents both inhibition due to 190 

quenching by DOC and inhibition due to the regeneration of the SYR probe. To measure IFSYR, we performed three separate 

experiments. First, we spike 1 mL of a dilute extract with 10 µM SYR and measure the pseudo-first order decay of SYR 

(k’SYR+PME). Next, we spike 1 mL of the dilute extract with 10 µM SYR and 80 µM of 3,4-dimethoxybenzaldehyde (DMB), a 

photosensitizer that produces 3C* (k’SYR+DMB+PME). Lastly, we spike 1 mL of sulfuric acid (either pH 1 or pH 5, depending on 

pH of the extract we are testing) with 10 µM SYR and 80 µM DMB and measured the decay of SYR over time (k’SYR+DMB). 195 

We then calculate IFSYR by 

𝐼𝐹SYR =
𝑘′SYR+PME+DMB−𝑘′SYR+PME

𝑘′SYR+DMB
 .                                                                        (S9) 

DMB produces 3C*, which react with SYR and lead to enhanced SYR loss, so we expect k’SYR+DMB+PME to be larger than 

k’SYR+PME. If no inhibition occurs, k’SYR+DMB will be equivalent to the sum of k’SYR+DMB+PME and k’SYR+PME and IFSYR will be 1. 

However, if either type of inhibition occurs, IFSYR will be less than 1. Because IFSYR accounts for both types of inhibition, 200 

but the [3C*]EXP,PME must only be corrected for the inhibition caused by regeneration of the SYR probe, we measure a second 

inhibition factor which only accounts for inhibition due to quenching of 3C* by DOC. 

The second inhibition factor we measure is the inhibition of the probe FFA (IFFFA). Analogous to IFSYR, IFFFA is measured 

by performing three experiments. First, we spike 1 mL of a dilute extract with 10 µM FFA and measure the decay of FFA 

over the illumination period (k’FFA+PME). Next, we spike 1 mL of the dilute extract with 10 µM FFA and 80 µM of 3,4-205 

dimethoxybenzaldehyde (DMB) (k’FFA+DMB+PME). Lastly, we spike 1 mL of sulfuric acid (either pH 1 or pH 5) with 10 µM 

FFA and 80 µM DMB and measure the decay of FFA over time (k’FFA+DMB). We then calculate IFFFA with an equation 

analogous to equation S9. Finally, we correct IFSYR by IFFFA using 

𝐼𝐹SYR,corr =
𝐼𝐹SYR

𝐼𝐹FFA
                                                                             (S10) 

where IFSYR,corr only accounts for the inhibition caused by the regeneration of the SYR probe. 210 

Section S6. Calculating the concentration of dissolved organic carbon in aerosol liquid water 

The DOC concentration in ALW was calculated using the flow rate of filter collection and the DOC measured in our PM 

extracts. First, the volume of air collected (m3) per filter composite was calculated with 

𝑉air = ∑
𝑄×𝑡×𝐴extract

𝐴total

𝑛
1                                                                           (S11) 
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where n is the number of filters in each composite, Q is the flow rate reported for each filter (m3 s-1; Edwards et al., 2024; 215 

Moon et al., 2024), t is the collection time for each filter (s), 𝐴extract is the area from each filter that was used to prepare the 

extract (cm2), and 𝐴total is the total area of a complete (i.e., uncut) filter (cm2). 𝑉air is calculated by adding up the volume of 

air sampled across the n filters used to make a given composite. 

Next, the DOC concentration in ALW (mol-C L-aq-1) was calculated with 

 220 

[DOC]ALW =
[DOC]PME×𝑉aq

𝑉air×ALWC
                                                                          (S12) 

where [DOC]PME is the concentration of dissolved organic carbon measured in our PM filter extracts (mol-C L-1), Vaq is the 

total volume of solution used to extract the filters in a composite (L), and ALWC is the aerosol liquid water content reported 

by Campbell et al. (2024) averaged over each composite (L-aq L-air-1). Finally, the concentration factor (CF) between ALW 

conditions and our PM extracts was determined using 225 

𝐶𝐹 =
[DOC]ALW

[DOC]PME
                                                                          (S13) 

Values are reported in Table S12. The CF was used to extrapolate values measured in our dilute extracts (e.g., PM-

mass/H2O-mass ratios and Pox) to ALW conditions. 

Section S7. Estimating the inorganic S(IV) activities and activity coefficients 

S7.1. Calculating the Inorganic S(IV) Activity 230 

A large uncertainty in our model of S(IV) oxidation pathways is the activity of inorganic S(IV).  Measured S(IV) in the 

particles was categorized based on its susceptibility to oxidation by HOOH: total S(IV) measured by ion chromatography in 

filter extracts was considered the sum of inorganic S(IV) and hydroxymethanesulfonate (HMS), while HMS was determined 

as the S(IV) measured after hydrogen peroxide was added to the extracts to remove inorganic S(IV) (Dingilian et al., 2024).  

The difference of these two measurements should be the inorganic S(IV) amount.  However, measured inorganic S(IV) 235 

concentrations in ALW (0.1–0.7 M, Dingilian et al., 2024) were roughly three orders of magnitude larger than predicted 

from Henry’s law partitioning of SO2 (corrected for temperature and ionic strength) assuming the ALW is pH 5 (resulting in 

0.02-0.3 mM inorganic S(IV)) and six orders of magnitude higher assuming pH 1 ALW (0.02-0.2 µM). 

To constrain the modeled particulate inorganic S(IV), we modeled the rate of secondary SO4
2- formation as a function of 

inorganic S(IV) activity (Figure 8a-d). We then defined the model estimate of inorganic S(IV) activity as the point where the 240 



11 
 

modeled fraction of secondary sulfate from HOOH – the dominant secondary sulfate source (Sunday et al., 2024) – matched 

the fraction measured by sulfate isotope measurements (Moon et al., 2024). Under the high-NOx conditions in Fairbanks, 

gas-phase HOOH concentrations are expected to be low (Ye et al., 2018). Sunday et al. (2024) describe that in-particle 

photochemistry is the main source of HOOH, with HOOH likely photochemically formed by 3C* reactions with phenols 

(Anastasio et al., 1997; Sunday et al., 2024). Our model uses the in-particle formation rates of sulfate reported by Sunday et 245 

al. (2024). Under the high-SO2 conditions of ALPACA, HOOH is a unique condensed-phase oxidant because its rate of 

SO4
2- production is independent of {inorganic S(IV)}, a consequence of S(IV) being by far the most important sink for 

particle-phase HOOH (Sunday et al., 2024). In contrast, the other condensed-phase SO4
2- formation pathways studied here 

become slower as {inorganic S(IV)} decreases. This property of the HOOH pathway allowed us to estimate the inorganic 

S(IV) activity.   250 

S7.2 Calculating the Inorganic S(IV) Activity Coefficient 

We estimated the activity coefficient of inorganic S(IV) using the ionic-strength correction to Henry’s Law for SO2 

described in Millero et al. (1989). The activity coefficient for inorganic S(IV) was estimated using 

𝛾𝐼s
=

𝐻SO2

𝐻SO2

𝐼s=0                                                                                                       (S14) 

where 𝐻SO2

𝐼s=0 is temperature-adjusted Henry’s Law constant for SO2, determined with  255 

𝐻SO2

𝐼s=0
= 1.23 × 𝑒

(3145.3×(
1

T
−

1

298
))                                                                                 (S15) 

(Seinfeld and Pandis, 2016) and 𝐻𝑆𝑂2
 is the Henry’s Law constant for SO2 at the same temperature but a non-zero ionic 

strength, determined with 

𝑙𝑜𝑔10 (
𝐻SO2

𝐻SO2

𝐼s=0) = (
22.3

T
− 0.0997) × 𝐼s  (Is,max = 6 M)                                         (S16) 

(Millero et al., 1989). While the ionic strength correction has been tested for Is ≤ 6 M, we use it for all our ALW calculations, 260 

where Is values are as high as 23 M, due to of a lack of alternatives. The range of activity coefficients for aqueous SO2 

calculated in this work were 0.69-0.82 (Table S20). 
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Section S8. Isotopic signature of sulfate formed by 3C* 

We expect the dominant mechanism of SO4
2- formation by 3C* to be either electron transfer or proton-coupled electron 

transfer from inorganic S(IV) to the oxidizing triplet excited state (McNeill and Canonica, 2016; Moon et al., 2024; Wang et 265 

al., 2020). The resulting isotopic signature of SO4
2- formed by 3C* is equivalent to that of SO4

2- formed from transition metal 

ions (TMI) (Moon et al., 2024).  This indicates that the secondary SO4
2- formed by TMI reported by Moon et al. (2024) 

represents the SO4
2- formed by both 3C* and TMI. 

Section S9. Determination of monthly photolysis frequencies for O3, HONO, and BrC 

Rate constants for photolysis of HONO and O3 (i.e., jHONO→•OH and jO3→O(1D)) on the 15th of each month were determined with 270 

TUV using constant column O3 and aerosol optical depth (AOD), and with albedo estimated using ALPACA measurements 

(Table S22).  Values of jO3→O(1D) were converted to jO3→•OH by estimating the fraction of O(1D) lost due to reaction with H2O 

(Table S23). First, we assumed the dominant loss pathways of O(1D) were H2O, N2, and O2 (Seinfeld & Pandis, 2016). The 

H2O gas concentration was determined using the monthly average relative humidity reported by the US Climate Research 

Network and temperatures reported by the Alaska Department of Transportation, both listed on the NOAA Environmental 275 

Research Division’s Data Access Program Website (AK Fairbanks 11 NE, 2024). We calculated the temperature-dependent 

saturation vapor pressure for water as described in Seinfeld and Pandis (2016). The concentration of water was estimated by 

multiplying the saturation vapor pressure by the relative humidity. The temperature-dependent total concentration of gas 

molecules (i.e., Loschmidt’s constant) was calculated using the ideal gas law and used to convert the concentration of H2O to 

mlc cm-3. We assume N2 and O2 were 78.8% and 20.95% of the total gas concentration, respectively. The pseudo-first order 280 

rate constants for O(1D) loss due to reaction with H2O, N2 and O2 were then calculated using the respective temperature-

corrected second-order rate constants (Seinfeld & Pandis, 2016). Using the pseudo-first order loss rate constants, the fraction 

of O(1D) loss due to reaction with H2O (fO(1D),H2O) was determined with 

𝑓O(1𝐷),H2O =
𝑘′O(1𝐷),H2O

𝑘′O(1𝐷),H2o+𝑘′O(1𝐷),N2+𝑘′O(1𝐷),O2
                                                     (S17) 

where each k’O(1D) term represents the pseudo-first order rate constant for O(1D) loss due to H2O, N2 and O2. Finally, the rate 285 

of •OH formation from ozone photolysis, PO3→•OH, was calculated by multiplying PO3→O(1D) with the fraction of O(1D) loss 

due to reaction with H2O 

𝑃O3→•OH = 𝑃O3→O(1𝐷) × 𝑓O(1D),H2O × 2                                                    (S18) 

where the factor of two accounts for the molar ratio of two •OH produced per O(1D) lost to reaction with water vapor. The 

value of jO3→•OH was then determined by dividing PO3→•OH by the O3 concentration. 290 
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Rate constants for formation of oxidizing triplets following light absorption by brown carbon (jBrC→3C*) were determined 

using TUV-modelled Iλ, the average MACλ determined from all House site samples, and the average Φ3C* (2.7%) determined 

in this work. Values were determined for the wavelength range of 300 to 550 nm.  TUV overestimates low-energy 

wavelengths in the winter in Fairbank (Figure S2a), leading to a 3-fold overestimate of jO3→O(1D) in winter (Figure S2b). This 

overestimate has minimal impact on jHONO→•OH or jBrC→3C* because these chromophores absorb most strongly at wavelengths 295 

greater than 325 nm (Figure S2c). 

