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Abstract 9 

Brown carbon (BrC) is a leading uncertainty in aerosol radiative forcing, and the source-resolved mass 10 

absorption coefficients (MAC) used in climate models come from both real-time (online) and filter-based 11 

(offline) measurements. Both are widely trusted, yet have rarely been applied to the same aerosol and 12 

compared source by source, leaving the assumption that they are interchangeable untested. Here we ask 13 

whether online and offline source apportionment yield the same sources of BrC absorption for wintertime 14 

urban aerosol. We combined a seven-wavelength aethalometer with high-resolution aerosol mass 15 

spectrometry (online, whole particle) and 24 h PM2.5 filter UV–Vis of water extracts (offline), attributing 16 

bulk absorption to positive-matrix-factorization factors by regression on each platform. The two platforms 17 

agreed on the bulk attribution (winter BrC carried by secondary and biomass-burning OA) and on 18 

consistency with worldwide observations, but inverted the source ranking: online, biomass burning and less 19 

oxidized secondary organic aerosol dominated while more oxidized OA (MO-OOA) was negligible (MAC 20 

0.07 m² g⁻¹); offline, MO-OOA dominated (0.88 m² g⁻¹). This reversal reflects how the sample is measured, 21 

not an atmospheric change: water-soluble selection and a likely shift of MO-OOA toward reduced-nitrogen 22 

chromophores during offline preparation, while bulk composition and factor time series are preserved. The 23 

source inferred for BrC absorption is therefore strongly dependent on method and integration time, a critical 24 

caution for source-resolved BrC parameterizations that treat online and offline datasets as interchangeable. 25 

 26 

 27 

 28 
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1 Introduction 30 

Organic aerosol (OA) constitutes a large fraction of fine particulate matter (PM2.5) and influences the Earth's 31 

radiative budget through the scattering and absorption of solar radiation. While OA was historically treated 32 

as purely scattering, the recognition of a light-absorbing fraction, “brown carbon” (BrC), has required a 33 

revision of how organics are represented in climate models (Andreae and Gelencsér, 2006; Laskin et al., 34 

2015, 2025). BrC absorbs efficiently in the near-ultraviolet (UV) and short visible wavelengths and is 35 

distinguished from black carbon (BC) by a much steeper wavelength dependence, i.e. a larger absorption 36 

Å ngström exponent (AAE). Model estimates place the direct radiative forcing of BrC at ~+0.22 to +0.58 37 

W m⁻², equivalent to ~25–70 % of BC absorption and, in biomass-burning regions, up to ~60 % (IPCC, 38 

2013; Saleh et al., 2014). The wide spread across these estimates, which persists in recent observation-39 

constrained and Earth-system-model assessments (Cheng et al., 2024; DeLessio et al., 2024), makes BrC 40 

one of the leading uncertainties in the aerosol forcing budget. 41 

The sources of BrC are diverse. Primary BrC is emitted directly by incomplete combustion, biomass 42 

burning, residential heating and traffic, with the chromophore content set by fuel and burning conditions 43 

(Saleh et al., 2014). Secondary BrC forms through gas- and aqueous-phase oxidation of biogenic, 44 

anthropogenic and combustion-derived volatile organic compounds, with the yield of light-absorbing 45 

products governed by precursor type, oxidant regime and particle acidity (Laskin et al., 2015, 2025). Both 46 

channels are active in urban winter atmospheres, where combustion emissions coexist with photochemical 47 

and nocturnal aqueous processing. 48 

A central uncertainty concerns how BrC absorption evolves after emission. Online, in-situ measurements 49 

frequently show “photobleaching”, in which exposure to sunlight and oxidants fragments chromophores 50 

and rapidly reduces absorptivity (Zhao et al., 2015; Wong et al., 2019; Hems and Abbatt, 2018), with 51 

reported bleaching half-lives of order ~9–15 h that are strongly source-dependent (Qiu et al., 2026) and 52 

regional first-order rates near ~0.2–0.24 day⁻¹ in East and South Asian outflow (Dasari et al., 2019; Fang 53 

et al., 2023). Other studies, particularly those involving aqueous-phase chemistry or high-NOx conditions, 54 

report “browning”, in which aging generates new, stable chromophores such as nitro-aromatics and 55 

imidazole derivatives (Laskin et al., 2015; Zhang et al., 2016). Increases in the oxygen-to-carbon (O/C) 56 

ratio have been correlated with both loss and gain of absorption in different datasets (Li et al., 2023), so the 57 

sign of the O/C–absorption relationship is not universal, a fact we show is partly an artifact of how the 58 

absorption is measured. 59 
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This apparent contradiction is exacerbated by the measurement approach. Online methods (multi-60 

wavelength aethalometers combined with aerosol mass spectrometry) capture the rapid diurnal variation 61 

and the net optical state of the suspended particle. Offline, filter-based methods provide detailed chemical 62 

speciation of solvent-extractable fractions but integrate over long periods (typically 24 h), potentially 63 

conflating day and night chemistry and introducing extraction- or drying-related artifacts. A growing body 64 

of work now couples the two, for example by regressing filter-based UV–Vis absorption onto PMF factors 65 

to obtain source-resolved water-soluble MAC (Moschos et al., 2018), and by constraining source-resolved 66 

absorption from online aethalometer and speciation data (Navarro-Barboza et al., 2025; Rovira et al., 2026), 67 

and several studies have folded source-resolved MAC and photobleaching rates directly into models (Fang 68 

et al., 2023). Reconciling online and offline results is therefore not a technical detail but a prerequisite for 69 

the source-resolved BrC parameterizations these models require. Yet, to our knowledge, the two approaches 70 

have not previously been applied to the same aerosol and compared at the level of individual sources; where 71 

prior coupling studies report agreement, they compare like with like (same solubility class or same 72 

instrument stream), leaving the cross-phase comparison a modeler implicitly makes untested. 73 

Seoul offers a well-suited testbed for this reconciliation. Seoul is a year-round BrC absorber whose signal 74 

is strongest and most stable in winter, the season targeted here (Kim et al., 2016), when the East Asian 75 

heating season injects a large pulse of biomass-burning and fossil-fuel combustion emissions rich in 76 

aromatic precursors (phenols, methoxyphenols, polycyclic aromatic hydrocarbons) and co-emitted with 77 

high concentrations of nitrogen oxides. The source mix is intermediate between the secondary-dominated 78 

regime typical of many Asian sites and the biomass-burning-dominated regime of Europe and North 79 

America (Kasthuriarachchi et al., 2020), providing a stringent test of source-resolved attribution. In this 80 

study we (i) quantify the factor-resolved contribution of OA sources to BrC absorption using online 81 

measurements; (ii) apply the same attribution to the offline water-soluble fraction; and (iii) reconcile the 82 

resulting online–offline discrepancy, identifying what actually controls the source inferred for BrC 83 

absorption. The central result, that the two platforms agree on the bulk BrC burden and with the literature, 84 

but invert the source ranking, and that the reversal is governed by the measurement window rather than by 85 

the aerosol, has direct consequences for how source-resolved BrC is represented in models. 86 

2 Materials and methods 87 

2.1 Sampling site and campaign 88 

The field campaign was conducted in the 2018 winter campaign (23 October – 4 December 2018) at the 89 

Korea Institute of Science and Technology (KIST) in the Seongbuk district of northeastern Seoul (37.60° 90 

N, 127.05° E). The site lies ~7 km from the dense city center and represents a typical urban-background 91 
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environment; the sampling inlet was on the rooftop of a campus building, ~60 m above sea level, within 92 

the urban canopy layer but away from the immediate influence of street canyons. The location is affected 93 

by a diverse mix of local sources, vehicular exhaust from nearby roads and a major arterial highway (~400 94 

m), residential heating and localized biomass burning from surrounding high-density housing, and is 95 

periodically influenced by the long-range transport of aged continental air masses, most frequently during 96 

northwesterly winter flow. 97 

2.2 Online measurements 98 

Real-time chemical composition of non-refractory PM1 was measured with an Aerodyne high-resolution 99 

time-of-flight aerosol mass spectrometer (HR-ToF-AMS; DeCarlo et al., 2006). Elemental ratios (O/C, 100 

