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Abstract. Subarctic cities notoriously experience severe winter pollution episodes with fine particle (PM> 5)
concentrations above 35 ugm—, 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 PM; 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 PM> 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 x 10712 and 3 x 10~ M, respectively,
with moderate hydroxyl radical concentrations up to 5 x 10~'> 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 (PMj 5) pollution, averaging 30d per
year above 35ugm~>, 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 PM 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 PM> 5 in Fairbanks is, on average, 60 % organic
aerosol (OA) and 20 % sulfate (SOZ‘), 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 PM, s — 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 PM; 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 SOi_ was
secondary (Moon et al., 2024). While it is evident that sec-
ondary PM comprises a substantial portion of winter PM> 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,
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Figure 1. Schematic of condensed-phase *OH, 3C*, and 102* 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 (*OH),
oxidizing triplet excited states of BrC (3C* or “triplets”), and
singlet molecular oxygen (102*) (Bogler et al., 2022; Chen
etal., 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/H,O mass ratio is between 10~3 and 10~*
(Ma et al., 2023), transport of *OH from the gas phase is
an important source of aqueous-phase *OH. In aerosol lig-
uid water (ALW), where the PM mass/H>O mass ratio is
close to 1 (Ma et al., 2023), in situ photochemical produc-
tion of *OH becomes the dominant source (Kaur et al., 2019;
Ma et al., 2023). Aqueous-phase *OH 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 “OH in dark
samples from the ALPACA campaign using electron para-
magnetic resonance. The dominant sink for photochemical
‘OH 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 *OH also reacts with S(IV)
to form secondary SOZ_, which may contribute to the sulfate
observed in Fairbanks (Seinfeld and Pandis, 2016).
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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 “OH 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
SOZ‘ 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, '05* 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 aqueous
*OH (Kaur et al., 2019; Ma et al., 2023). Interestingly, the
concentration of 'O, * 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 'O,* concen-
trations in ALW are higher than those of 3C* and *OH in
ALW, singlet oxygen is also more selective: ' O2* reacts with
fewer organic species and with slower reaction rates than 3C*
and *OH (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 *OH, 3C*, and 'O, *
in dilute extracts of PM> 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 *OH, 3C*, and 10, *.
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.
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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 M2 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
PM, 5 at the house site and PMy 7 (particulate matter < 2.5
and < 0.7 ym 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 X 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 uM 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 4h 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 PM, 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 PM; 5 standard.

ent extracts: Milli-Q; pH 1; and, for some filters, pH 5. The
extracts were filtered (0.22 um 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 lllumination experiments

Ilumination 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
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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 uM of 2-
nitrobenzaldehyde (jong,Exp) Was measured and used to de-
termine the daily photon flux in the solar simulator (Gal-
bavy et al., 2010). Values of jong gxp ranged from 0.018 to
0.026s~! (decay plots are shown in Fig. S2); all laboratory
oxidant production rates and concentrations reported in this
work were normalized to a standard jong ax of 0.0045 s
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 jong.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 (S)) (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 *OH, 3C*, and 10y* 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 “OH, ox-
idizing 3C*, and 'O, *, 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 uM 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 uLL 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 x 3 mm,
4 um bead), and Shimadzu-M20A photodiode array detec-
tor). The probe decay was then fit with the following first-
order kinetic equation:

12

=k , 1
P~ P! )

In

where ¢ is time, [P;] is the probe concentration at time ¢,
[Po] is the initial probe concentration, and k{) is the mea-
sured pseudo-first-order rate constant for probe loss (raw data
are shown in Fig. S2). Here ky, is corrected for internal light
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screening and normalized to a jong ak of 0.0045 sl using

k'p 0.0045
S5 JoNB,EXP

@)

!
k'p Exp =

where k'p pxp is the normalized pseudo-first-order rate con-
stant for P loss, and S), 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 ky,, 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 (®ox) of
each oxidant in our dilute extracts was determined by

Pox,EXP,PME

(©)

Do = )
Rabs, EXP,PME
where Pox gxp,pME 1S the production rate of a given oxi-
dant, and Raps Exp PME is the rate of light absorbance of our
PME:s (Sect. S3), both under laboratory experimental condi-
tions with a standard photon flux of jong, Ak = 0.0045 s~

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 (I, ax). We then averaged the daily
peak 3h I, ax over each composite to calculate an I, Ak
representative of the peak 3 h average sunlight condition for
each composite. The rate of light absorbance (Raps Ak ALW,
mol L™!s~!) of BrC in Fairbanks particles was then calcu-
lated with