Section S10. Determination of monthly average concentrations of O3, HONO, and BrC  

Monthly average O3 concentrations were determined by averaging the daily maximum 8-hour average O3 reported by the 

Alaska DEC (Air Quality Monitoring Data, 2024), making the O3 concentrations upper-bound estimates. HONO 

concentrations were estimated by first assuming the HONO-to-NO2 ratio of 2.02(±0.05)% measured during ALPACA 300 

applies year-round (Kuhn et al., in preparation; Simpson et al., 2024). Next, the monthly NO2 concentration was determined 

by averaging the daily peak 1-hour NO2 concentrations reported by ADEC (Air Quality Monitoring Data, 2024), making the 

HONO concentration an upper-bound estimate. We do not account for changes in HONO sources throughout the year, which 

likely changes the HONO-to-NO2 ratio, but our estimate provides a reasonable upper-bound estimate of HONO (Kim et al., 

2014). 305 

For estimating particulate brown carbon concentrations, we first  calculated the monthly average PM2.5 concentration at the 

CTC site using daily average PM2.5 concentrations reported by AKDEC (Air Quality Monitoring Data, 2024). Next, we 

assumed 52% of the total PM2.5 is OA, the annual average OA-to-PM2.5 fraction for Fairbanks reported by Kotchenruther 

(2016). This results in OA concentrations similar to the water-soluble DOC we measured in our filter extracts in Fairbanks 

during January and February of 2022 (Figure 4). During the summer, PM2.5 and OA concentrations are highly variable due to 310 

the influence of wildfire smoke: the summer of 2021 (depicted in Figure 9b) was only moderately impacted by wildfire 

smoke, while summers with severe wildfire smoke have much larger OA and BrC concentrations. Once the monthly average 

OA concentration was determined, we used the average MACλ from water-soluble organic carbon measured with the House 

site samples to calculate jBrC→3C*. We do not determine the fraction of OA that is light-absorbing BrC, but instead we 

determine the light absorbance by the BrC within the entire OA population using the OA-averaged MAC values. 315 
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Table S1. Sample collection dates and times for 2022 ALPACA campaign 

Composite Name a 

House Site: CTC Site: 
Composite Filter Sample Collection e Composite Filter Sample Collection e 

Start End Start End 

1/15 b 1/13 17:10 1/17 09:41 N/A N/A 
1/21  1/17 10:00 1/25 09:30 1/17 13:59 1/25 08:52 
1/27 1/26 10:00 1/28 09:30 1/26 10:20 1/28 09:06 

1/31 c 1/29 10:00 2/3 09:30 1/29 09:31 2/3 09:00 
2/4 2/3 10:00 2/6 09:30 2/3 09:46 2/6 09:04 
2/7 2/6 10:00 2/8 09:30 2/6 09:38 2/8 08:59 

2/14 2/8 10:00 2/21 09:30 2/8 09:30 2/21 09:05 
2/22 2/21 10:00 2/23 09:30 2/21 09:33 2/23 09:05 
2/24 2/23 10:00 2/26 09:30 2/23 09:45 2/26 08:41 

Field Blank d 
House Field Blank Composite CTC Field Blank Composite 

1/18 09:00 (30 second collection) 2/9 09:34 2/9 09:37 
1/25 09:00 (30 second collection) 2/20 09:29 2/20 09:31 

 

a Composites are named by the midpoint date of the sampling period.  Start and end times are in 24-hr format. 
b The House site contains a 45.5-hour filter sample between 1/14 12:40 and 1/16 10:16 that was included in the 1/15 320 

composite. When this filter was extracted into water, it had higher solute concentrations purely based on having a longer 
filter collection time compared to the 24-hour samples: the 1/15 composite was a 4-day composite but was only extracted 
into the volume of solvent equivalent to 3-day composite, leading to a 0.75 concentration factor difference. The data 
reported throughout the manuscript for the 1/15 sample is corrected for the high solute concentrations due to the longer 
sampling time. In the SI, each table with relevant data from the 1/15 sample indicates whether the data has been corrected 325 
for this. 

c Between 1/30 and 2/3, we collected separate day and night filter samples at the CTC site, covering 7 and 17 hours, 
respectively. 

d Field blanks were prepared for each site by compositing the corresponding two field blank filter samples. 
e Each filter composite is composed of several 24-hour filters combined to create a multiday composite. 330 
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Table S2. pH values of particle extracts. 

Site Sample 
pH 

Extraction 
Solution a PM Extract b 

House 

1/15 1.3 0.87 
1/21 1.3 1.23 
1/27 5.6 4.39 c 
1/31 1.3 1.28 
2/4 1.3 1.10 
2/7 1.3 0.88 

2/14 1.3 1.22 
2/22 1.3 1.10 
2/24 1.3 1.15 

Field Blank 1.3 1.31 

CTC 

1/21 1.3 1.26 
2/7 1.3 1.22 

1/21 5.0 5.11 
2/22 5.0 5.04 d 
2/24 5.0 4.82 e 

2/14 f 

10.0 1.3 1.01 
2.0 1.3 1.02 

0.70 1.3 1.01 
0.40 1.7 g 1.08 
0.30 1.8 g 1.13 

Field Blank 5.0 4.90 h 
 

a This is the pH of the H2SO4 solution (generally either 5×10-2 or 1×10-5 M) that was used to extract the PM2.5 filters.  
b This is the pH of the particle extract, which was used for photochemical experiments. 335 
c The pH after extraction was 6.73, which was adjusted to 4.39 with 75 µL of 10 mM H2SO4. 
d The pH after extraction was 5.82, which was adjusted to 5.04 with 53 µL of 10 mM H2SO4. 
e The pH after extraction was 5.39, which was adjusted to 4.82 with 20 µL of 10 mM H2SO4 and 13 µL of 10 mM NaOH. 
f A series of dilutions were made for this sample, where different volumes of H2SO4 solution were used to extract each filter 

square. The numbers on the different rows for this sample (10.0, 2.0, 0.70, etc.) represent the volume of solution (in mL) 340 
used for a given dilution.  The solution volume used for the other samples was 1.0 mL. 

g After using rotary evaporation to remove water, the pH of the 0.4x and 0.3x solutions are both expected to be 1.3. 
h The pH after extraction was 6.81, which was adjusted to 4.90 with 85 µL of 10 mM H2SO4. 
 
 345 
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Table S3. Chemical probes (P) and their rate constants with oxidants (kP+Ox) 

Probe kP+•OH (M-1 s-1) kP+1O2* (M-1 s-1) kP+3C* (M-1 s-1) 

Benzoic Acid a 
pH 1 4.30×109 

- - 
pH 5 5.69×109 

Furfuryl Alcohol 1.50×1010 b 8.06×107 c - 

Syringol (SYR) d 
pH 1 1.5(±0.7)×1010 

3.6(±0.7)×107 6.7(±1.5)×109 e 
pH 5 2.0(±0.4)×1010 

 
a At pH 1, where there is no significant dissociation of benzoic acid into benzoate, the rate constant is equal to the value for 

benzoic acid (4.3×109 M–1 s–1; Anastasio and McGregor, 2001; Ashton et al., 1995; Wander et al., 1968). At pH 5 where 
only 13.4% of benzoic acid/benzoate is protonated, the rate constant is a mole-fraction-weighted rate constant for the 350 
reaction of •OH with benzoate (5.9×109 M–1 s–1; Anastasio and McGregor, 2001) and benzoic acid. The resulting a mole-
fraction-weighted rate constant is 5.69×109 M–1 s–1. 

b The rate constant of FFA with •OH was reported by (Ross and Ross, 1977). 
c Furfuryl alcohol rate constant is temperature-corrected to 10 °C (Appiani et al., 2017). Other rate constants listed in the 

table are not adjusted for temperature. 355 
d kSYR+•OH and kSYR+3C* were measured at pH 2. We use the pH 2 •OH values for our pH 1 solutions and use the pH 2 rate 

constants for both pH 1 and pH 5 experiments (Ma et al., 2022; Smith et al., 2015). 
e Smith et al. (2015) measured kSYR+3C* using triplet 3,4-dimethoxybenzaldehyde (3DMB*) at pH 2 and 5 and found notable 

differences in kP+3C*: 6.7(±1.5)×109 at pH 2 and 3.5(±0.8)×109 M-1 s-1 at pH 5. The pH dependence is because the pKa of 
3,4-DMB is 3.3, suggesting the pH dependence is specific to the triplet state of 3,4-DMB and therefore should not be 360 
applied to the entire pool of 3C* measured by syringol. We assume the kP+3C* at both pH 1 and pH 5 is equivalent to 
6.7(±1.5)×109 M-1 s-1, the rate constant measured by Smith et al. (2015) at pH 2. 
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Table S4. Parameters for calculating mass transport of •OH(g) to particles and drops: Part I 

Water Content a  Aerosol Liquid 
Water Conditions 

Cloud/Fog Drop 
Conditions 

PM-mass/H2O-mass ratio 
(µg-PM/µg-H2O) 1 6×10-5 

Particle/Drop Diameter (µm) 0.7 14 
Particle/Drop Volume (cm3) 1.8×10-13 1.4×10-9 

assume Cs = 0 b 
Mass Accommodation 

Coefficient 1 
•OH(g) (mlc cm-3) 3.0×105 

 365 
a The water content of particles qualitatively names the condition quantitatively defined by the PM-mass/H2O-mass ratio, i.e.,  

the mass of a dry particle relative to the mass of liquid water. 
b Assuming the concentration of •OH at the surface of the particle (Cs) is 0 makes our calculated P•OH,MT an upper-bound 

estimate. 
 370 
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Table S5. Parameters for calculating mass transport of •OH(g) to particles and drops: Part II a 