H/C) were computed with the “Improved-Ambient” method (Canagaratna et al., 2015). Aerosol light 101 

absorption was measured at seven wavelengths (370, 470, 520, 590, 660, 880 and 950 nm) with a dual-spot 102 

aethalometer (AE33, Magee Scientific), which compensates for the filter-loading effect in real time (Hansen 103 

et al., 1984; Drinovec et al., 2015). The absorption coefficient attributable to BrC (babs,BrC) at 370 nm was 104 

obtained by subtracting the BC contribution, assuming a BC AAE of 1.0. Because this AAE-subtraction 105 

estimate is sensitive to the chosen reference wavelength and to the assumed AAEBC (Navarro-Barboza et 106 

al., 2025), we test its robustness in the Supplement (Table S4). Importantly, while varying the assumed 107 

AAEBC alters the absolute BrC absorption fraction, the resulting change is systematic across the campaign 108 

and does not affect the relative source ranking derived from the PMF-regression analysis, ensuring the 109 

robustness of our core findings. 110 

2.3 Offline measurements 111 

PM2.5 samples were collected on pre-baked quartz-fiber filters using a high-volume sampler with a 24 h 112 

integration time. Water-soluble organic carbon (WSOC) was extracted by ultrasonication in deionized 113 

water. Absorption spectra of the extracts were measured with a UV–Vis spectrophotometer (Cary 5000, 114 

Varian). The mass absorption efficiency (MAE) of the extracted BrC was calculated by normalizing the 115 

water-soluble BrC absorption coefficient at 365 nm (babs,WS-BrC) by the corresponding (WSOC or total OA) 116 

mass concentration, following the earlier Seoul record (Kim et al., 2016) to enable direct comparison. 117 

To obtain the water-soluble OA composition in the same fragment space as the online AMS, the 24 h PM2.5 118 

quartz-filter samples were analyzed by offline aerosol mass spectrometry (offline-AMS) following the 119 

established protocol of Daellenbach et al. (2016) and its argon implementation by Bozzetti et al. (2017); 120 

the full extraction, nebulisation and blank-correction details are given in the Supplement (Sect. S1.2, Table 121 

S1). Briefly, a water extract of each filter was atomised in argon, dried, and sampled by the same HR-ToF-122 
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AMS (vaporiser 600 °C) used for the online measurements, with the NH4NO3 interference on the CO2
+ 123 

signal corrected following Pieber et al. (2016) and elemental ratios derived by the Improved-Ambient 124 

method (Canagaratna et al., 2015). Because offline-AMS resolves the water-soluble OA composition but 125 

not its absolute mass, the total water-soluble organic aerosol mass of each sample was quantified as WSOA 126 

= WSOC × (OM:OC), with WSOC measured on the same filter by a TOC analyzer and OM:OC obtained 127 

from the offline-AMS elemental analysis; each PMF factor was then placed on an atmospheric water-128 

soluble mass basis by scaling this total WSOA by its fractional contribution to the offline organic signal 129 

(Table S1). This yields, for each 24 h sample, a source-resolved offline factor time series directly 130 

comparable with the online record (Sect. 2.4). The two datasets are consistent at the bulk level: 24 h-131 

averaged online PM1 OC and OA track the co-located offline PM2.5 filter values with regression slopes of 132 

0.85 and 0.86 (r2 = 0.88 and 0.89), the small deficits being consistent with the PM1 versus PM2.5 size cut. 133 

The absorption comparison, by contrast, separates the two solvents: the online 370 nm BrC absorption 134 

follows the methanol-soluble offline absorption (slope 0.72, r2 = 0.70) but not the water-soluble absorption 135 

(r2 = 0.25; Fig. S4). The two platforms therefore sample the same aerosol mass, and the online–offline 136 

differences developed in Sect. 3.3 originate in the water extract, which recovers only the water-soluble part 137 

of the absorbing material. 138 

2.4 Source apportionment and online–offline factor correspondence 139 

Positive matrix factorization (PMF; Paatero and Tapper, 1994), implemented with the PMF2 algorithm 140 

following the AMS factor-analysis procedures established (Ulbrich et al., 2009; Zhang et al., 2011a), was 141 

applied independently to the online and to the offline organic high-resolution mass-spectral matrices. The 142 

online solution, applied to the time-resolved AMS spectra, resolved six OA factors: three primary, 143 

hydrocarbon-like OA (HOA), cooking OA (COA) and biomass-burning OA (BBOA), and three secondary, 144 

two less-oxidized oxygenated OA factors (LO-OOA1, LO-OOA2) and one more-oxidized oxygenated OA 145 

factor (MO-OOA); the high-resolution mass spectra of all six online factors are shown in Fig. S1b, and 146 

their source-resolved optical roles are developed in Sect. 3.2 (Fig. 2). The diagnostics supporting the six-147 

factor choice, and the comparison with the neighboring five- and seven-factor solutions, are given in the 148 

Supplement (Figs. S1, S2).  149 

The offline solution was obtained from a separate, unconstrained PMF on the offline-AMS matrix, one 150 

water-soluble high-resolution mass spectrum per 24 h filter, with no online factor profiles imposed as a 151 

priori information, resolving four water-soluble factors (a combined primary/POA factor, BBOA, LO-OOA 152 

and MO-OOA). Four factors is the smallest solution in which every factor is separately interpretable and 153 

finds an independent counterpart in the online apportionment; the comparison with the neighboring three- 154 
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and five-factor solutions is given in the Supplement (Fig. S3; Sect. S1.3). Their water-soluble high-155 

resolution mass spectra are shown in Fig. S3b, and the optical consequences of this solution are developed 156 

in Sect. 3.3 (Fig. 7). 157 

Because the two solutions are independent, the correspondence between an online and an offline factor is 158 

established a posteriori rather than imposed: each offline factor was matched to its online counterpart by 159 

the similarity of its high-resolution mass spectrum (pairwise spectral R2 in Table S2) and by the correlation 160 

of its concentration time series with the 24 h-averaged online factor over the paired filter days (Fig. S8). 161 

The four offline factors map onto the six online factors, the online HOA and COA factors combining into 162 

the single offline primary/POA factor; for MO-OOA, the factor central to the online–offline comparison, 163 

the two time series correlate at r = 0.93. The residual fragment-level differences between the matched 164 

spectra (Fig. 9) are therefore not evidence of a different factor; they quantify the preparation-induced 165 

chemical shift of Sect. 3.3. Each offline factor was additionally checked against measurements not used in 166 

the apportionment: levoglucosan and K+ for BBOA, EC for the primary/POA factor, and WSOC and sulfate 167 

for the oxygenated factors (Table S2). 168 

2.5 Attribution of absorption to OA sources 169 

Following the widely used regression approach (Moschos et al., 2018), the bulk BrC absorption coefficient 170 

was attributed to individual OA factors by origin-forced multiple linear regression (MLR) of the measured 171 

absorption coefficient onto the PMF factor mass time series: 172 

 𝑏𝑎𝑏𝑠,𝐵𝑟𝐶(𝜆) = ∑ 𝑀𝐴𝐶𝑖(𝜆)𝑚𝑖
𝑛
𝑖=1 + 𝜀 (1) 173 

where mi is the mass concentration of OA factor i, MACi(λ) is its mass absorption coefficient at wavelength 174 

λ, n is the number of factors and ε is the residual; the regression is forced through the origin, so that the 175 

coefficient retrieved for each factor is directly its MAC. The identical regression was applied to the online 176 

(babs,BrC at 370 nm) and offline (babs,WS-BrC at 365 nm) datasets, so that any difference in the resulting source 177 

ranking reflects the measurement platform rather than the attribution method. Regression uncertainties, 178 

collinearity diagnostics and a non-negative least-squares sensitivity test are reported below and in the 179 

Supplement (Table S3). 180 

MLR of absorption onto co-varying factor time series can be affected by collinearity, which inflates 181 

coefficient uncertainties and can produce unphysical negative coefficients. We therefore report the 182 

condition number of the factor matrix, the variance-inflation factor of each factor and bootstrap 95 % 183 

confidence intervals on every MAC, and cross-check both fits with a non-negative least-squares refit; the 184 

full diagnostics and interval estimates are given in the Supplement (Table S3). 185 
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3 Results and discussion 186 