550
Raps A ALW = [DOClaLw X Y
310
[MAC,\ x LAk X Ad x 10—3]  (a+1)x 2.5, 4)

where [DOC]arLw is the water-soluble DOC concentration
predicted for ALW conditions (mg L™!), MAC; is the DOC-
normalized mass absorption cross section at wavelength A
(cm? g7 1), I, ak is the composite-average peak 3h actinic

https://doi.org/10.5194/acp-25-9561-2025

9565

flux based on measurements during ALPACA (mol pho-
tonscm ™2 nm~! s~! ), AA is the wavelength interval between
discreet I ax 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 *OH, 3C*, and
10, * 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 x 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 x 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 x2 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 H>SOy4 (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 0.015M H;SO4, respec-
tively. We then used rotary evaporation to concentrate the ex-
tracts (removing 60 % and 70 % of the water for the 0.40 and
0.30mL samples, respectively), a technique described and
validated by Ma et al. (2024). The final extracts had H,SO4
concentrations of roughly 50 mM, which was verified with
pH measurements (i.e., pH 1.3). We then measured the *OH,
3C*, and 102* 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 *OH, 3C*,
and 'O, * 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:

[(0x] = 7O 5)
k Ox

where the oxidant concentration ([Ox]) is equal to the ratio of
the production rate (Ppx) 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 lig-
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 “OH concentration in ALW
by calculating both the “OH production rate (P.on,aLw) and
the major *OH sink (k/ oH.ALW)- Laboratory experiments de-
termined that P.on 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, ® .oy, was constant across
cloud/fog and ALW conditions. P.on ALw Was calculated
with

P.or,ALw = P.0H X Rabs AK,ALW, (6)

where Raps Ak aLw is the rate of light absorbance in ALW
conditions under Fairbanks sunlight. We estimate the con-
tribution of *OH in particles from gas-phase *OH mass
transport using the Fuchs—Sutugin transition regime theory
(Seinfeld and Pandis, 2016; Tables S4, S5, S6). The total
aqueous-phase P.og arw was the combined rate of photo-
chemical *“OH formation inside particles and uptake rate of
*OH from the gas phase. We calculate the sink for *OH con-
sidering only reactions with DOC (kpoc+.on = 3.8(%£1.9) x
108 Lmol C~!s™!; Arakaki et al., 2013) since this was the
dominant loss for “OH under dilute and ALW conditions
(Arakaki et al., 2013; Kaur et al., 2019; Ma et al., 2023).
Once P.opy arw and k/ on.aLw Were determined, the *OH
concentration was calculated using Eq. (5).

Similar to P.oH,pME, laboratory experiments have shown
that P3cs pMmE 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 ®3c,. The
rate constant for triplet loss in ALW (kéC . ALw) was esti-
mated by considering three sinks for triplets: energy transfer
to dissolved O, chemical reaction with DOC, and physical
quenching by DOC (Ma et al., 2024). The average second-
order rate constant for the reaction of >C* with Qs (ko243cx)
was estimated by Kaur et al. (2019) as 2.8 x 10°M~ s L
The concentration of O; in Fairbanks particle water was es-
timated using the temperature-dependent Henry’s law con-
stant and composite-averaged temperature measurements,
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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 x 10’ M~'s~! (Ma et al., 2024). Once
kéC « ALW Was calculated, the 3C* concentration was pre-
dicted using Eq. (5).

While P02 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 Po2x
across both PME and ALW conditions using the formulation
from Ma et al. (2024):

A Pl02s
apoc X [DOC]

Plogs = ,
1o 1 + (KowtQackFra[DOC
ko2+3c« [02]

)