Sample Gas-Phase Diffusion 
Coefficient (cm2 s-1) 

Mean 
Molecular 

Speed (cm s-1) 

Mean Free Path (cm) 
(assumes zero kinetic 

order theory) 

1/15 0.20 5.62×104 1.1×10-5 
1/21 0.19 5.59×104 1.0×10-5 
1/27 0.19 5.60×104 1.0×10-5 
1/31 0.18 5.49×104 9.9×10-5 
2/4 0.20 5.64×104 1.1×10-5 
2/7 0.20 5.61×104 1.0×10-5 

2/14 0.20 5.62×104 1.1×10-5 
2/22 0.21 5.76×104 1.1×10-5 
2/24 0.22 5.78×104 1.1×10-5 

 

a Equations are from Seinfeld & Pandis (2016). 
  375 
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Table S6. Parameters for calculating mass transport of •OH(g) to particles and drops: Part III a 

Sample 

Aerosol Liquid Water Conditions b Cloud/Fog Drop Conditions b 

Knudsen 
Number 

(Kn) 

Fuch's 
Transition 

Regime 
Correction 

Factor 

Continuum 
Flux (mlc 
drop-1 s-1) 

Transition 
Flux (mlc 
drop-1 s-1) 

P•OH,MT 
(M s–1) 

Knudsen 
Number 

(Kn) 

Fuch's 
Transition 

Regime 
Correction 

Factor 

Continuum 
Flux (mlc 
drop-1 s-1) 

Transition 
Flux (mlc 
drop-1 s-1) 

P•OH,MT 
(M s–1)  

1/15 0.30 0.80 26 21 1.9×10-7 1.50×10-2 0.989 520 514 5.9×10-10 
1/21 0.30 0.80 25 20 1.9×10-7 1.48×10-2 0.989 510 504 5.8×10-10 
1/27 0.30 0.80 26 20 1.9×10-7 1.49×10-2 0.989 513 508 5.9×10-10 
1/31 0.28 0.81 24 19 1.8×10-7 1.42×10-2 0.990 479 474 5.5×10-10 
2/4 0.30 0.79 26 21 1.9×10-7 1.52×10-2 0.989 527 521 6.0×10-10 
2/7 0.30 0.80 26 21 1.9×10-7 1.50×10-2 0.989 517 511 5.9×10-10 

2/14 0.30 0.80 26 21 1.9×10-7 1.50×10-2 0.989 520 514 5.9×10-10 
2/22 0.32 0.78 28 22 2.1×10-7 1.60×10-2 0.989 567 560 6.5×10-10 
2/24 0.32 0.78 29 22 2.1×10-7 1.61×10-2 0.989 574 567 6.6×10-10 

 

a Equations are from Seinfeld & Pandis (2016). P•OH,MT is the rate of •OH(g) partitioning to the particles/drops, expressed in 
terms of the aqueous volume, i.e., mol-•OH L–1-solution s–1. 

b The water content of particles qualitatively names the condition quantitatively defined by the PM-mass/H2O-mass ratio, 380 
i.e., the mass of dry particle solutes relative to the mass of liquid water. Cloud/fog droplets have a higher liquid water 
content and larger particle diameters than aerosol particles (Table S4). Particle diameter is especially important for mass 
transport because P•OH,MT (expressed in terms of liquid volume) decreases with increasing particle diameter, meaning 
aerosol liquid water has much higher P•OH,MT compared to cloud/fog drop conditions.   

  385 
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Table S7. Characterization of sample composite periods: average PM2.5, temperature, relative humidity, and actinic flux 

Composite  PM2.5 
a 

(µg m-3) 

Average 
Temp.b 

(°C) 

Relative 
Humidity 

c (%) 

Albedo 
(fraction) d 

Downwelling Iλ,310-550 nm 
e 

(photon cm-2 s-1) 
Solar 
Noon 

Midday Three-Hour 
Average 

1/15 7.5 -19 N/A N/A N/A N/A 
1/21 12.0 -22 86 0.82 1.0×1016 7.2×1015 
1/27 17.7 -21 77 0.81 1.7×1016 1.2×1016 
1/31 26.1 -31 75 0.72 3.2×1016 2.3×1016 
2/4 8.6 -18 80 0.85 1.0×1016 8.7×1015 
2/7 4.3 -20 77 0.90 1.3×1016 1.1×1016 

2/14 7.2 -20 80 0.87 2.7×1016 2.0×1016 
2/22 3.6 -7 90 0.96 1.4×1016 1.1×1016 
2/24 12.5 -5 90 0.85 3.5×1016 2.9×1016 

 

a PM2.5 measured at the NCore site by the Alaska Department of Environmental conservation. Data is available at 
https://www.epa.gov/outdoor-air-quality-data/download-daily-data. 

b Temperature measured at the CTC site.  Data is available at https://arcticdata.io/catalog/portals/ALPACA/Data. 390 
c Relative Humidity reported at Airport Road by Environmental Research Division's Data Access Program (ERDDAP). Data 

is available at https://erddap.sensors.ioos.us/erddap/tabledap/alaska-dot-rwis-255.html. 
d Surface albedo determined using the ratio of the upwelling jNO2 to the downwelling jNO2 determined at the NCore site. 
e Downwelling actinic fluxes measured using the Diode-Array Actinic Flux Spectroradiometer at the NCore site in 

downtown Fairbanks (Simpson et al., 2024). The “Solar Noon” column reflects daily Iλ measured at 13:30, around solar 395 
noon, averaged over a given composite. The “Downwelling Midday Three-Hour Average” column reflects the daily Iλ 
averaged between 12:00 and 15:00 – the peak three hours of sunlight, then again averaged over each day in each 
composite.  We converted the downwelling actinic flux to the total (downwelling and upwelling) flux by multiplying it by 
the sum of (1 + albedo). 

  400 

https://www.epa.gov/outdoor-air-quality-data/download-daily-data
https://arcticdata.io/catalog/portals/ALPACA/Data
https://erddap.sensors.ioos.us/erddap/tabledap/alaska-dot-rwis-255.html
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Table S8. Parameters used in TUV to model actinic fluxes during ALPACA 

Latitude 64.840 
Longitude -147.720 

Overhead Column Ozone (du) a 300 
Surface Albedo (fraction) 0.85 

Ground Elevation (km above sea level) 0.15 
Measurement Altitude (km above sea level) 0.16 

Clouds a 
Optical Depth 0 

Base 4 
Top 5 

Aerosols a 
Optical Depth 0.235 
S-S Albedo 0.99 

Alpha 1 
 
a Standard input parameters in the TUV model; these are not specific to Fairbanks. 
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Table S9. Characterization of water-soluble brown carbon in PM extracts (PME) 405 

Site Sample 
PM-Mass/H2O-

Mass Ratio 
(µg µg-1) a 

[DOC]PME 
(mM) 

MAC300  
(m2 g-C-1) b 

MAC365 
(m2 g-C-1) b AAE 

c E2/E3 d 

House 

1/15, pH 1 e 2.8(±0.2)×10-4 2.8(±0.2) 3.75 1.01 9.4 6.4 
1/21, pH 1 2.6(±0.1)×10-4 3.0(±0.2) 3.31 0.863 9.1 6.5 

1/27, pH 4.5 3.0(±0.6)×10-4 3.18(±0.06) 3.78 1.05 8.2 6.4 
1/31, pH 1 3.2(±0.1)×10-4 4.90(±0.06) 4.04 0.964 8.8 7.1 
2/4, pH 1 1.7(±0.3)×10-4 1.7(±0.2) 4.61 1.07 9.3 7.4 
2/7, pH 1 4.7(±0.1)×10-4 1.84(±0.02) 2.66 0.583 10.2 8.0 
2/14, pH 1 1.9(±0.6)×10-4 2.22(±0.04) 3.20 0.768 9.4 7.3 
2/22, pH 1 1.8(±0.2)×10-4 2.24(±0.09) 1.88 0.402 10.2 7.9 
2/24, pH 1 3.3(±0.4)×10-4 3.0(±0.1) 2.65 0.680 9.4 6.8 

Field Blank, pH 1 1.2(±0.2)×10-4 0.23(±0.01) 0.246 0 N/A 

CTC 

1/21, pH 1 2.1(±0.1)×10-4 2.70(±0.06) 3.41 0.999 8.3 6.4 
1/21, pH 5 2.1(±0.1)×10-4 2.70(±0.02) 3.55 1.10 9.1 7.0 
2/7, pH 1 1.8(±0.1)×10-4 1.86(±0.03) 2.16 0.577 7.3 5.8 
2/22, pH 5 2.2(±0.4)×10-4 2.15(±0.03) 2.12 0.611 7.7 6.7 
2/24, pH 5 2.1(±0.1)×10-4 2.99(±0.06) 2.44 0.757 7.2 6.2 

2/14, 
pH 1 f 

10 1.79(±0.04)×10-5 0.227(±0.003) 3.21 0.837 8.7 7.3 
2.0 8.9(±0.2)×10-5 1.15(±0.01) 3.13 0.831 8.9 7.1 

0.70 2.55(±0.04)×10-4 2.96(±0.01) 3.65 1.00 8.9 6.7 
0.40 4.46(±0.09)×10-4 5.14(±0.06) 3.20 0.926 8.6 6.3 
0.30 6.0(±0.1)×10-4 6.55(±0.04) 3.18 0.966 7.9 6.0 

Field Blank, pH 5 1.7(±0.3)×10-4 0.122(±0.002) 0.878 0.328 N/A 
  
a PM-mass/H2O-mass ratio reflects the concentration of a given extract, expressed as the ratio of dry PM mass extracted from 

a filter to the amount of liquid water in the extract.  The extracted PM mass was measured from filters extracted into Milli-
Q water, and therefore we list the same PM Mass/H2O Mass ratio for the two extracts of the CTC 1/21 composite prepared 
separately at pH 1.3 and pH 5. The blank filters have non-zero PM-mass/H2O-mass ratios because part of the filter 410 
degrades upon extraction. 

b MACλ values are calculated using the absorbance and DOC concentrations measured in the PM extracts. MACλ values 
reported above use the DOC concentrations measured in the extracts, blank corrected for field blank DOC (reported for the 
two sites above). This assumes that the minor DOC contamination has minimal impact on the measured absorbance of 
extracts, a fair assumption because the background DOC concentrations are low (< 10% of the measured DOC 415 
concentration) and the MACλ of the blanks are lower than the field samples. 