3.1 Bulk optical properties: ubiquitous, secondary-influenced BrC 187 

The campaign-averaged aethalometer spectra showed the wavelength dependence characteristic of mixed 188 

carbonaceous aerosol, with the absorption coefficient decreasing steeply toward longer wavelengths (Fig. 189 

1a). Because pure BC has an AAE near 1.0 and absorption at 880–950 nm is BC-dominated by definition, 190 

the excess absorption in the UV and blue could not be explained by BC alone: the contribution of BrC to 191 

absorption at 370 nm reached ~25 % (Fig. 1a), demonstrating the ubiquitous presence of light-absorbing 192 

organics beyond BC. The median AAE of the BrC fraction was ~5, confirming that the organic absorption 193 

is strongly concentrated in the UV and short-visible wavelengths, as expected for brown rather than black 194 

carbon (AAE ~1; Fig. 1b). 195 

3.2 OA sources and their optical roles 196 

The OA sources were dominated by secondary OA. The two LO-OOA factors and MO-OOA together made 197 

up the large majority of the OA mass, with MO-OOA showing an aged signature (O/C ~0.90) and a midday 198 

photochemical maximum correlated with odd oxygen (Ox = O3 + NO2), while the LO-OOA factors had 199 

lower O/C (~0.64) and distinct diurnal behavior, one peaking at night (LO-OOA2) and one comparatively 200 

flat through the day (LO-OOA1). Primary factors (HOA, COA, BBOA) were a minor mass fraction. On 201 

average, secondary OA accounted for > 60 % of the BrC absorption. 202 

Attributing the 370 nm BrC absorption to these factors by MLR gave a clear ranking (Table 1; Fig. 2). 203 

BBOA was the single most efficient absorber (MAC ~5.7 m² g⁻¹), followed by the two less-oxidized 204 

secondary factors (LO-OOA1 ~4.2 and LO-OOA2 ~3.0 m² g⁻¹); HOA was weakly absorbing (~0.65 m² 205 

g⁻¹), COA negligible, and MO-OOA effectively non-absorbing (~0.07 m² g⁻¹). In terms of the share of BrC 206 

absorption at 370 nm, the LO-OOA factors together contributed ~68 %, BBOA ~26 %, and HOA ~6 %. 207 

This split places Seoul between the two typical urban regimes seen across other source-apportioned datasets 208 

(Table 2). 209 

Table 2 places the Seoul attribution against other urban sites on a common absorption basis: for the 210 

compiled single-site studies, each study’s OA-factor mass fractions are weighted by this study’s measured 211 

factor MACs (Table 1) and normalized, so every row is a contribution to BrC absorption rather than to OA 212 

mass. Read this way, the sites separate not by continent but by season. The most strongly secondary-213 

dominated sites are the non-winter ones — Shanghai in late spring (~93 %), Hong Kong (~91 %), the 214 

summertime rural southeastern US (~68 %) and tropical Singapore (~58 %) — where sustained 215 

photochemical and aqueous processing builds a large less-oxidized secondary absorber pool and biomass 216 
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burning is minor or absent. The wintertime, mid- to high-latitude sites, by contrast, all carry a large 217 

combustion contribution: coal- and wood-burning Lanzhou (~66 %), the European winter cities Barcelona, 218 

Paris and Helsinki (~35–49 %), and above all the season-matched Chinese megacities of Wang et al. (2022), 219 

where primary combustion dominates and secondary formation contributes only ~7 % in the north and ~18–220 

21 % in the south — consistent with an independent 14C apportionment that assigns two-thirds of Beijing’s 221 

light-absorbing carbon to fossil, coal-dominated combustion (Yan et al., 2017). Seoul is the exception 222 

among the winter sites: it shares their combustion signature (~26 %, the shared winter-heating tail of high-223 

latitude East Asia) yet remains far more secondary (~68 %) than any other wintertime city in the table. The 224 

apparent “Asian-secondary versus European-biomass-burning” split of earlier compilations is therefore 225 

largely a seasonal artifact — the secondary-dominated Asian sites are simply the non-winter ones — and 226 

the genuinely transferable result from Seoul is its co-dominance, unusual for winter, of a strong less-227 

oxidized secondary pool with a biomass-burning source. It is that secondary contribution — under-228 

represented both by the biomass-burning-dominated winter literature and by single bulk-OOA 229 

parameterizations — that is the meaningful and generalizable finding. 230 

The absolute factor MAC values are likewise consistent with the literature (Fig. 2). BBOA (~5.7 m² g⁻¹) 231 

lies at the upper end of the pan-European residential-combustion range, close to the residential-coal (CCOA 232 

~4.66) and wood-burning (~3.52) values reported for the pan-European dataset (Rovira et al., 2026), and 233 

within the fresh biomass-burning range (2.1–5.7 m² g⁻¹; Yang et al., 2025). The less-oxidized secondary 234 

factors (LO-OOA1 ~4.2, LO-OOA2 ~3.0) lie well above the near-zero MAC (~0–1) typical of bulk 235 

oxidized OA but match strongly-absorbing secondary/“night-time” BrC reported elsewhere (“Night-OA” 236 

~2.3; Kuang et al., 2025, Pearl River Delta), and HOA (~0.7) is within the literature range. That the resolved 237 

factors fall within independently-reported ranges confirms they are physically reasonable absorbers rather 238 

than regression artifacts. This agreement with independent datasets suggests that these per-source 239 

absorptivities are transferable rather than unique to this campaign. 240 

3.2.1 Biomass burning is the most efficient absorber and the principal nitrogen source 241 

Biomass burning is the most efficient absorber the regression resolves. BBOA carries a MAC of 5.66 m² 242 

g⁻¹ (Table 1), above both less-oxidized secondary factors (4.22 and 2.94 m² g⁻¹) and nearly two orders of 243 

magnitude above MO-OOA (0.07 m² g⁻¹); the factor matrix is well conditioned and the bootstrap 95 % 244 

confidence intervals separate every online factor from zero (Table S3), so this ranking is statistically robust. 245 

Its optical weight is visible in the raw record before any regression: babs,BrC at 370 nm tracks the BBOA 246 

mass excursions episode by episode, and the largest absorption peaks of the campaign coincide with the 247 

biomass-burning plumes (Fig. 3a). Sorting the record by the BBOA mass fraction makes the dependence 248 

monotonic, binned median babs,BrC(370 nm) rises from ~8 Mm⁻¹ when BBOA is below 2 % of OA to ~27 249 
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Mm⁻¹ in the 12–15 % bin (Fig. 3b), so a source that is a minor mass contributor in wintertime Seoul 250 

nevertheless sets the upper envelope of the observed absorption and supplies ~26 % of it. 251 

This optical weight comes with a distinct nitrogen signature. BBOA is the most nitrogen-rich factor of the 252 

campaign (N/C = 0.053, against 0.012 for LO-OOA1), with CxHyN+ and CxHyNOz
+ fragments spread across 253 

the whole spectrum rather than confined to a few marker ions (Fig. 3c). The ambient record shows the same 254 

coupling: at a given biomass-burning fraction the most absorbing points carry the largest CHN + CHON 255 

concentrations (color scale, Fig. 3b), and both nitrogen ion families gain mass fraction as BBOA/OA rises 256 

(Fig. 3d). 257 

Possible chromophores fall into the two classes documented for biomass-burning aerosol: oxidized 258 

nitroaromatics (nitrophenols, nitrocatechols), detected as CxHyNOz
+ ions, and reduced-nitrogen 259 

heterocycles (imidazoles, pyrazines), detected as CxHyN+ ions (Laskin et al., 2015). Offline speciation of 260 

filters collected at this site over the same period confirms that a reduced-nitrogen pool is present: water-261 

soluble aliphatic amines (mono-, di- and trimethylamine) were elevated in the winter samples and the free 262 

amino acids Gly, Ala and Thr tracked local combustion (Baek et al., 2022). Both can be emitted directly by 263 

burning — the amines from fuel nitrogen and the amino acids from the proteinaceous fraction of the 264 

biomass (Ge et al., 2011; Laskin et al., 2015) — consistent with the primary nitrogen enrichment resolved 265 

here for BBOA; part of the same pool can also form secondarily in aerosol water, a route taken up in Sect. 266 