APioys ; 10, * i
where Z55¢ is the ratio of the “Oy* production rate to

DOC concentration for a given sample in dilute solutions,
and krxn4-Q,3C+,FFA is the second-order rate constant for re-
action and quenching of the entire pool of *C* by DOC as
measured with furfuryl alcohol (FFA) (1 x 10’ M~!s~!; Ma
et al., 2024). We then calculated the pseudo-first-order rate
constant for '0,* loss by using two '0,* sinks: quench-
ing by water (k/IOZ*,H2O =2.76(+0.02) x 10°s~!, Appiani
et al., 2017) and reaction with DOC (kj02++pDoCc =1 X
10M~!s™! Ma et al., 2023). The '0,* 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 PM 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 < 1.5km 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 PMj 5 of 89 ugm™ and a composite-
average PM, 5 concentration of 27 ugm~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
PM, 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 *OH 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 (A > 400nm), 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 (£10) measured
upwelling-to-downwelling ratio during the peak 3 h of day-
light was 0.85(40.07) (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 (£1o) 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-
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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 O3z and HONO (Finlayson-Pitts and Pitts, 2000),
overlaid with the measured total photon flux (I, k) 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
I, 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 ugC m—3
and averaged (£10) 2.2(£0.8) ugC m~3 across the campaign
(Fig. 4b). In our samples, the average (4-10) mass absorption
coefficient at 300 nm (MAC3qg) is 3.3(30.8) m? gC~!, and
the average (£10) absorption Angstrom exponent (AAE;
300-450nm) is 9.4(40.6) (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 MAC3 is consistent through-
out the campaign, MAC345 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 (/) ax) 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 I ax 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 I, 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 3h midday I ax aver-
age for each composite. For the 15 January composite, I} ax was
not measured, and so the modeled I) Ax was used. Ryps 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 PM5 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.,
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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 (7, ax), the water-
soluble organic carbon concentration, and the MAC, of
DOC, we calculated the rate of light absorption by water-
soluble chromophores in particles in Fairbanks during the
peak 3h of daylight, when photochemistry is most active
(Fig. 4c). The peak 3 h average Raps Ak, ALW 1S 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 R,ps, 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 “OH, 3C*, and 102*.
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 (+1o) DOC concentration in PME is
2.6(£0.8) x 1073 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 *OH concentration peaks dur-
ing the 31 January pollution episode at a value 6 times higher
than the lowest value. *OH concentrations at pH 1 are mod-
erately correlated with DOC concentration (R2 =047, p
value < 0.01) and poorly correlated with PM» 5 concentra-
tion (R?=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 “OH with DOC is unexpected: past
studies have found that *OH concentrations do not increase
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Figure 5. Steady-state concentrations of (a) *OH, (b) 3C#, and
(c) 102* in particle extracts measured under laboratory-simulated
sunlight and normalized to actinometric conditions of jNB,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}; and the rate constants with each probe. The 3cx
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 *OH sink (Kaur
et al., 2019; Ma et al., 2023). Instead, our observed corre-
lation suggests that DOC is an *OH source (Gerritz et al.,
2023) or an "OH precursor (e.g., through HOOH formation
by BrC; Anastasio et al., 1997) or that DOC is correlated
with other sources of “OH (Ma et al., 2024; Mao et al., 2013).
To understand our *OH sources, we compared our measured
*OH 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 “OH formed in our PM extracts. Further-
more, there is a strong correlation between P.oH,EXP,PME
and Phyoon.Exp.pME (R?>=0.93, p value <0.1; Fig. S6a)
and a notable correlation between "OH and water-soluble
Fe (R? = 0.47, p value < 0.01; Fig. S6b). This suggests that
photo-Fenton reactions of HOOH with metals are a major
*OH source (Anastasio and McGregor, 2001; Arciva et al.,
2022; Kaur et al., 2019; Ma et al., 2024; Tong et al., 2016).
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Further evidence can be seen in the strong pH dependence
of "OH 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 '0,* 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 'O, * 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 '0,* 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
10,* generation is similar between the sites and relatively
independent of acidity. Surprisingly, we found poor correla-
tions between 'O, * concentration and PM» 5 (R = 0.01, p
value < 0.01) and DOC (R2 =0.11, p value < 0.01; Fig. S5).
During the 31 January pollution episode, where PM> 5 and
DOC peaked, l02* did not increase, while concentrations of
*OH and 3C* were both enhanced during the pollution event.
We expected enhanced 10, * concentrations for the pollution
event because the concentrations of BrC driving ' O,* forma-
tion are heightened, suggesting Pig,+ should increase, while
the dominant 102* 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 'O,* 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 (®) of *OH, 3C*, and '0»* in our samples
(Fig. 6). The average (£lo) ®.og was 0.037(£0.018) %,
similar to previously reported values in aqueous extracts
of ambient PM; 5 (Fig. 6a) (Kaur et al., 2019; Ma et al.,
2024). We find that ® .oy 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 *OH (Sunday
et al., 2025). ®3c, 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 %). 3¢+ 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 3¢y, the @104 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 l-year period in Davis, California (Ma et al., 2024). We
find minor site and pH differences in ® 1024, but without fur-
ther investigation, we cannot comment on the causes. We find
a significant correlation between ®0p, 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
@102+ This also suggests that small changes in the average
molecular weight of BrC compounds can significantly im-
pact their ability to produce 'O,* (Ossola et al., 2021). Alto-
gether, we attribute the wide range of @102, values to minor
differences in BrC sources or small changes in the degree
of chemical aging due to reactions that might involve direct
photodegradation, *OH, 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 *OH, 3C*, and 102* 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.oH,EXP,PME> P3Cx EXP,PME,
and Pig,, gxp pmg 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 lig-
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 10,* and 3C* are predicted to
be higher in ALW compared to in PM extracts (which are
roughly as concentrated as fog/cloud drops), while *OH 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-
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Figure 6. Quantum yields measured in dilute particle extracts under
simulated sunlight laboratory conditions for (a) *OH, (b) 3C#, and
(© 0.