c AAE is the absorption Angstrom exponent, calculated between 300 and 450 nm. 
d E2/E3 is the ratio of BrC absorbance at 250 nm to that at 365 nm (Helms et al., 2008; Peuravuori and Pihlaja, 1997).  
e Note that the 1/15 composite was a 4-day composite but was only extracted into the volume of solvent equivalent to 3-day 

composite, as it used a filter sample collected for 45.5 hours instead of the standard 24-hours. The DOC concentration 420 
shown here was measured directly in the extract and not corrected for the 75% dilution factor, which needs to be used to 
compare the PM-Mass/H2O-Mass Ratio and DOC concentration in the 1/15 composite to the all other composites. The 
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DOC concentration in ALW corrects for this difference in the calculation for DOC in ALW, which accounts for variability 
in the air volume collected on each filter, as described in section S6. 

f For the CTC 2/14 dilution series, the PM-mass/H2O-mass ratio was only determined for the 0.70 dilution sample, the PM-425 
mass/H2O-mass ratio values for the 10, 2.0, 0.40, and 0.30 dilutions were calculated by extrapolation.  See Table S2 for a 
description of this dilution series. The DOC concentrations and absorbance parameters were measured for each dilution.  
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Table S10. Solar simulator experimental data I: p-HBA formation and first-order rate constants for probe loss 

Site Sample Rate of p-HBA 
Production (µM min–1) b 

Experimental Probe Loss (j2NB = 0.0045 s-1) a 
k'EXP,BA (s-1) b k'EXP,FFA (s-1) k'EXP,SYR (s-1) 

House 

1/15, pH 1 c 2.2(±0.2)×10-3 8.8(±0.7)×10-6 1.2(±0.2)×10-4 9.2(±1.1)×10-4 
1/21, pH 1 1.0(±0.1)×10-3 7.9(±0.7)×10-6 1.3(±0.05)×10-4 1.2(±0.05)×10-3 

1/27, pH 4.5 6.1(±0.1)×10-3 2.7(±0.2)×10-6 1.2(±0.05)×10-4 1.5(±0.07)×10-4 
1/31, pH 1 3.2(±0.1)×10-3 7.7(±0.5)×10-6 1.4(±0.07)×10-4 9.2(±0.5)×10-4 
2/4, pH 1 1.2(±0.2)×10-3 6.5(±1.1)×10-6 1.4(±0.9)×10-3 3.8(±0.2)×10-4 
2/7, pH 1 6.3(±0.9)×10-4 3.3(±0.2)×10-6 8.6(±0.2)×10-5 7.9(±0.7)×10-4 

2/14, pH 1 3.2(±0.2)×10-3 1.8(±0.09)×10-5 1.1(±0.09)×10-4 9.2(±0.5)×10-4 
2/22, pH 1 1.1(±0.1)×10-3 5.0(±0.5)×10-6 8.3(±0.5)×10-5 7.7(±0.5)×10-4 
2/24, pH 1 7.4(±1.1)×10-4 7.0(±0.5)×10-6 1.2(±0.07)×10-4 7.4(±0.5)×10-4 

Field Blank, 
pH 1 1.2(±0.2)×10-4 1.6(±0.09)×10-6 1.1(±0.05)×10-5 9.2(±1.4)×10-6 

CTC 

1/21, pH 1 8.3(±1.6)×10-4 7.9(±0.2)×10-6 2.6(±0.2)×10-5 1.4(±0.07)×10-3 
1/21, pH 5 3.2(±0.2)×10-4 3.4(±0.09)×10-6 1.4(±0.07)×10-4 5.0(±0.2)×10-4 
2/7, pH 1 5.9(±0.2)×10-4 5.4(±0.2)×10-6 1.3(±0.09)×10-4 9.7(±0.5)×10-4 

2/22, pH 5 1.8(±0.2)×10-4 1.5(±0.2)×10-6 8.1(±0.2)×10-5 7.2(±0.9)×10-5 
2/24, pH 5 2.0(±0.4)×10-4 1.5(±0.1)×10-6 9.5(±0.9)×10-5 1.5(±0.09)×10-4 

2/14, 
pH 1 d 

10 2.1(±0.4)×10-4 2.4(±0.1)×10-6 2.9(±0.1)×10-5 1.1(±0.07)×10-4 
2.0 6.3(±0.7)×10-4 4.7(±0.2)×10-6 1.0(±0.07)×10-4 3.1(±0.2)×10-4 

0.70 4.5(±1.4)×10-4 7.7(±0.5)×10-6 2.5(±0.1)×10-4 5.4(±0.5)×10-4 
0.40 5.2(±0.9)×10-4 5.6(±0.7)×10-6 2.7(±0.2)×10-4 5.0(±0.2)×10-4 
0.30 7.2(±0.5)×10-4 4.7(±0.5)×10-6 2.0(±0.1)×10-4 4.3(±0.2)×10-4 

Field Blank, 
pH 5 4.5(±0.9)×10-5 2.7(±1.6)×10-7 1.4(±0.5)×10-6 0.9(±1.8)×10-6 

 430 
a The k’ for experimental probe loss is the pseudo-first order rate constant for probe loss observed from every experiment 

where 1 mL of PME was spiked with 10 μM of each probe and illuminated in our solar simulator. These values are 
normalized to a single j2NB value to account for variations in the intensity of the lamp in the solar simulator between 
experiment days. 

b The rate of p-HBA production and the loss of BA were both used to calculate [•OH]. The [•OH] reported here is the average 435 
of the [•OH] determined by both methods. 

c Note that the 1/15 composite was a 4-day composite but was only extracted into the volume of solvent equivalent to 3-day 
composite, as it used a filter sample collected for 45.5 hours instead of the standard 24-hours. The values shown here were 
measured for the true DOC concentration in the extract and not corrected for the 75% dilution factor. We calculated the 
photooxidant concentrations in the 1/15 extract using the k’EXP,P reported here, which we then corrected for the higher 440 
solute concentrations using the trends observed in our dilution experiment: •OH concentrations are not dependent on solute 
concentrations, but 3C* and 1O2* concentrations are. As such, we did not adjust the •OH concentration, but we did adjust 
the 3C* and 1O2* concentrations by the ratio of the volume of solute used for the extraction to the volume that would have 
been used for the extraction is the 45.5-hour filter has been two 23.5 hour filters. The 1/15 composite was a 4-day 
composite but was only extracted into the volume of solvent equivalent to 3-day composite, the solute concentration 445 
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should be 75% of the 1/15 House site extract. As such, in our calculations, the 3C* and 1O2* concentrations were 
multiplied by 0.75 to reflect this so that the concentrations shown in Figures 5 and 7 account for this.d See Table S2 for a 
description of this dilution series. 
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Table S11. Solar simulator experimental data II: Rate of light absorbance, screening factor, and inhibition factor 450 

Site Sample Rabs,EXP,PME 
(mol L-1 s-1) a 

Screening Factor 
(300 - 500 nm, 

unitless) b 

Inhibition Factor (IF, unitless) 

FFA c SYR 
(uncorrected) 

SYRcorr 
(corrected) d 

House 

1/15, pH 1 e 8.0×10-6 0.93 0.57(±0.093) 0.21(±0.075) 0.38(±0.15) 
1/21, pH 1 7.9×10-6 0.94 0.78(±0.065) 0.84(±0.11) 1 

1/27, pH 4.5 1.1×10-5 0.93 0.35(±0.034) 0.063(±0.0080) 0.18(±0.028) 
1/31, pH 1 1.6×10-5 0.89 1.5(±0.14) 0.20(±0.040) 
2/4, pH 1 5.3×10-6 0.96 0.36(±0.034) 0.23(±0.039) 0.64(±0.13) 
2/7, pH 1 2.9×10-6 0.97 0.99(±0.11) 0.93(±0.21) 0.94(±0.23) 
2/14, pH 1 4.9×10-6 0.96 0.59(±0.057) 1.1(±0.13) 1 
2/22, pH 1 2.5×10-6 0.97 0.98(±0.55) 1.3(±0.12) 1 
2/24, pH 1 4.7×10-6 0.95 0.68(±0.046) 0.64(±0.080) 0.94(±0.13) 

Field Blank, pH 1 1.0×10-7 1.00 0.70(±0.060) 0.95(±0.058) 1 

CTC 

1/21, pH 1 9.0×10-6 0.86 0.67(±0.055) 0.99(±0.17) 1 
1/21, pH 5 1.1×10-5 0.87 0.53(±0.070) 0.14(±0.047) 0.26(±0.090) 
2/7, pH 1 1.1×10-6 0.84 0.59(±0.050) 1.1(±0.10) 1 
2/22, pH 5 4.9×10-6 0.87 0.76(±0.045) 0.018(±0.0050) 0.024(±0.0070) 
2/24, pH 5 9.5×10-6 0.88 0.63(±0.065) 0.033(±0.016) 0.053(±0.026) 

2/14, pH 
1 f 

10 6.4×10-7 1.00 0.78(±0.049) 0.54(±0.050) 0.69(±0.078) 
2.0 3.2×10-6 0.98 0.59(±0.044) 0.29(±0.037) 0.49(±0.072) 

0.70 9.8×10-6 0.93 0.35(±0.024) 0.064(±0.030) 0.18(±0.088) 
0.40 1.6×10-5 0.89 nd g 0.090 
0.30 2.5×10-5 0.88 1.2(±0.10) 0.066(±0.026) 

Field Blank, pH 5 2.7×10-7 1.00 0.95(±0.30) 1.2(±0.14) 1 
 
a Rabs,EXP,PME is the rate of light absorbance in the PM extract in the solar simulator, summed between 300 and 550 nm.  