3.2.2. 267 

As a fresh, weakly oxidized source (O/C = 0.37), biomass burning also emits the precursors of further 268 

nitrogen chromophores, carbonyls together with the ammonia and amines released from nitrogen-269 

containing fuel, which react in aerosol water (Bones et al., 2010; Updyke et al., 2012). Since the less-270 

oxidized secondary factors carry ~68 % of the 370 nm absorption against ~26 % for primary BBOA, that 271 

indirect route is likely the more consequential one for the nitrogen-associated secondary absorption, and 272 

the same nitrogen signature indeed reappears in the secondary pool without the biomass-burning markers 273 

(Sect. 3.2.2). 274 

3.2.2 Nighttime secondary BrC is nitrogen-associated 275 

The nitrogen signature is not confined to the primary plume. Among the secondary factors, whole-particle 276 

BrC absorption at 370 nm covaries with LO-OOA2 (r² = 0.45) but not with the daytime factor LO-OOA1 277 

(r² = 0.10; Fig. 4a), and the two quantities share a diurnal shape — LO-OOA2 mass and babs,BrC(370 nm) 278 

both rise through the night and decay through the day, whereas the odd-oxygen-driven MO-OOA peaks at 279 

midday (Fig. 4c). The absorption associated with LO-OOA2 is therefore acquired at night, when 280 

photochemical SOA production is at a minimum. 281 
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In Fig. 4a the points are graded by their CxHyN+ loading, and the highest absorption coincides with the most 282 

nitrogen-rich points: absorption and the nitrogen-containing fragments vary together within the factor rather 283 

than merely coexisting in it. The correlations confirm this ion by ion. LO-OOA2 and BBOA correlate 284 

positively with the CxHyN+ fragments (r = 0.72, range 0.58–0.86, and r = 0.78, 0.65–0.90), whereas LO-285 

OOA1 does not (r = −0.40; Fig. 4b). LO-OOA2 also tracks the secondary inorganic ions (NO3
−, SO4

2−, 286 

NH4
+), as expected for a pool formed under humid, stagnant nocturnal conditions, while chloride, a primary 287 

combustion tracer, shows no correlation. Because the correlation extends across the whole CxHyN+ series 288 

rather than resting on a few peaks, the absorption of LO-OOA2 is associated with the reduced-nitrogen 289 

organic pool as a whole, whereas the negative correlation for LO-OOA1 places its chromophores outside 290 

that pool (Sect. 3.2.3). 291 

As in BBOA, this nitrogen sits predominantly in the reduced-nitrogen CxHyN+ family rather than the 292 

oxidized CxHyNOz
+ family, with fragments consistent with imidazole-type structures (Fig. S7). Carbonyl 293 

condensation with ammonium and amines in aerosol water is the pathway most consistent with that 294 

partitioning (Bones et al., 2010; Updyke et al., 2012; Laskin et al., 2015), consuming the biomass-burning 295 

precursors of Sect. 3.2.1 together with dicarbonyls from aromatic and biogenic VOC oxidation; identifying 296 

the individual heterocycles would require molecular-level speciation. 297 

Nocturnal conditions favor that chemistry: a shallow boundary layer concentrates the precursors, high 298 

relative humidity sustains the aerosol liquid water in which the condensation proceeds, and the absence of 299 

sunlight suspends photobleaching. Nitrate-radical nitration of biomass-burning phenols may contribute as 300 

well, yielding strongly absorbing nitroaromatics (Iinuma et al., 2010; Rana and Guzman, 2022), although 301 

our measurements do not constrain its share. Light-absorbing nitrogen therefore accumulates overnight, 302 

and the secondary share of babs,BrC is largest at night and smallest at the midday radiation maximum (Fig. 303 

4c). 304 

After sunrise, LO-OOA2 mass and babs,BrC(370 nm) decline together, mainly through dilution by the 305 

deepening boundary layer with no daytime source to replenish the pool — the same dynamics as the 306 

morning decline of primary BBOA — with oxidative conversion to the optically negligible MO-OOA 307 

superimposed (Sect. 3.2.3). 308 

The optical footprint of biomass burning therefore extends beyond the primary BBOA factor, and the water-309 

soluble nighttime pool it feeds — preserved on a 24 h filter but bleached in real time — is where the two 310 

platforms disagree (Sect. 3.3). 311 
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3.2.3 LO-OOA1 absorbs without nitrogen and bleaches by day 312 

LO-OOA1 absorbs strongly (MAC ~4.2 m² g⁻¹) yet is essentially nitrogen-free (N/C ~0.012): its mass 313 

spectrum is enriched in the non-nitrogenous aromatic fragments m/z 77 and 91 — established markers of 314 

aromatic ring structures — and shows no nitrate-related chromophore signature (Fig. 5). Its absorption 315 

therefore arises not from nitroaromatics but from non-nitrogenous aromatics, and this is quantitatively 316 

sufficient: strongly-conjugated aromatics can absorb at several times their carbon mass, so even a small 317 

aromatic mass fraction (< 5 %) can dominate a factor's absorption (Laskin et al., 2015; Yuan et al., 2020). 318 

This does not contradict the evidence that nitrogen-containing chromophores (‘brown nitrogen’) dominate 319 

organic-aerosol absorption in the aggregate (Li et al., 2025); rather, LO-OOA1 is a well-constrained field 320 

example of the non-nitrogenous aromatic pool that co-exists with, and is distinct from, the nitrogen-driven 321 

nighttime factors. 322 

Despite being an efficient absorber, LO-OOA1 does not lead the ambient BrC absorption: its diurnal mass 323 

is nearly flat — a slight morning rise followed by a daytime decline (Fig. 4c; mean diurnal cycles of all 324 

secondary OA factors are compared in Fig. S6). Its continuous secondary production appears to be offset 325 

by rapid daytime photochemical loss, and the ambient absorption falls even though the absorbing factor 326 

does not: babs,BrC(370 nm) drops from ~18 Mm⁻¹ before sunrise to ~11 Mm⁻¹ in the early afternoon, in 327 

antiphase with incoming solar radiation, and the secondary share of that absorption is largest at night, when 328 

MO-OOA is at its minimum (Fig. 4c). Odd oxygen (Ox = O3 + NO2) rather than clock time shows the 329 

conversion directly: the daytime points grade with Ox, the highest LO-OOA1 fractions carrying the lowest 330 

Ox and the highest-Ox points falling to below 10 % LO-OOA1 while MO-OOA approaches 50 % of OA 331 

(color scale, Fig. 6), so the loss of the absorbing pool scales with photochemical processing and not merely 332 

with time of day. Between 09:00 and 16:00 LT the LO-OOA1 and MO-OOA fractional contributions are 333 

correspondingly anti-correlated (slope −0.78, r = −0.69; Fig. 6), tracing the photochemical conversion of 334 

the absorbing LO-OOA1 pool to the more-oxidized, non-absorbing MO-OOA: as solar radiation and 335 

oxidants (O3, OH) rise through the day, the conjugated aromatic systems that carry LO-OOA1's absorption 336 

are progressively cleaved, raising the oxidation state and removing the chromophores (photobleaching; cf. 337 

Li et al., 2023).  338 

MO-OOA completes the picture from the opposite end of the oxidation scale. It is the most oxidized factor 339 

resolved (O/C ~0.90) and the least absorbing (MAC 0.07 m² g⁻¹), consistent with the expectation that the 340 

steps raising O/C — OH addition, ring opening and C–C fragmentation — also dismantle the extended 341 

conjugation on which near-UV absorption depends, converting aromatic rings and nitrogen heterocycles 342 

into smaller, more oxygenated and weakly absorbing products (Laskin et al., 2015; Li et al., 2023). 343 
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Oxidation state is therefore a poor optical predictor in this aerosol: absorption tracks chromophore structure 344 

— aromatic conjugation in LO-OOA1, reduced-nitrogen heterocycles in LO-OOA2 and BBOA — and is 345 

progressively lost as that structure is oxidized away. The whole-particle record carries the same signature, 346 

with online babs,BrC(370 nm) falling as O/C rises (Fig. 8) — a field measure of BrC whitening with 347 

daytime aging. Against this factor-level picture, the positive absorption–O/C slope of the offline record is 348 

unlikely to be a property of the airborne aerosol, and its origin is examined next (Sect. 3.3). 349 