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 *OH, 3C*, and !Oy* in particles. Midday
*OH concentrations predicted for Fairbanks ALW at pH 1
range from (1-6) x 107°M (Fig. 8a), similar to *OH con-
centrations in ALW reported by Ma et al. (2023) in PMy 5
from Davis, California, at midday on the winter solstice ((6—
9) x 10°1 M). The lower *OH 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 of
*OH 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 (Onnby et
al., 2018), but each accounted for less than 1 % of the mea-
sured *OH production. Of the three photooxidants discussed
here, *OH 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
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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/HoO mass ratio of 0.69 ug PM/ug H,O determined for the
2/14 CTC sample. Oxidant concentrations in the dilution series
and ALW extrapolation were normalized to jong 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 for
*OH includes mass transport of *OH from the gas phase, which is
why the green line is above the PM extract data points, which rep-
resent only aqueous sources.

*OH 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.on,aLw is roughly 8000
times higher than the measured P.ongxp for the standard
extract, while &/ oH.ALw 18 also 8000 times faster than its ex-
tract value, corresponding to an *OH lifetime in ALW at pH 1
of 0.2(£0.1) ns (nanoseconds). The minor difference in *OH
concentrations between PME and ALW conditions, e.g., in
Fig. 7, is caused by mass transport — in dilute conditions with
PM mass/H»O mass ratios equal to our PM extracts, mass
transport accounts for 6 %—50 % of the *OH source, while
in ALW it only accounts for 0.4 %—5 %, leading to slightly
lower *OH 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 *C* during daylight (Fig. 8b), ranging from
(0.2-2) x 102 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) x 10712M (Ma et al., 2023). Be-
cause the source of 3C* is BrC, higher DOC concentrations
lead to higher >C* production rates (Fig. S8). The dominant
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Figure 8. Predicted steady-state concentrations of (a) °"OH,
(b) 3C*, and () 102* under Fairbanks 7) ag averaged over
the peak 3h of sunlight for each composite period. The colored
points represent concentrated ALW conditions (average [DOC] =
21(x7) M). The grey data represent results for the PM extracts (av-
erage [DOC] = 2.6(%0.8) x 1073 M), i.e., Fig. 5 results with added
°OH uptake from mass transport and adjusted to the measured Fair-
banks I; Ak for each composite. For (b) and (c), the PME 3cx
and 102* 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 PM 7 samples, which may lead to a small overestimate of 102*
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 O,
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 103-10* 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
(500ns). 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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(:C*) 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 'O, * in ALW in Fair-
banks, ranging from (4-30) x 10712 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) x 10~12
M), despite notably different wintertime photon fluxes in
these two locations. We attribute this similarity to higher
A P102+/ADOC values in Fairbanks, leading to comparable
P102+« at both latitudes (Table S16). In addition, because the
steady-state ' O,* concentration in ALW is highly dependent
on the DOC concentration, similar ALW DOC concentra-
tions in both locations lead to similar predicted 'O,* con-
centrations. In ALW, DOC is the dominant sink for 102*,
accounting for 88(£6) % of its loss, while in our PM ex-
tracts, DOC is a minor sink, and water accounts for > 99 %
of 102* loss (Table S14, Ma et al., 2023). While the rate of
102* loss to DOC increased at higher DOC concentrations,
P102« reaches a maximum at high DOC concentrations be-
cause Piop is limited by the maximum 3C* concentration
in high-DOC conditions (Fig. 7). This phenomenon leads
to lower 'O,* concentrations predicted under higher-DOC
conditions and explains why the highest !0, * concentration
was observed in the 24 February CTC composite: warmer
temperatures caused high ALW, dilute DOC concentration in
ALW, and therefore slower O, * loss to DOC. The high 1g,*
concentrations predicted here for Fairbanks PM in winter re-
iterate the impact of DOC on 'O, * 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 *OH, 3 C*, and 102* 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 PM; 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 SO?[
formation in Fairbanks during winter pollution events, and,
finally, we assess the potential of BrC-mediated photochem-
istry year-round in Fairbanks.
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4.1 Effect of photooxidants on the lifetimes of organic
compounds