Values were calculated for a photon flux condition of j2NB = 0.0045 s-1, the calculated rate constant for 2NB photolysis on 
midday of February 1st in Fairbanks under clear sky conditions. 

b Screening factor calculation explained in Section S2. 455 
c When IFFFA is greater than 1, we assume there is no suppression of [3C*] due to quenching by DOC and therefore IFFFA is 

equal to 1, meaning IFSYR,corr is equal to IFSYR (Ma et al., 2023). 
d When IFSYR is greater than IFFFA, we assume no inhibition of SYR occurs and set IFSYR,corr equal to 1 (Ma et al., 2023). 
e Note that the 1/15 composite was a 4-day composite but was only extracted into the volume of solvent equivalent to 3-day 

composite, as it used a filter sample collected for 45.5 hours instead of the standard 24-hours. The rate of light absorbance 460 
in PME shown here was calculated for the true DOC concentration in the extract and not corrected for the 75% dilution 
factor, which needs to be used to compare the rate of light absorbance in PME for the 1/15 composite to the rate of light 
absorbance in PME in all other composites.f See Table S2 for a description of this dilution series. 

g Due to limited available sample volume, IF values were not measured for the CTC 2/14 0.40 dilution series sample. 
Instead, this IF value was estimated for this sample using the linear relationship between 1/IFSYR,corr and [DOC]PME from 465 
the other solutions (Ma et al., 2023).  
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Table S12. Exploring sources of •OH in PM extracts 

Site Sample P•OH,EXP,PME  
(M s-1) a NO2

– (µM) NO3
– (µM) P•OH,NO2- 

(M s-1) a,b 
P•OH,NO3- 
(M s-1) a,b 

PHOOH 
(M s-1) a 

House 

1/15, pH 1 c 3.8×10-9 0 272 0 2.4×10-11 6.9×10-9 
1/21, pH 1 2.5×10-9 0 268 0 2.4×10-11 8.3×10-9 

1/27, pH 4.5 1.0×10-9 0 437 0 3.9×10-11 3.6×10-9 
1/31, pH 1 9.3×10-9 0 291 0 2.6×10-11 2.2×10-8 
2/4, pH 1 1.4×10-9 0 170 0 1.5×10-11 4.9×10-9 
2/7, pH 1 7.7×10-10 0 84 0 7.6×10-12 4.1×10-9 

2/14, pH 1 1.6×10-9 0 163 0 1.5×10-11 5.7×10-9 
2/22, pH 1 1.7×10-9 0 145 0 1.3×10-11 2.5×10-9 
2/24, pH 1 2.0×10-9 1 276 1.7×10-11 2.5×10-11 4.8×10-9 

 470 
a All rates shown here are normalized to j2NB,AK = 0.0045 s-1 conditions.  P•OH,EXP,PME is the estimated rate of •OH formation 

in the extract, calculated from the measured [•OH] (equation S6).  P•OH,NO2- and P•OH,NO3- are the rates of •OH formation 
from the direct photolysis of nitrite and nitrate, respectively, in the extract and PHOOH is the production rate of HOOH 
determined in each extract (Sunday et al., 2024).   

b jNO3-→•OH (1.4×10–7 s–1) and jNO2-→•OH (2.6×10–5 s–1) are rate constants reported by Anastasio & McGregor (2001) for our 475 
solar simulator, normalized to Davis midday winter solstice sunlight, where j2NB = 0.007 s-1. Here, we adjusted the rate 
constants for •OH formation from nitrate and nitrite to Fairbanks conditions on February 1st (j2NB,AK = 0.0045 s-1), i.e., jNO3-

→•OH = 9.0×10–8 s–1 and jNO2-→•OH  = 1.7×10–5 s–1. 
c Note that the 1/15 composite was a 4-day composite but was only extracted into the volume of solvent equivalent to 3-day 

composite, as it used a filter sample collected for 45.5 hours instead of the standard 24-hours. The production rates and 480 
concentrations in PME shown here were calculated for the true DOC concentration in the extract and not corrected for the 
75% dilution factor, which needs to be used to compare the 1/15 composite to other composites. 
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Table S13. Kinetic model for dilution series: Dominant loss pathways for oxidants a 

Sample:  
CTC 2/14, pH 1 

k' for •OH loss 
to DOC (s-1) b 

Percent of 3C* loss c Percent of 1O2* loss 

to DOC to O2 to DOC to H2O 

PME 10 7.9×104 2 98 0.01 99.99 
PME 2.0 4.1×105 9 91 0.04 99.96 

PME 0.70 1.1×106 20 80 0.10 99.90 
PME 0.40 1.8×106 31 69 0.17 99.83 
PME 0.30 2.3×106 36 64 0.22 99.78 

Extrapolation to ALW 8.6×109 99.95 0.05 89 11 
 485 
a Dilution series was performed on the CTC 2/14 pH 1 composite. See Table S2 for more information about the dilution 

series. 
b First-order rate constant for OH loss due to reaction with DOC, estimated as the product of the measured DOC 

concentration and the second-order rate constant for DOC + •OH, 3.8(±1.9) × 108 L mol-C–1 s–1, from Arakaki et al. 
(2013). 490 

c Rate constants for triplets reacting with DOC and dissolved oxygen are in Section S4. [O2] in Fairbanks particle water was 
determined using the temperature-adjusted Henry’s Law constant (Sander, 2023) assuming solutions are air saturated. In 
laboratory conditions at 10 °C, [O2] was assumed to be 272 µM; this value was used for the dilution series calculations 
shown in the table. For ALW conditions predicted in Fairbanks and shown in the table, we used the average temperature 
for this sample (-20 °C; Table S7). 495 
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Table S14. Parameters for modelling photooxidant concentrations from PM extracts to aerosol liquid water conditions 

Oxidant Rate Constant Value Source 
•OH  k•OH+DOC (L mol-1-C s-1) 3.8(±1.9)×108 (Arakaki et al., 2013) 

1O2* 
k'1O2*+H2O (s-1) 2.8(±0.02)×105 (Appiani et al., 2017) 

k1O2*+DOC (L mol-1-C s-1) 1.0×105 (Ma et al., 2023) 

3C* 
k3C*+DOC,SYR  (L mol-1-C s-1) a 7.0×107 (Ma et al., 2024) 
k3C*+DOC,FFA  (L mol-1-C s-1)  b 1.0×107 (Ma et al., 2024) 

k3C*+O2 (M-1 s-1) 2.8×109 (Kaur et al., 2019) 
 
a This rate constant for reactions of DOC with oxidizing 3C* was measured by Ma et al. (2024) using syringol as a probe. 500 
b This rate constant for the reaction of DOC with the entire pool of 3C* was measured by Ma et al. (2024) using furfuryl 

alcohol as a probe for 1O2*.  Singlet oxygen is a proxy for the entire pool of 3C* since every triplet should be able to 
produce 1O2*, while only oxidizing triplets can react with syringol. 

 
 505 
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Table S15. Estimated aerosol liquid water characteristics: Rate of light absorbance, DOC, and concentration factor 

Site Sample Rabs,AK,ALW  
(mol L-1 s-1) a [DOC]ALW (M)  CF, or 

[DOC]ALW / [DOC]PME
 b 

House 

1/15, pH 1 3.0×10-2 16(±1) 6.2×103 
1/21, pH 1 2.0×10-2 17(±1) 6.0×103 

1/27, pH 4.5 4.3×10-2 19.0(±0.4) 6.4×103 
1/31, pH 1 6.5×10-2 21.1(±0.3) 4.5×103 
2/4, pH 1 4.9×10-2 22(±2) 1.5×104 
2/7, pH 1 9.9×10-2 62(±1) 3.9×104 
2/14, pH 1 7.3×10-2 23.6(±0.5) 1.2×104 
2/22, pH 1 1.6×10-2 15.2(±0.7) 7.6×103 
2/24, pH 1 2.4×10-2 6.2(±0.2) 2.3×103 

CTC 

1/21, pH 1 1.7×10-2 9.6(±0.3) 3.7×103 
1/21, pH 5 1.9×10-2 9.6(±0.2) 3.7×103 
2/14, pH 1 8.7×10-2 23.0(±0.1) 8.3×103 
2/7, pH 1 3.4×10-3 47(±1) 2.7×104 
2/22, pH 5 1.8×10-2 8.9(±0.2) 5.4×103 
2/24, pH 5 5.5×10-2 4.8(±0.1) 1.7×103 

 
a Rate of light absorbance in particle water under the midday Fairbanks sunlight measured for the middle day of each 

composite, Rabs,AK,ALW, calculated over the range of  300 to 550 nm. 510 
b The ratio of DOC concentration in aerosol liquid water compared to that in the lab PM extract.  This is the factor by which 
the PME concentration of a stable species (i.e., not a photooxidant) is multiplied by to estimate the ALW concentration.  The 
ratio was determined as described in Section S6. For the dilution series sample (CTC 2/14), the CF is expressed based on the 
DOC concentration expected for a filter square extracted with the standard volume (1.0 mL) of solution, which was 
interpolated from the DOC values of the dilutions.  515 
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Table S16. Modelling photooxidant production in PME and ALW under Fairbanks actinic flux conditions 

 Sample [O2]ALW 
(µM) a 

•OH 3C* 1O2* 

P•OH,MT (M s-1) 
b k'DOC c (s-1) Loss of 3C* 

to DOC (%) 
Loss of 3C* 
to O2 (%) ΔP1O2*/ 

ΔDOC 
(105 s-1) 

Loss of 
1O2* to 

DOC (%) 

Loss of 1O2* 
to H2O (%) 

PME 
(×1010) 

ALW 
(×107) 

PME 
(×10-5) 

ALW 
(×10-9) PME ALW PME ALW PME ALW PME ALW 

H
ou

se
 

1/15, pH 1 641 5.9 1.9 11 6 10 

> 99 

90 

< 1 

4.5 

< 1 

87 

> 99 

13 
1/21, pH 1 685 5.8 1.9 12 10 10 90 5.1 92 8 

1/27, pH 4.5 669 5.9 1.9 12 7 11 89 6.1 89 11 
1/31, pH 1 845 5.5 1.8 19 6 13 87 5.4 88 12 
2/4, pH 1 615 6.0 1.9 6.5 5 6 94 14 86 14 
2/7, pH 1 654 5.9 1.9 7.0 10 7 93 12 94 6 
2/14, pH 1 643 5.9 1.9 8.4 9 8 92 17 91 9 
2/22, pH 1 487 6.5 2.1 8.5 10 10 90 7.4 94 6 
2/24, pH 1 469 6.6 2.1 11 7 14 86 21 90 10 

C
TC

 

1/21, pH 1 685 5.8 1.9 10 5 9 91 9.3 87 13 
1/21, pH 5 685 5.8 1.9 10 5 9 91 7.4 87 13 
2/7, pH 1 654 5.9 1.9 7.1 10 7 93 18 93 7 
2/14, pH 1 643 5.9 1.9 11 8.7 10 90 27 78 9 
2/22, pH 5 487 6.5 2.1 8.2 7 10 90 9.7 90 10 
2/24, pH 5 469 6.6 2.1 11 6 14 86 3.1 87 13 

 
a [O2] in ALW was estimated using the temperature-corrected Henry’s Law constant (Sander, 2023) and the composite-average Fairbanks 

temperature listed in Table S1. 
b Rate of mass transport of gas-phase •OH to ambient water drops (where PME conditions are equivalent to a cloud/fog drop) or particles (ALW 520 

conditions), calculated using the parameters described in Tables S4 – S6.  PME and ALW values are multiplied by 1010 and 107, respectively, 
to make them easier to display in the table. For example, the House 1/15 rates are 5.9×10–10 and 1.9×10–7 M s–1 for PME (cloud/fog) and ALW 
conditions, respectively. 

c Pseudo-first-order rate constant for •OH loss due to reaction with DOC. PME and ALW values are multiplied by 10-5 and 10-9, respectively; e.g., 
the House 1/15 rate constants are 11×105 and 6×109 s–1 for PME (cloud/fog) and ALW conditions, respectively.   525 
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Table S17 (a) and (b). Lifetimes of organic compounds due to reactions with (a) 3C* and •OH and (b) 1O2* and •OH. 