3.3 One evolving aerosol and the online–offline reversal 350 

Sections 3.1–3.2 characterized the airborne aerosol through the online platform, which described a single 351 

diurnally evolving BrC: at night a shallow boundary layer and high humidity drive aqueous formation of 352 

nitrogen-containing chromophores in BBOA and LO-OOA2, while by day photochemistry converts LO-353 

OOA1 to MO-OOA, O/C rises and absorption fades. The identical source-resolved attribution is next 354 

applied to the offline platform — the same aerosol, collected on 24 h PM2.5 filters and measured as its water-355 

soluble extract — to examine whether the same sources of BrC absorption are identified. At the bulk level 356 

the two records agree: the offline water-soluble MAE365 of this study (~1.3 m² gC⁻¹) falls within the range 357 

of the water-soluble BrC literature and reproduces the earlier Seoul offline record (Kim et al., 2016; Fig. 358 

S9). The divergence emerges only when the attribution is source-resolved. 359 

3.3.1 The two platforms invert the source ranking for the same aerosol 360 

Taken in isolation, the offline platform yields an internally consistent attribution dominated by the most-361 

oxidized secondary factor. In the water-soluble source-resolved regression, MO-OOA is by far the strongest 362 

absorber (0.88 m² g⁻¹), the combined primary/POA term is weak (0.61 m² g⁻¹), BBOA is small (0.64 m² g⁻¹) 363 

and LO-OOA is statistically indistinguishable from zero (Fig. 7 and Table 1). The offline record alone 364 

would therefore indicate that wintertime Seoul BrC absorption is carried predominantly by aged, highly-365 

oxidized secondary OA and — on the basis of the absorption–O/C relationship — that BrC absorption 366 

increases as the aerosol oxidizes (offline babs,WS-BrC(365 nm) increases with O/C; Fig. 8). This secondary-367 

plus-biomass-burning attribution echoes the earlier Seoul offline record of Kim et al. (2016), whose water-368 

soluble organic carbon correlated strongly with both levoglucosan (biomass burning) and dicarboxylic acids 369 

(secondary formation). 370 

This conclusion is opposite to that obtained from the online platform for the same aerosol (Sect. 3.2). Online, 371 

BBOA (5.66 m² g⁻¹) and the two less-oxidized secondary factors (4.22 and 2.94 m² g⁻¹) dominate the 372 

absorption while MO-OOA is essentially non-absorbing (0.07 m² g⁻¹), and babs,BrC(370 nm) decreases with 373 

O/C (photobleaching). The source ranking thus inverts completely between the two platforms (Table 1; Fig. 374 

7) and even the sign of the absorption–O/C relationship flips (Fig. 8). Crucially, this disagreement is 375 
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confined to the source level: the two platforms agree on the bulk aerosol. The online mass absorption 376 

efficiency (~3.5 m² g⁻¹, total-OA basis) is consistent with our offline record, with the earlier Seoul offline 377 

record (Kim et al., 2016) and with the water-soluble BrC literature (Moschos et al., 2021; Zhang et al., 378 

2011b; Tang et al., 2021; Fig. S9), all of which attribute wintertime absorption to a mixture of secondary 379 

and biomass-burning OA; the absolute online–offline MAE gap is itself an expression of the water-soluble 380 

cut examined below (whole-particle total-OA basis online versus water-soluble-carbon basis offline; Fig. 381 

S9 caption), not an inconsistency. The discrepancy is therefore well defined and diagnostic: the two 382 

measurement windows agree on the amount of BrC present and on its bulk attribution, yet invert the source 383 

to which it is attributed. 384 

3.3.2 The reversal decomposes into solubility selection and preparation-induced browning 385 

The reversal does not indicate that either platform is erroneous; it follows directly from what each platform 386 

samples and, crucially, from a chemical change that the offline preparation itself most plausibly introduces 387 

— the formation of new light-absorbing reduced-nitrogen chromophores during extraction, atomization and 388 

drying (e.g., Nguyen et al., 2012; Updyke et al., 2012). Two mechanisms may account for the reversal: 389 

solubility selection, which removes the water-insoluble strong absorbers from the offline window, and 390 

preparation-induced browning, which makes the most water-soluble factor absorb in the extract.  391 

First, solubility selection: the offline UV–Vis sees only the water-soluble OA, and this pool is 392 

systematically more oxidized. The whole-particle 370 nm absorption tracks the methanol-soluble offline 393 

absorption far more closely than the water-soluble fraction (Fig. S4), so a substantial part of the absorbing 394 

material is not water-extractable, whereas MO-OOA is recovered almost quantitatively in the extract (Fig. 395 

S5), its offline factor time series following the online factor (Fig. S8). For BBOA and LO-OOA the strong 396 

chromophores (nitro-aromatics, PAHs, quinones) are known to be largely water-insoluble, so far less of 397 

their absorption than of their mass survives extraction and their apparent MAC collapses — the online-398 

dominant absorbers largely vanish from the offline attribution. Selection alone, however, cannot brown 399 

MO-OOA. The extract retains the oxidized, predominantly colorless fragments (CxHyO+ and CO2
+ at 400 

offline/online ratios of 1.0-1.2) while stripping the hydrocarbon fragments (CxHy
+ to 0.54), so a purely 401 

selected pool should remain optically weak — yet the offline MO-OOA is the strongest water-soluble 402 

absorber. 403 

Second, preparation-induced browning supplies the missing absorption, and the ion-by-ion comparison 404 

provides compelling circumstantial evidence for a chemical shift — a comparison between the paired MO-405 

OOA factors, online versus offline (Fig. 9). By every apportionment criterion the two are the same factor 406 

(matched spectra and time series; Sect. 2.4), yet their compositions differ subtly: across the matched ions, 407 
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the nitrogen families are enriched in the offline factor — CxHyN+ by 1.6 and CxHyNOz
+ by 1.5 — against 408 

the solubility-selection gradient. Reduced-N fragments derive from amines and N-heterocycles that are 409 

among the least oxidized constituents of the factor, so a water cut that strips CxHy
+ should deplete, not 410 

enrich, them. While the depletion of water-insoluble hydrocarbons mathematically increases the relative 411 

mass fractions of all surviving components, the disproportionate enrichment of reduced-N fragments 412 

(~1.6×) relative to oxygenated fragments (1.0–1.2×) points directly to chemical transformation rather than 413 

simple physical selection. Thus, this nitrogen enrichment serves as a strong empirical indicator of 414 

chromophore formation in the sample. Evaporating droplets strongly accelerate dehydration–condensation 415 

reactions (Nguyen et al., 2012), and aqueous carbonyls react with ammonium and amines to form imines 416 

and reduced-N heterocycles such as imidazoles (Bones et al., 2010; Updyke et al., 2012). Because such 417 

heterocycles are efficient chromophores, converting a trace of the factor's mass produces a large optical 418 

change: the same MO-OOA that is optically inert online (MAC 0.07 m² g⁻¹) becomes an efficient absorber 419 

offline (0.88 m² g⁻¹). The trace-mass argument equally shows that the apportionment is unaffected — the 420 

bulk spectra and factor time series are preserved, and only the MAC moves. Together, the two mechanisms 421 

suffice to reconcile the opposite absorption–O/C trends of the two platforms (Sect. 3.3.3). 422 

3.3.3 Complementary measurement windows reconcile the opposite absorption–O/C trends 423 

The two platforms are complementary rather than contradictory: the online measurement records the real-424 

time optical state of the whole airborne particle, whereas the offline measurement records what a 24 h water 425 

extract retains after solubility selection and preparation chemistry (Sect. 3.3.2). This one distinction resolves 426 

the opposite absorption–O/C trends (Fig. 8a,b; the same divergence appears when the two absorptions are 427 

plotted against the MO-OOA mass fraction, Fig. 8c,d). Online, babs,BrC(370 nm) decreases as O/C rises — 428 

real photobleaching of the aging particle. Offline, babs,WS-BrC(365 nm) increases with O/C not because 429 

oxidation creates absorption, but because the two O/C axes are different quantities that share a label: online 430 