Triplets and 'O,* are highly reactive with certain classes of
organic compounds, while *OH 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 "OH (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 *OH. '0,* also
reacts appreciably with certain organic classes, such as phe-
nols and heterocycles, leading to lifetimes of 0.4—12h with
respect to 10, *, which is 2 %-74 % of the lifetime due to
‘OH 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 *OH:
the average [3C*]:[*OH] and ['O,*]:[*OH] 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 °*OH, 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
SO?{ formation in aerosols under highly polluted conditions,
including oxidation by 3C*, photochemical HOOH produced
inside BrC particles, HONO, and NO, (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 SO?[ 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
SV) is highly uncertain.

4.2.1 Predicting inorganic S(1V)

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(I'V), 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 SOZ_ 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
(£1lo), 29(£40) times lower than the “measured” inorganic
S(IV) and 1.5(£3.0) x 10° 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 SOi_ formation rate of
09ugm=—3h~! at pH 1 during the peak 3h of daylight.
Within the 1.5-3h estimated lifetime of a particle in the
boundary layer during pollution episodes (Cesler-Maloney et
al., 2024), this yields 1-3 uygm~> of secondary SOi_, sim-
ilar to the isotope-determined measurements of 1.5 ugm™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 NO;, gaseous "OH,
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 *OH, and particulate 3C*. The sulfate isotope field mea-
surements support the hypothesis of significant photochem-
ical secondary SO?[: during daylight hours on 31 January,

secondary SOZ‘ accounted for 35 % of total SOi_, while
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at night, the fraction of secondary SOZ_ 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 >C* 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 ugm =3 h~"! of sulfate from 3C*, which is 800 times
slower than the 7.9 ug m~3 h™! 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 x 107'9 M, while
recent work shows that 3C* concentrations in particles are
closer to the 10712 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(V) 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
SO?1 formed by HOOH (see Sect. S7), both techniques agree
that HOOH is the dominant formation pathway, accounting
for 44 % of secondary SO?[. The model and measurements
also agree that O3 and gas-phase *OH are the second- and
third-most important mechanisms, respectively. The biggest
discrepancies between the model and measurements are for
the 3C*/TMI and NO; pathways: in the model these path-
ways each account for 1% of secondary SO?{ formation,
while measurements indicate 3C*/TMI and NO; 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°) SOi_ formation under low-pH (pH 1) daytime conditions during the 31 January polluted period and 7
February clean period due to HOOH, NO,, 3C*, and O catalyzed by transition metal ions (TMIs), gas-phase *OH, aqueous-phase “OH,
and O3. Panels (a) and (b) show the fraction of secondary 5057 formation from each oxidation pathway as a function of particle inorganic
S(V) 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 SOi_ formation from all pathways as a function of inorganic S(IV) activity. Panels (e)

and (f) show the contribution of each oxidant to secondary SOZ_ 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 *OH
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
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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 >C* from BrC to the pro-
duction of “OH by HONO and Os; 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*), *OH formation from gas-phase
ozone (O3— *OH), and *OH formation from gas-phase nitrous acid
(HONO— *OH) (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 x
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(30.6) times faster than
gas-phase *OH production by HONO and up to 10 000 times
faster than the negligible *OH 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 *OH produc-
tion: 11(£5) times faster than *OH production by HONO and
20(£10) times faster than “OH production by O3. While oxi-
dizing triplets are more selective than *OH, they react rapidly
with multiple classes of organic compounds, including phe-
nols (Table S17a, Arciva et al., 2022; Ma et al., 2021; Smith
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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 *OH, 3C¥*,
and '0,* 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 ‘OH 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 '0,* 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 SO, 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 102* in ALW, the second-order rate constant for
DOC with '0,* — a key parameter to determine 'O,* 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 ' O, * with DOC are
needed to fully understand multiphase photooxidant produc-
tion in PM.
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https://doi.org/10.18739/A27D2Q87W (Simpson et al., 2023).
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surements can be found at https://doi.org/10.18739/A2Q52FF68
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