Compound 
Rate Constant (M-1 s-1) a Lifetime of Compound c 

3C* •OH 3C* (hrs) •OH (hrs) 
Syringyl Acetone 4.5×109 1.4×1010 0.074 9.1 

Syringic Acid 3.2×109 9.4×109 0.10 14 
Syringol 6.7×109 1.5×1010 0.50 8.5 

Guaiacyl Acetone 3.3×109 8.8×109 0.10 15 
Guaicol 3.2×109 6.8×109 0.10 19 

Ferulic Acid 3.4×109 1.3×1010 0.098 9.8 
 

Compound 
Rate Constant (M-1 s-1) b Lifetime of Compound c 

1O2* •OH 1O2* (hrs) •OH (hrs) 
Benzimidazole 2.5×106 7.9×109 12 16 

Imidazole 4.0×107 6.4×109 0.75 20 
Indole 4.5×107 1.4×1010 0.67 9.3 

Vanillin 4.6×106 d 4.2×109 e 6.6 30 
Syringol 3.6×107 1.5×1010 f 0.84 8.5 

4-Nitrophenol 2.5×106 4.1×109 12.1 31 
Histidine 7.0×107 4.8×109 0.43 27 
Tyrosine 8.0×106 1.3×1010 3.8 9.8 

Tryptophan 3.4×107 1.3×1010 0.89 9.8 
Methionine 1.6×107 7.4×109 1.9 17 

Cysteine 8.3×106 1.9×1010 3.6 6.7 
Resorcinol 2.0×107 5.8×109 1.5 22 

Hydroquinone 2.5×107 1.1×1010 1.2 12 
Niclosamide 2.3×107 7.5×109 1.3 17 

 
a Rate constants reported by Ma et al. (2021) and Arciva et al. (2022) were measured at pH 2 and at 20 °C. 530 
b Rate constants reported by Manfrin et al. (2019) unless otherwise noted. 
c Lifetimes were determined using the average peak three-hour photooxidant concentrations from all House site samples; [3C*] = 8.4×10-13 M; 

[1O2*] = 9.2×10-12 M; [•OH] = 2.2×10-15 M. 
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e Manfrin et al. (2019) lists a kvanillin+1O2* of 3.6×105 M-1 s-1, which was measured by Machado et al. (1997) in methanol and is an order of 
magnitude smaller than the 4.6×106 M-1 s-1 measured by Zhou et al., 2023) in water. We calculate the lifetime of vanillin with respect to 1O2* 535 
using the Zhou et al. (2023) value reported in the table. 

e Manfrin et al. (2019) use an estimated kvanillin+•OH of 4×108 M-1 s-1, which is 10 times smaller than the rate constant for vanillyl alcohol and •OH 
at pH 2 measured by Arciva et al. (2022). Here, use the measured kvanillyl alcohol+•OH of 8.2×109 M-1 s-1 reported by Arciva et al. (2022) as a proxy 
for the rate constant of vanillin with •OH. 

f Manfrin et al. (2019) reported a ksyringol+•OH of 5.8×1010 M-1 s-1, which is roughly four times higher than the rate constant at pH 2 measured by 540 
Smith et al. (2015).  
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Table S18. Kinetics and assumptions used to model secondary SO4
2- Formation.  All oxidants and oxidation pathways are aqueous unless noted 

otherwise. 

Oxidant Reaction Kinetics Description & Assumptions Reference 

3C* k3C*+S(IV) = 1.3×108 M-1 s-1 

The rate constant listed here is assumed to be 
the same for all three inorganic S(IV) species: 
SO2·H2O, HSO3

-, and SO3
2-. The rate constant 

was not adjusted for temperature. The 3C* 
activity coefficient is assumed to be 1. 

(Wang et al., 
2020) 

HOOH PSO42- = PHOOH                (S19) 

The production rate of SO4
2- from HOOH is 

equal to the production rate of HOOH in the 
range of [inorganic S(IV)] predicted for 

Fairbanks particles (Sunday et al., 2024). The 
production rate was not adjusted for 

temperature. The HOOH activity coefficient is 
assumed to be 1. 

(Anastasio et al., 
1997; Sunday et 

al., 2024) 

O3 

𝑙𝑜𝑔
𝑃measured

𝑃predicted,I=0
= 𝑎 (

√𝐼

1+√𝐼
) + 𝑏𝐼      (S20) 

a = 1.475(±0.004) 
b = 0.070(±0.001) kg mol-1 

 

 

𝑃aq,O3
=

𝑃measured

𝑃predicted,I=0

(𝑘0[SO2 ∙ H2O] + 𝑘1[HSO3
−]

+ 𝑘2[SO3
2−])      (S21) 

 
 

𝐻O3
= 𝑒

(
2297

T
−2.659×𝐼𝑠+688×

𝐼s
T

−12.19)      (S22) 
k0 = 2.4×104 M-1 s-1 
k1 = 3.7×105 M-1 s-1 
k2 = 1.5×109 M-1 s-1 

Equations were determined by fitting 
experimentally determined ratios of S(IV) 
oxidation rates, 𝑃measured

𝑃predicted,I=0
 , with ionic 

strengths between 2 and 14 mol kg-1 (Yu et al., 
2023). [O3] was predicted with the Henry's Law 

constant adjusted for temperature and ionic 
strength. The correction for ionic strength of 

the Henry's Law constant for ozone was 
validated only until Is = 0.6 M but is used here 

until Is = 23 M. The rate constant was not 
adjusted for temperature. 

(Yu et al., 2023) 

TMI + O2 

pH ≤ 4.2 
𝑃SO4

2− =  𝑘3[H+]−0.74[S(IV)][Mn(II)][Fe(III)]      (S23) 

𝑘3 = 3.72 × 107 × e(−8431.6×(
1

T
−1/297))M−2s−1      (S24) 

 
 

pH > 4.2 

The equation to correct the rate constants for 
ionic strength was determined for Is ≤ 2 M. We 

assume this relationship holds for the entire 
range of ionic strengths predicted for our 

particles (maximum Is = 23 M). The activity 
coefficients (𝛾𝐼s) of metal species were 

determined using the equations listed here. 

 
 
 
 
 

(Ibusuki and 
Takeuchi, 1986) 
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𝑃𝑆𝑂4
2− =  𝑘4[H+]0.67[S(IV)][Mn(II)][Fe(III)]       (S25) 

𝑘4 = 2.51 × 1013 × e(−8431.6×(
1

T
−1/297))M−2s−1      (S26) 

 
 

𝑙𝑜𝑔10 (
𝑘

𝑘𝐼s=0
) =

−3.02 √𝐼𝑠

1+√𝐼𝑠
      (S27) 

 
 

For Mn(II): 

𝑙𝑜𝑔10(𝛾𝐼s) =
−𝑧𝑖

2×0.5109 √𝐼s

1+1.5×√𝐼s
      (S28) 

For Fe(III), γIs= 0.001 

 
 
 

 
(Martin & Hill, 

1987) 
 
 

 
 
 

(Song et al., 
2021) 

Gas-phase 
•OH  

𝑘(T) = (
𝑘0(T)[M]

1+
𝑘0(T)[M]

𝑘∞(T)

) 0.6𝑧      (S29) 

𝑧 = (1 + [𝑙𝑜𝑔10 (
𝑘0(T)[M]

𝑘∞(T)
)]

2
)

−1

     (S30) 

𝑘0(T) = 𝑘0
300 (

T

300
)

−n
      (S31) 

𝑘∞(T) = 𝑘∞
300 (

T

300
)

−m
      (S32) 

[M] = concentration of N2 and O2 
k0

300 = 3.3×10-31 cm6 molecule-2 s-1 
n = 4.3 

k∞
300 = 1.6×10-12 cm3 molecule-1 s-1 

m = 0 

[O2] and [N2] were determined assuming the 
ideal gas law applies and that O2 and N2 

account for 21% and 78% of the gas molecules 
in the atmosphere. 

(Cheng et al., 
2016) 

Aqueous-
phase •OH  k•OH+HSO3- = 4.5×109 M-1 s-1 (at 298 °K) 

Seinfeld & Pandis (2016) report a multistep 
mechanism with 14 different rate constants. 
Here, we make two assumptions. First, we 

assume HSO3
- is the dominant inorganic S(IV) 

species and that its activity is equal to that of 
inorganic S(IV). Second, we assume the first 

step of the reaction is the rate-determining step, 
and therefore that k•OH+HSO3- defines the rate of 

SO4
2- formation. The rate constant was not 

adjusted for temperature or ionic strength. The 
activity coefficient of •OH is assumed to be 1. 

 

(Seinfeld & 
Pandis, 2016) 
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NO2 

kNO2+S(IV) = 1.4×105 M-1 s-1 (pH < 5) 
 
 

𝑃SO4
2− =  𝑘NO2+S(IV)[S(IV)][NO2(aq)]      (S33) 

 

𝑙𝑜𝑔10 (
𝑘

𝑘𝐼s=0
) = 𝑐𝐼s      (S34) 

c = 0.01 
 
 

𝐻𝑁𝑂2

𝐼𝑠=0
= 1.0 × 10−2 × 𝑒

(2516.2×(
1

𝑇
−

1

298
))

      (S35) 

While several values of kNO2+S(IV) have been 
reported across a range of pH values, the value 
at pH < 5 is disputed. The reaction of NO2 with 
S(IV) is highly pH dependent, with higher pHs 

associated with faster reactions with rate 
constants an order of magnitude higher than the 
kNO2+S(IV) reported here. However, Tilgner et al. 

(2021) explain that the fast rate constants 
measured in dilute solution are not likely to be 

relevant in the briny, high ionic strengths 
characteristic of aerosol liquid water. They 

report kNO2+HSO3- of 13 M-1 s-1 and kNO2+SO3-2 of 
270 M-1 s-1. Here, we use kNO2+S(IV) at pH < 5 

for both the low and high pH regimes. The rate 
constant was not adjusted for temperature.  The 
activity coefficient of NO2 was assumed to be 

equal to the activity coefficient of S(IV). 