O/C tracks the aging of the airborne particle, whereas offline O/C indexes how much carbonyl-rich 431 

photochemical SOA — at once the reservoir of soluble N-chromophores and the feedstock for carbonyl–432 

amine browning during extraction — the filter collected. The positive offline slope is therefore a property 433 

of the measurement window, not an optical property of the airborne aerosol. 434 

The principal limitation of this framework is that the two offline branches cannot be fully separated with 435 

the present data: real, water-soluble atmospheric N-chromophores (nitroaromatics, imidazoles), which 436 

online averaging dilutes and daytime photochemistry bleaches, and reduced-N chromophores formed 437 

during preparation both contribute to the offline signal. Neither is spurious, and neither corresponds to 438 

atmospheric whole-particle browning; quantifying their relative shares requires the extraction and 439 

derivatization controls outlined in the Supplement (Sect. S4). Importantly, this ambiguity does not affect 440 
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the central conclusion. Both branches are properties of the measurement window rather than of atmospheric 441 

whole-particle browning, so under either attribution the offline platform reweights the source ranking 442 

toward the water-soluble, more-oxidized pool, and the online–offline reversal and its downwind-forcing 443 

consequence stand. Resolving the branch split — for which the extraction and derivatization controls of 444 

Sect. S4 are designed — would refine the mechanism but would not overturn the finding that the inferred 445 

source of BrC absorption is set by the measurement window rather than by the aerosol alone. 446 

3.3.4 Scope of the reversal and relation to earlier coupling studies 447 

The platforms differ in what particles they sample: the online AMS and aethalometer characterize 448 

submicron, non-refractory PM1, whereas the offline filters collect PM2.5. Coarse-mode (1–2.5 µm) 449 

chromophores are captured offline but not online, and the AMS does not detect refractory and “dark” BrC 450 

or tar balls, which can carry substantial short-wavelength absorption in biomass-burning aerosol (Corbin et 451 

al., 2019; Chakrabarty et al., 2023). If refractory BrC is present, the online BBOA MAC is a lower bound. 452 

In the Seoul residential-heating regime, tar-ball abundance is expected to be low, consistent with European 453 

wintertime wood-burning aerosol, where insoluble tar balls are negligible (Moschos et al., 2018; Rovira et 454 

al., 2026), although this remains to be verified. This size/volatility mismatch is a distinct, second-order 455 

contributor to the online–offline difference and does not by itself invert the ranking; the solubility weighting 456 

of Sect. 3.3.2 does. 457 

Earlier coupling studies (Moschos et al., 2018; Navarro-Barboza et al., 2025; Rovira et al., 2026) reported 458 

broad consistency between measured and source-reconstructed BrC absorption, which might appear to 459 

contradict the reversal reported here. The difference is methodological: in each of those studies the 460 

absorption and the OA factors shared a single measurement window — Moschos et al. (2018) regressed the 461 

absorption of water-soluble filter extracts onto factors resolved from those same extracts, while Navarro-462 

Barboza et al. (2025) and Rovira et al. (2026) regressed online aethalometer absorption onto factors from 463 

co-located online speciation measurements — so the chromophores and the mass experienced the same 464 

solubility cut and preparation history, and a window mismatch could not register. We instead deliberately 465 

compare across windows, online whole-particle absorption against offline water-soluble absorption, which 466 

is precisely the comparison a modeler makes when combining data of different types. Our result therefore 467 

does not overturn the earlier agreement; it isolates the previously-implicit assumption that the two 468 

measurement windows are interchangeable, and shows they are not for a secondary-influenced, high-469 

nitrogen urban winter aerosol. Consistently, our own offline record reproduces the earlier 2016 Seoul 470 

offline result and the water-soluble literature (Fig. S9): the bulk picture is robust across methods, and only 471 

the source-level attribution is method-dependent. 472 
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East Asian winter is expected to maximize the divergence. Its high loading of aromatic and reduced-473 

nitrogen precursors under high-NOx, high-humidity, low-boundary-layer conditions maximizes both the 474 

nocturnal aqueous browning that offline filters preserve and the daytime photobleaching that online 475 

instruments capture. This is consistent with rapid ambient bleaching of water-soluble BrC observed in the 476 

East Asian outflow (Fang et al., 2023). We therefore predict the reversal to be largest in secondary-477 

influenced, high-nitrogen urban winter regimes such as East Asia, and smaller in primary-biomass-burning-478 

dominated regimes (much of Europe and North America) where the absorbing pool is more water-soluble 479 

and the diurnal competition weaker, a testable prediction for future co-located online–offline campaigns. 480 

3.4 Implications for source-resolved BrC parameterizations and global context 481 

Source-resolved MAC values derived from field data are increasingly folded into radiative-transfer and 482 

chemical-transport models (Fang et al., 2023; Navarro-Barboza et al., 2025; Rovira et al., 2026), yet Table 483 

1 shows that the same aerosol yields opposite source rankings depending on whether the constraining data 484 

are online or offline. The consequence is not a shift in magnitude but in attribution: a parameterization built 485 

on offline water-soluble MAC assigns wintertime urban BrC absorption to highly-oxidized secondary OA 486 

and would predict absorption to grow as OA ages (browning with O/C); the online, in-situ evidence assigns 487 

the absorption to biomass burning and less-oxidized secondary OA and shows the oxidized pool bleaching, 488 

not browning, in the atmosphere. Because these imply opposite signs for the evolution of BrC absorption 489 

downwind of the source, the choice of measurement window can flip the sign of the modeled aging trend, 490 

not just its size, with corresponding consequences for where and at what altitude BrC forcing is placed. 491 

3.4.1 A first-order radiative sensitivity 492 

To bound the consequence of the source reversal, we propagate the two source-resolved parameterizations 493 

through a deliberately simple, transparent column calculation; we emphasize that these numbers are order-494 

of-magnitude conceptual sensitivity estimates designed to illustrate the relative divergence in modeled 495 

aging trajectories, not a comprehensive radiative-transfer evaluation. Taking the campaign-mean BrC 496 

absorption coefficient at 370 nm (14.9 Mm⁻¹), a boundary-layer depth of 1 km, and the measured BrC 497 

absorption Å ngström exponent (~5) to extrapolate the absorption spectrum, the solar-weighted (300–700 498 

nm) column BrC absorption aerosol optical depth (AAOD) is ~5.7 × 10⁻³. Applying a clear-sky simple 499 

forcing efficiency (Chylek and Wong, 1995; atmospheric transmittance 0.79, surface albedo 0.15) gives an 500 

instantaneous regional BrC absorption forcing of ~+0.34 W m⁻² at the source. 501 

The two measurement windows do not disagree on this initial value, they agree on the bulk burden (Sect. 502 

3.3), but they imply opposite downwind evolution. Because increasing O/C is the standard proxy for 503 
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atmospheric aging, the two platforms encode opposite aging trends: online absorption falls as O/C rises 504 

(bleaching), offline absorption rises with O/C (apparent browning). Using a representative ambient BrC 505 

bleaching rate of k ~0.23 d⁻¹ (Dasari et al., 2019; Fang et al., 2023), the online, in-situ evidence 506 

(photobleaching; babs,BrC(370 nm) falling with O/C) predicts the forcing to decay to ~+0.17 W m⁻² after 507 

three days of transport, whereas an offline-constrained parameterization (browning; absorption growing 508 

with O/C) predicts it to rise to ~+0.68 W m⁻² over the same interval, a factor of ~4 spread in the three-day-509 

aged BrC absorption forcing and, critically, an opposite sign of the aging trend (dF/dt < 0 versus > 0; Fig. 510 

10). Because regional and global BrC forcing is dominated by aged, transported aerosol rather than by fresh 511 

near-source emission, this sign ambiguity, set entirely by which measurement window constrains the model, 512 

propagates directly into where, at what altitude, and with what magnitude BrC exerts its forcing. Even at 513 

the order-of-magnitude level, this shows the measurement window is not a second-order calibration detail 514 

but a critical modeling assumption that can flip the sign of the modeled downwind BrC forcing trend. 515 

Getting the source right matters because the emission controls, lifetime and injection altitude of the 516 

responsible source set BrC forcing: attributing winter urban absorption to long-lived, regionally-distributed 517 

MO-OOA implies a different mitigation lever and forcing distribution than attributing it to near-source, 518 

controllable biomass burning. 519 

4 Conclusions 520 

We set out to test whether online and offline source apportionment identify the same sources of BrC 521 

absorption for a single wintertime urban aerosol. In Seoul (winter 2018), BrC contributed ~25 % of aerosol 522 

absorption at 370 nm. In the ambient, online window the attribution is coherent: biomass burning is the 523 

most efficient absorber (MAC 5.66 m² g⁻¹) and the principal source of the nitrogen associated with 524 

absorption; a nocturnal secondary factor (LO-OOA2, 2.94 m² g⁻¹) carries nitrogen-associated BrC that 525 

accumulates overnight and is removed after sunrise; a daytime factor (LO-OOA1, 4.22 m² g⁻¹) absorbs 526 

without nitrogen enrichment and photobleaches; and the most oxidized factor is optically negligible (0.07 527 

m² g⁻¹). Winter urban BrC is thus carried by fresh, largely reduced-nitrogen-associated material and is lost, 528 

not gained, with photochemical aging. 529 

The same regression applied to the offline window (24 h PM2.5 filters, water-soluble extracts) inverts this 530 

ranking: biomass-burning OA collapses (0.64 m² g⁻¹) and the most oxidized factor becomes the dominant 531 

water-soluble absorber (0.88 m² g⁻¹). Two mechanisms account for the inversion: solubility selection 532 

removes the water-insoluble strong absorbers, and we hypothesize that preparation-induced browning 533 

enriches the offline factor in reduced-nitrogen fragments (~1.6×) against the solubility-selection gradient, 534 

while the bulk composition and factor time series are preserved (Sect. 2.4). The opposite absorption–O/C 535 
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slopes of the two platforms follow from the same distinction — real-time particle aging versus the soluble 536 

subset a filter collects. The reversal is therefore a measurement-window effect, not an atmospheric change. 537 

At the bulk level the two windows agree with each other and with the prior record (whole-particle MAE 538 

~3.5 m² g⁻¹; Kim et al., 2016; Fig. S9); only the source-level attribution is method-dependent. For models 539 

this difference is first-order and cautions against the direct mixing of online and offline BrC datasets without 540 

accounting for the measurement window. An offline-constrained parameterization assigns winter urban 541 

BrC to aged oxidized OA and lets absorption grow with aging, whereas the online evidence assigns it to 542 

biomass burning and fresh secondary OA and bleaches it downwind — opposite signs for the aging trend 543 

and, in a simple column estimate, a factor-of-~4 spread in the three-day-aged BrC forcing (Sect. 3.4.1). 544 

These conclusions rest on one winter campaign at one urban-background site, and the online BrC retrieval 545 

carries the usual AAE-subtraction uncertainty (±6–7 percentage points in the 370 nm BrC fraction — 546 

25.7 % at AAEBC = 1.0, and 18.4–32.4 % across AAEBC 0.9–1.1 and 880/950 nm reference wavelengths; 547 

source ranking unchanged, Table S4). Looking forward, we recommend that source-resolved BrC 548 

absorption be reported together with its measurement window — method, solubility class and integration 549 

time; that online, time-resolved attribution be preferred where the ambient optical state enters radiative 550 

calculations; and that offline speciation be used for chromophore identification with solubility and 551 

preparation effects explicitly controlled (Sect. S4). Co-located online–offline campaigns across seasons and 552 

in other high-nitrogen winter environments would test whether the reversal scales with reduced-nitrogen 553 

chemistry, as the mechanism predicts, and would make the measurement window a reported, correctable 554 

property of source-resolved BrC datasets rather than a hidden assumption. 555 
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 768 

 769 

 770 

 771 

Figures 772 

 773 

Figure 1. Presence of light-absorbing organic aerosol at the Seoul urban-background site. (a) Campaign-mean seven-774 

wavelength aethalometer absorption coefficient babs (370–950 nm; AE33 dual-spot aethalometer, filter-loading 775 

corrected in real time following Hansen et al. (1984) and Drinovec et al. (2015)), decomposed into the black-carbon 776 

(BC, open squares) and brown-carbon (BrC, filled triangles) components, with BC obtained by extrapolating the 880 777 

nm signal at an assumed BC absorption Å ngström exponent of 1.0 and BrC taken as the residual. (b) Distribution of 778 

the brown-carbon absorption Å ngström exponent (AAE, fitted over 370–660 nm) over the campaign; the median 779 

(~5.0; dashed line) is the fingerprint of aged, secondary-influenced urban BrC rather than fresh primary emission.  780 

 781 
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 783 

 784 

Figure 2. Source-resolved brown carbon mass absorption cross-section and its consistency with the literature. 785 

Wavelength dependence (370–660 nm) of MACBrC for the four absorbing online OA factors — BBOA (orange), LO-786 

OOA1 (magenta), LO-OOA2 (pink) and HOA (grey) — retrieved by origin-forced multiple linear regression of the 787 

aethalometer BrC absorption onto the PMF factor mass time series (dashed lines with filled circles); MO-OOA and 788 

COA were optically negligible and are omitted. Shaded horizontal bands mark literature MAC ranges at 370 nm for 789 

fresh biomass-burning OA (2.1–5.7 m² g⁻¹; Yang et al., 2025; orange) and for typical bulk oxidized/urban OOA (~0–790 

1 m² g⁻¹; green). Overlaid symbols are published single-factor MAC values at 370 nm: residential-coal (CCOA, 4.66) 791 

and wood-burning BBOA (3.52) from the pan-European dataset (Rovira et al., 2026; squares); strongly-absorbing 792 

secondary “Night-OA” (2.3; Kuang et al., 2025), LV-OOA (1.04; Qin et al., 2018), water-soluble OOA (0.7; Moschos 793 

et al., 2021) and low-absorbing OA (0.13) as diamonds, and HOA (0.24; triangle). The Seoul BBOA (5.7 m² g⁻¹) falls 794 

within the fresh-biomass-burning and pan-European residential-combustion range, the less-oxidized secondary factors 795 

(LO-OOA1 4.2, LO-OOA2 3.0) lie well above the typical-OOA band and match strongly-absorbing secondary BrC 796 

reported elsewhere, and HOA (0.7) is within the literature range — confirming the resolved factors are physically 797 

reasonable absorbers rather than regression artifacts. All literature values are taken at 370 nm. 798 
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 799 

Figure 3. Biomass-burning impact on BrC absorption and its nitrogen signature. (a) Time series of whole-800 

particle BrC absorption babs,BrC at 370 nm (orange) and BBOA mass concentration (light blue); absorption 801 

maxima coincide with the biomass-burning episodes. (b) babs,BrC at 370 nm versus the BBOA mass fraction 802 

of OA, coloured by the summed CHN + CHON concentration; overlaid boxes are binned medians and 803 

quartiles. (c) High-resolution BBOA factor mass spectrum, colored by ion family, with the factor elemental 804 

ratios (O/C = 0.37, H/C = 1.87, N/C = 0.053, OM/OC = 1.71). (d) Ion-family mass fractions of OA binned 805 

by BBOA/OA; the nitrogen-containing families (CxHyN+, CxHyNOz
+) increase with the biomass-burning 806 

fraction (highlighted bin).  807 
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 816 

 817 

Figure 4. Nighttime secondary BrC absorption is nitrogen-associated. (a) Whole-particle BrC absorption babs,BrC at 818 

370 nm versus the nighttime secondary factor LO-OOA2 (r² = 0.45) and versus LO-OOA1 (r² = 0.10); marker colour 819 

scales with the CxHyN+ loading. (b) Pearson correlation (r) of each online factor’s time series with individual 820 

ions: LO-OOA2 and BBOA correlate strongly and positively with the nitrogen-containing organic 821 

fragments (CxHyN+; r ~0.58–0.86 and 0.65–0.90, respectively), whereas LO-OOA1 is uncorrelated-to-822 

negative, so its absorption is not nitrogen-driven. (c) Mean diurnal cycles (local time). Top: mean mass 823 

concentrations of the three secondary factors — LO-OOA1 and LO-OOA2 (left axis) and MO-OOA (right 824 

axis). Bottom: the primary and secondary contributions to BrC absorption at 370 nm (BrC_Pri, grey; 825 