(Lee & Schwartz, 
1982) 

 
(Clifton et al., 

1988) 
 
 

(Cheng et al., 
2016) 

 
 

 
(Seinfeld & 

Pandis, 2016) 

HONO 

pH < 4 
𝑅𝑆𝑂4

2− =  𝑘5[𝐻+]0.5[𝑁(𝐼𝐼𝐼)][𝑆(𝐼𝑉)]       (S36) 
k5 = 143 M-3/2 s-1 

 
 

3 < pH < 7 
𝑅𝑆𝑂4

2− =  𝑘6[𝐻+][𝑁(𝐼𝐼𝐼)][𝑆(𝐼𝑉)]      (S37) 
k6 = 4800 M-2 s-1 

 
 

𝐻𝐻𝑂𝑁𝑂
𝐼𝑠=0

= 49 × 𝑒
((

−9.5

1.987×10−3)×(
1

298.15
−

1

𝑇
))

      (S38) 

[𝑁(𝐼𝐼𝐼)] = [𝐻𝑂𝑁𝑂] + [𝑁𝑂2
−

] =
[𝐻𝑂𝑁𝑂]

𝛼0
       (S39) 

𝛼0 =
1

1+
𝐾𝑎

[𝐻+]

      (S40) 

[N(III)] is the total aqueous-phase 
concentration of HONO and NO2

-, estimated 
using the temperature-corrected physical 

Henry's law constant converted to the effective 
constant using the mole fraction for nitrous 

acid (α0). The rate constant was not adjusted for 
temperature or ionic strength. The activity 

coefficient of HONO was assumed to be equal 
to the activity coefficient of inorganic S(IV). 

 
 
 
 

(Wang et al., 
2020) 

 
 
 
 
 
 

(Seinfeld & 
Pandis, 2016) 

 
 545 
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Table S19. Composite-averaged, midday ALW oxidant concentrations and gas-phase concentrations used to model secondary sulfate formation 

Oxidant a 
Sample 

1/15 1/21 1/27 1/31 2/4 2/7 2/14 2/22 2/24 
•OHg (mlc cm-3) b 3×105 

SO2 (ppb) 7.8 11 12 20. 8.5 3.8 7.3 5.2 8.6 
HONO (ppb) N/A 0.62 0.76 0.91 0.45 0.24 0.37 0.31 N/A 

O3
 

(ppb) 9.0 6.0 5.0 0.9 15.0 20.0 13.0 18.0 4.0 
(M) N/A 6×10-11 9×10-10 1×10-9 3×10-9 3×10-9 1×10-9 3×10-10 6×10-11 

3C* (M) c 9×10-13 2×10-13 2×10-13 3×10-12 6×10-13 1×10-12 1×10-12 3×10-13 3×10-13 
NO2 (M) N/A 8×10-10 1×10-9 3×10-9 1×10-9 7×10-10 1×10-9 6×10-10 9×10-10 

N(III) (M) 
pH 1 N/A 5×10-7 5×10-7 1×10-6 2×10-7 1×10-7 2×10-7 9×10-8 N/A 
pH 5 N/A 7×10-5 8×10-5 2×10-4 3×10-5 2×10-5 3×10-5 1×10-5 N/A 

•OHaq (M) d,e 
pH 1 2×10-15 7×10-16 4×10-16 4×10-15 8×10-16 7×10-16 2×10-16 2×10-16 3×10-16 
pH 5 5×10-16 2×10-16 1×10-16 1×10-15 3×10-16 2×10-16 6×10-16 5×10-16 9×10-16 

Feaq {M} f,g 
pH 1 N/A 5×10-5 2×10-6 5×10-5 8×10-5 5×10-5 5×10-5 1×10-5 1×10-5 
pH 5 N/A 7×10-6 2×10-6 1×10-5 1×10-5 3×10-6 2×10-6 3×10-7 6×10-7 

Mnaq {M} f,h 
pH 1 N/A 1×10-4 7×10-5 1×10-4 2×10-4 2×10-4 1×10-4 6×10-5 5×10-5 
pH 5 N/A 9×10-5 7×10-5 9×10-5 1×10-4 2×10-4 9×10-5 3×10-5 3×10-5 

 
a Concentrations of 3C* and •OHaq represent the midday peak three hours of sunlight for each filter, averaged across all days in the composite. 

Concentrations of NO2, O3, and HONO are averaged over the entire time period of each composite, not just the peak daylight hours. 550 
b The gas-phase •OH concentration is the predicted peak daytime concentration averaged over the campaign (Kuhn et al., in preparation). The 

subsequent rate of sulfate formation from gas-phase •OH is an upper-bound daytime value. The •OH concentration predicted in Fairbanks is 
higher than typically expected for northern latitude winter conditions due to the abundance of HONO, which is the dominant daytime gas-phase 
•OH source in Fairbanks (Kuhn et al., in preparation).  

c The relative standard deviation for the predicted 3C* concentrations in ALW ranges from 45 to 74%. 555 
d The secondary sulfate formation model is based on measurements in the House site extracts, which we only extracted in pH 1 solution. [•OH] at 

pH 5 was estimated using [•OH]pH5 = [•OH]pH1 × 0.42 based on the ratio [•OH]pH5: [•OH]pH1 determined in the CTC samples (Figure 5). 
e The relative standard deviations for •OH concentrations in ALW at pH 1 and 5 range from 6 to 25%. 
f Soluble metal concentrations were measured in dilute particle extracts (Sunday et al., 2024) prepared from separate filter squares extracted into 

pH 1 H2SO4 solution and into Milli-Q water to determine the pH 1 and 5 metal concentrations, respectively. The concentration of metals in 560 
ALW was determined by multiplying the measured concentrations in particle extracts by the concentration factor between extracts and ALW 
conditions (Table S15). 
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g The fraction of the total water-soluble Fe pool that is Fe(II) during daylight hours is estimated to be 80% (Deguillaume et al., 2004). We 
considered this in our calculations by multiplying the concentrations reported in the table by 0.2, the fraction of Fe(III) available for reaction 
during daylight hours. To calculate the activity of Fe, we use the activity coefficient of 0.001 reported by Song et al. (2021) for both Fe(III) and 565 
Fe(II). 

h The fraction of the total water-soluble Mn pool that is Mn(II) during daylight hours is estimated to be 70% (Majestic et al., 2007). We 
considered this in our calculations by multiplying the concentrations reported in the table by 0.7, the fraction of Mn(II) available for reactions 
during daylight hours. To determine the activity of Mn, we calculated activity coefficients between 0.06 and 0.09 as described by Martin & Hill 
(1987). 570 
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Table S20. Secondary sulfate model components: ALWC, ionic strength, total SO4
2-, fraction 2° SO4

2-, HMS, & inorganic S(IV) 
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Inorganic S(IV) (and labile organo-S(IV) complexes) 

S(IV) 
Activity 

Coefficient 
(γIs) 

Measured f 
Henry's Law 

Predicted 
Activity {M} 

Model-Predicted 
Activity {M} g 

(µg m-3) {M} pH 1 pH 5 Low 
pH h 

High pH 
i 

1/15 7.5 9.4 13 N/A 
1/21 12.0 12 13 3.0 19 0.29 0.73 0.37 0.27 9×10-8 6×10-5 0.01 0.002 
1/27 17.7 11 14 4.0 28 0.50 0.70 0.76 0.58 9×10-8 1×10-4 0.01 0.0005 
1/31 26.1 16 15 6.5 23 1.2 0.77 1.4 0.85 2×10-7 6×10-4 0.07 0.02 
2/4 8.6 4.9 23 3.3 36 0.42 0.52 0.47 0.61 8×10-8 6×10-5 0.006 0.001 
2/7 4.3 1.9 18 1.2 53 0.039 0.62 0.035 0.14 2×10-8 1×10-6 0.003 0.0008 

2/14 7.2 6.1 14 2.1 37 0.12 0.69 0.15 0.21 5×10-8 1×10-5 0.01 0.005 
2/22 3.6 9.5 5 1.0 57 0.07 0.82 0.06 0.06 3×10-8 2×10-6 0.001 N/A 
2/24 12.5 32 5 3.1 22 0.43 0.82 0.35 0.11 3×10-8 2×10-5 0.03 0.01 

 575 
a PM2.5 measured at the NCore site by the Alaska Department of Environmental conservation, https://www.epa.gov/outdoor-air-quality-

data/download-daily-data.  
b Aerosol liquid water content (ALWC) determined using the ISORROPIA model as outlined in Campbell et al. (2024), accounting for the uptake 

of water by inorganic and organic components. 
c Total sulfate (i.e., primary and secondary) measured in bulk (PM10) filter sample extracts. 580 
d Percent of total sulfate that is secondary, as reported by (Moon et al., 2024) and averaged over each composite period. 
e Mass concentration of hydroxymethanesulfonate (HMS) in PM10.  This was determined as the S(IV) signal in the ion chromatograph that 

remained after adding HOOH to the extraction solution, which removes inorganic S(IV) (Dingilian et al., 2024). 
f The measured inorganic S(IV) atmospheric concentration (and ALW activity) were determined as the difference in bisulfite/sulfite determined 

by ion chromatography in two different extracts of the same filter: (1) extraction in purified water minus (2) extraction in water containing 585 
HOOH.  It appears that labile organo-S(IV) species on the PM decompose to inorganic S(IV) during filter extraction, so these species also 
appear as inorganic S(IV) during this measurement (Dingilian et al., 2024).  Values were converted from μg m-3 to molarity using the ALWC. 

g The model-predicted activity of inorganic S(IV) is defined as the point where the fraction of secondary sulfate formed by HOOH in the model 
matches the measurements from Moon et al. (2024). They differ between high and low pH conditions because rates of secondary sulfate 
formation are pH dependent for several of the reactions included here. 590 

h The “low pH” regime reflects calculations performed at pH 1. 
i The “high pH” regime reflects calculations performed between pH 4 and 5. 

https://www.epa.gov/outdoor-air-quality-data/download-daily-data
https://www.epa.gov/outdoor-air-quality-data/download-daily-data
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Table S21. Daytime rates of secondary SO4
2- formation (μg m–3 hr–1) under high and low pH conditions 

Conditions Oxidant a 
House Site Sample 

1/15 1/21 1/27 1/31 2/4 2/7 2/14 2/22 2/24 

Daytime, 
Low pH b 

HOOH 

N/A 
d 

0.088 0.051 0.49 0.077 0.077 0.18 0.053 0.22 
O3 0.105 0.076 0.076 0.16 0.076 0.28 0.033 0.078 

•OHg 0.054 0.054 0.098 0.054 0.018 0.054 0.054 0.054 
NO2 0.023 0.017 0.12 0.0020 0.0010 0.021 0.0076 0.15 
3C* 0.0066 0.0020 0.096 0.0011 0.0020 0.020 0.0036 0.054 

•OHaq 0.0015 2.9×10-4 0.0098 0.0001 7.4×10-5 0.0025 0.0015 0.036 
TMI 0.0016 1.4×10-5 4.6×10-4 3.0×10-4 2.0×10-4 0.0016 0.0013 0.029 

HONO 0.0028 0.0011 0.011 6.6×10-5 4.1×10-5 8.7×10-4 2.4×10-4 N/A 
Total Rate 0.28 0.20 0.91 0.29 0.17 0.56 0.15 0.56 

Daytime, 
High pH c 

HOOH 0.035 0.021 0.20 0.031 0.036 0.071 

N/Ae 

0.087 
O3 0.022 0.005 0.016 0.032 0.027 0.093 0.079 

•OHg 0.054 0.054 0.098 0.054 0.018 0.054 0.054 
NO2 7.5×10-4 5.7×10-4 0.029 1.7×10-4 1.6×10-4 0.0030 0.019 
3C* 2.2×10-4 6.7×10-5 0.023 9.6×10-5 3.3×10-4 0.0029 0.0068 

•OHaq 1.5×10-5 4.4×10-6 6.6×10-4 2.7×10-6 3.5×10-6 9.9×10-5 0.0013 
TMI 8.9×10-5 7.2×10-6 3.9×10-4 3.7×10-5 1.9×10-5 1.1×10-4 0.0011 

HONO 9.6×10-6 3.9×10-6 2.7×10-4 5.9×10-7 7.1×10-7 1.3×10-5 N/A 
Total Rate 0.11 0.080 0.36 0.12 0.082 0.23 0.24 

 
a HOOH, 3C*, and •OHaq formation rates, and TMI concentrations, reflect measurements made on filter samples from the House site. 595 
b The “low pH” regime reflects calculations performed at pH 1. 
c The “high pH” regime reflects calculations performed between pH 4 and 5. 
d Calculations could not be run for the 1/15 composite period since there were no actinic flux measurements. 
e For the 2/22 High pH daytime composite, no valid model results were obtained because even at very low {inorganic S(IV)}, the maximum 

modelled fraction of secondary SO4
2– produced by HOOH is smaller than the measured fraction reported by Moon et al. (2024).  600 
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Table S22. Parameters for modelling monthly average actinic fluxes with TUV 

Date Snow on the 
Ground? Albedo a Solar Noon b 

Solar Zenith 
Angle at Solar 

Noon b 
6/15/2021 No 0.1 13:51 41.5 
7/15/2021 No 0.1 13:56 43.5 
8/15/2021 No 0.1 13:55 51.1 
9/15/2021 No 0.1 13:45 62.1 

10/15/2021 No 0.1 13:36 73.6 
11/15/2021 Slight 0.3 12:35 83.4 
12/15/2021 Yes 0.85 12:46 87.9 
1/15/2022 Yes 0.85 13:00 85.7 
2/15/2022 Yes 0.85 13:04 77.2 
3/15/2022 Yes 0.85 13:59 66.7 
4/15/2022 Yes 0.4 13:50 54.8 
5/15/2022 No 0.1 13:47 45.8 
6/15/2022 No 0.1 13:51 41.5 

 
a Wintertime albedo estimated based on upwelling-to-downwelling jNO2 measured during ALPACA and adjusted year-round 

based on snow cover. 
b Determined from https://www.timeanddate.com/sun/usa/fairbanks?month=2&year=2022. 605 

 

  

https://www.timeanddate.com/sun/usa/fairbanks?month=2&year=2022
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Table S23 a). Estimating O(1D) loss pathways and production rates of •OH(g) from ozone photolysis (PO3→•OH) 

Month-
Year 

Average 
Temperature (°C) 

Average Relative 
Humidity (%) 

H2O Saturation Vapor 
Pressure (mbar) 

[H2O(g)] 
(mlc cm-3) 

PO3→•OH 
(mlc cm-3 s-1) 

Jun-21 18 56 21 2.9×1017 2.2×106 
Jul-21 18 59 21 3.0×1017 1.9×106 

Aug-21 13 80 15 3.0×1017 9.3×105 
Sep-21 6.0 74 9.4 1.8×1017 1.9×105 
Oct-21 -1.5 86 5.5 1.3×1017 2.7×104 
Nov-21 -17 79 1.6 3.6×1016 2.1×103 
Dec-21 -17 82 1.6 3.7×1016 1.8×103 
Jan-22 -20 77 1.2 2.7×1016 1.5×103 
Feb-22 -17 79 1.6 3.6×1016 2.3×104 
Mar-22 -6.9 64 3.6 6.4×1016 2.5×105 
Apr-22 -0.90 49 5.7 7.4×1016 6.3×105 
May-22 11 50 13 1.6×1017 1.4×106 
Jun-22 17 49 20 2.4×1017 2.6×106 

 
  610 
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Table S23 b). Estimated monthly photochemical rate constants for O3, HONO, and BrC in Fairbanks. Values were 
calculated for midday on the 15th day of each month. 

Month-Year jBrC→3C* (s-1) jO3→O(1D) (s-1) jO3→•OH (s-1) jHONO→•OH (s-1) 
Jun-21 3.1×10-4 2.3×10-5 3.0×10-6 1.5×10-3 
Jul-21 3.0×10-4 2.2×10-5 2.9×10-6 1.4×10-3 

Aug-21 2.6×10-4 1.5×10-5 2.0×10-6 1.2×10-3 
Sep-21 1.9×10-4 6.6×10-6 5.3×10-7 9.0×10-4 
Oct-21 1.0×10-4 1.7×10-6 9.2×10-8 4.6×10-4 
Nov-21 3.6×10-5 3.6×10-7 5.4×10-9 1.7×10-4 
Dec-21 2.2×10-5 2.1×10-7 3.2×10-9 1.1×10-4 
Jan-22 4.0×10-5 4.2×10-7 4.6×10-9 2.1×10-4 
Feb-22 1.5×10-4 2.5×10-6 3.8×10-8 7.5×10-4 
Mar-22 3.5×10-4 1.1×10-5 3.0×10-7 1.7×10-3 
Apr-22 3.5×10-4 1.8×10-5 5.8×10-7 1.7×10-3 
May-22 2.9×10-4 1.9×10-5 1.4×10-6 1.4×10-3 
Jun-22 3.1×10-4 2.3×10-5 2.6×10-6 1.5×10-3 
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 615 
 
 
 
 

 620 

Figure S1. Comparison of laboratory, field, and modeled photon fluxes (Iλ) on (a) January 31st, (b) February 4th, and (c) 
February 14th. The dark colored lines are modelled total actinic flux from TUV solar noon on each specified day and the light 
colored lines are the total actinic flux measured on each specified day in Fairbanks, AK at 13:30, near solar noon.  Both 
measurements and modeled results are total actinic flux, i.e., the sum of upwelling and downwelling. The black line 
represents the normalized photon fluxes of laboratory simulated sunlight. TUV data is from 625 
https://www.acom.ucar.edu/Models/TUV/Interactive_TUV/.  

 

https://www.acom.ucar.edu/Models/TUV/Interactive_TUV/
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Figure S2. Raw Experimental Data: BA, FFA, SYR, and 2-NB Decay Plots for the House (a-m) and CTC (n-z) sites.  
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 630 

Figure S3. Comparison of modelled and measured actinic fluxes (Iλ) and photochemical rate constants (j). (a) Ratio of 
modelled (TUV) and measured actinic fluxes at midday on each composite midpoint date. (b) Rate constants for ozone 
photolysis (jO3→O(1D)) and (c) rate constants for photolysis of HONO (jHONO→•OH) on the 15th day of each month. 
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 635 

Figure S4. Spectrally resolved mass absorption coefficients of particle extracts at (a) the House site, (b) the CTC site, and 
(c) in the dilution series of the 2/14 CTC sample. In panel (c), each legend number represents the volume of H2SO4 solution 
used to extract each filter square for that dilution. While absorbance values at wavelengths above 500 nm look minimal, 
these wavelengths contribute to BrC photochemistry under Fairbanks sunlight. 

 640 
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Figure S5. Correlations of •OH, 1O2*, and 3C* concentrations with PM2.5, [DOC]PME, and MAC300. (a) – (c) all depict House 645 
(marked with ‘x’) and CTC site samples (marked with filled squares), while (d) – (i) only show House site samples. The 
regressions were calculated using only the House site samples to control for site differences. [DOC]PME at the House and 
CTC sites cannot be compared because the filters at the two sites collected different size bins, with the House site 
representing PM2.5 and the CTC site representing PM0.7. 

 650 
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Figure S6. Correlations exploring •OH sources. (a) P•OH,EXP,PME versus PHOOH,EXP,PME. (b) •OH concentration versus soluble 
Fe concentrations in pH 1 extracts. 

 

 655 

Figure S7. Relationship of Φ1O2* and E2/E3. 
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Figure S8. Formation rates from the dilution series for CTC sample 2/14 for (a) •OH, (b) 3C*, and (c) 1O2* as a function of 660 
[DOC]PME. Formation rates are normalized to the average midday actinic flux on February 1st in Fairbanks (equivalent to 
j2NB,AK = 0.0045 s-1).  Solid lines represent linear regression fits to the experimental data. For panel (c), the point 
corresponding to the 1O2* production rate at the highest DOC is not included in the regression.  

 
 665 
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Figure S9. Modelled secondary (2°) SO4
2– formation under high pH (pH 4-5), daytime conditions during the 1/31 polluted 

period and 2/7 clean period due to HOOH, NO2, 3C*, O2 catalyzed by transition metal ions (TMI), gas-phase •OH, aqueous-
phase •OH, and O3. Panels (a) and (b) show the fraction of secondary SO4

2– formation from the different oxidation pathways 670 
as a function of the activity of particle inorganic S(IV), i.e., sulfite and bisulfite. The black vertical dashed lines are the ALW 
inorganic S(IV) activities based on PM measurements, assuming all the HOOH-labile S(IV) is inorganic.  The yellow 
vertical dashed lines are the ALW inorganic S(IV) activities at which our modelled fractions of secondary sulfate from 
HOOH match the fractions determined from isotopic measurements (Moon et al., 2024). Panels (c) and (d) show the total 
rate of secondary SO4

2– formation from all pathways. Panels (e) and (f) show the percent contribution of each oxidant to 675 
secondary SO4

2– formation at the modelled concentrations of inorganic S(IV) and the corresponding isotope-determined 
oxidant contributions from Moon et al. (2024). In our model results, sulfate formation from TMI is too small to see. 
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Figure S10. Inorganic S(IV) concentrations comparing measurements (black line), model results (dashed blue (pH 1) and 680 
green (pH 4) lines), and predictions from Henry’s Law (KH; solid blue (pH 1) and green (pH 4) lines).  The measured values 
are likely overestimates because they probably include contributions from labile organo-S(IV) complexes that broke down to 
inorganic S(IV) when the filters were extracted.
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