BrC_Sec, orange), with the whole-particle babs,BrC(370 nm) (open circles, right axis) and the incident solar 826 

radiation (filled circles, far-right axis). BrC absorption and LO-OOA2 both rise through the night, when a 827 

shallow boundary layer and high relative humidity favour aqueous processing and the secondary share of 828 

BrC absorption is largest then, whereas MO-OOA peaks near midday with solar radiation, when 829 

photobleaching drives whole-particle BrC absorption to its minimum.  830 
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 831 

Figure 5. LO-OOA1 absorbs without nitrogen. Ion-by-ion mass-fraction comparison of LO-OOA1 versus LO-OOA2: 832 

the non-nitrogenous aromatic fragments  m/z 77, 91 and 94 (red triangles) are enriched in LO-OOA1 (above the 1:1 833 

line), whereas the nitrogen tracers m/z 68 and 96 (blue) are depleted — indicating LO-OOA1’s absorption arises from 834 

non-nitrogenous aromatics. 835 

 836 

 837 

 838 

 839 
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 840 

Figure 6. Daytime photobleaching of the online aerosol. Daytime anti-correlation between the LO-OOA1 841 

and MO-OOA fractional contributions to OA, with each point coloured by odd oxygen (Ox = O3 + NO2), a 842 

photochemical-age proxy (slope = −0.78, r = −0.69): as Ox increases, the absorbing LO-OOA1 fraction falls 843 

while the more-oxidized, non-absorbing MO-OOA fraction rises, tracing the daytime conversion of LO-844 

OOA1 to MO-OOA.  845 

 846 

 847 
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 848 

Figure 7. The online–offline source reversal. Source-resolved MAC from the online (whole-particle, 370 nm) and 849 

offline (water-soluble, 365 nm) platforms applied to the same aerosol (values in Table 1; bootstrap 95 % confidence 850 

intervals, VIFs and the NNLS refit in Table S3). The ranking inverts: MO-OOA is optically negligible online (0.07 851 

m² g⁻¹) but the dominant water-soluble absorber offline (0.88 m² g⁻¹), while BBOA collapses from 5.66 to 0.64 m² g⁻¹. 852 

The online and offline MO-OOA time series nonetheless track closely (Fig. S5), confirming they are the same factor.  853 
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 854 

Figure 8. Opposite absorption–O/C trends in the online and offline platforms. (a) Online whole-particle BrC 855 

absorption babs,BrC at 370 nm versus O/C, coloured by the MO-OOA mass fraction fMO-OOA; babs,BrC(370 nm) decreases 856 

as O/C rises — real-time photobleaching of the aging particle (Pearson r ~−0.30). (b) Offline water-soluble BrC 857 

absorption babs,WS-BrC at 365 nm versus O/C, coloured by fMO-OOA; babs,WS-BrC(365 nm) increases with O/C (r ~+0.45). 858 

(c, d) The same online and offline absorption plotted against fMO-OOA. Box overlays mark binned medians and quartiles. 859 

The two O/C axes are different quantities that share a label: online O/C tracks the real-time aging of one particle, 860 

whereas offline O/C indexes which water-soluble subset a 24 h filter collected (Sect. 3.3). 861 
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 862 

Figure 9. The offline MO-OOA is chemically shifted, not merely re-selected. Ion-by-ion comparison, on log–log axes 863 

with equal ranges, of the fragment contributions to the online (real-time, whole-particle) and offline (24 h water-864 

soluble extract) MO-OOA high-resolution mass spectra (n = 241 matched ions; faint open circles show every matched 865 

ion, filled symbols the labelled major fragments), with the 1:1 line dashed. Symbols are coloured by ion family: 866 

nitrogen-containing (CxHyNOz
+; red), oxygenated (CxHyO+; blue) and hydrocarbon or CO2

+ (grey). Nitrogen-867 

containing fragments lie systematically above the 1:1 line (enriched offline; family ratio ~1.5–1.6; e.g. C2HN+, 868 

CHNO+, C2H3N+, C2H3NO+), whereas hydrocarbon fragments fall below it (depleted, ratio 0.54; e.g. C3H3
+, C3H5

+, 869 

CH2O+) and CO2
+ sits near the line. Because the nitrogen enrichment runs opposite to the water-soluble selection 870 

gradient that strips the chemically similar hydrocarbon fragments, it cannot be produced by solubility selection and is 871 

the fingerprint of reduced-nitrogen chromophores formed during extraction, atomization and drying (Sect. 3.3; the 872 

aqueous carbonyl–amine chemistry follows Nguyen et al., 2012; Bones et al., 2010; Updyke et al., 2012). That the 873 

offline and online MO-OOA factor mass concentrations nonetheless track closely (Fig. S5) confirms the two are the 874 

same factor and that only the trace-chromophore composition, not the bulk mass, is shifted.  875 
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 876 

Figure 10. First-order radiative sensitivity to the measurement window. Instantaneous regional clear-sky BrC 877 

absorption forcing at the source (~+0.34 W m⁻²; simple column estimate, Sect. 3.4.1) and its downwind evolution 878 

under the online-constrained (photobleaching) and offline-constrained (browning) source parameterizations, using an 879 

ambient water-soluble BrC bleaching rate k = 0.23 d⁻¹ (Dasari et al., 2019; Fang et al., 2023). The two windows agree 880 

at the source but diverge by a factor of ~4 after three days and give opposite signs for the aging trend (dF/dt < 0 vs > 881 

0). Assumptions: boundary-layer depth 1 km, BrC AAE ~5, atmospheric transmittance 0.79, surface albedo 0.15, clear 882 

sky; simple forcing efficiency after Chylek and Wong (1995). Data are from this study. 883 

 884 

 885 

 886 

 887 

 888 

 889 

 890 

https://doi.org/10.5194/egusphere-2026-5207
Preprint. Discussion started: 11 September 2026
c© Author(s) 2026. CC BY 4.0 License.



 

36 
 

Tables 891 

Table 1. Source-resolved BrC mass absorption coefficient (MAC, m² g⁻¹) from origin-forced multiple linear 892 

regression of bulk absorption onto the PMF factor mass time series, for the online (babs,BrC at 370 nm) and offline 893 

(babs,WS-BrC at 365 nm) platforms. Bootstrap 95 % confidence intervals, variance-inflation factors and a non-negative 894 

least-squares refit are given in Table S3. The two platforms agree on the qualitative bulk attribution but invert the 895 

source ranking. 896 

OA factor Online MAC, 370 nm (m² g⁻¹) 
Offline WSOA MAC, 365 nm 

(m² g⁻¹) 
HOA / POA 0.65 0.61 
BBOA 5.66 0.64 
LO-OOA1 4.22 ~0  (LO-OOA, combined) 

LO-OOA2 2.94 — 
MO-OOA 0.07 0.88 
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 913 

Table 2. Source-resolved contribution to brown-carbon light absorption (babs,BrC) across urban and regional sites, 914 

integrating a mixed-season single-site compilation with season-matched winter East Asia. For the compiled single-915 

site studies, the contribution of each source to BrC absorption is obtained by weighting the OA-factor mass fractions 916 

reported in the cited study by this study’s measured factor mass absorption coefficients at 370 nm — combustion 917 

(biomass-burning/coal) 5.66, less-oxidized secondary (LO-/SV-OOA) 3.5, more-oxidized secondary (MO-/LV-OOA) 918 

0.07, and other primary (HOA/O-HOA/COA) 0.5 m² g⁻¹ — and normalizing to 100 % (underlying mass fractions in 919 

Table S5; Paris OOA, reported combined, split 50:50, and isoprene-OA at Centreville treated as optically weak). Seoul 920 

is this study’s measured MLR attribution. Wang et al. (2022) values are directly source-apportioned BrC absorption 921 

at 365 nm, with “combustion” = biomass-burning share and “other primary” = total primary − biomass burning; n.r. 922 

= not resolved. Independent 14C radiocarbon apportionment assigns 67 ± 3 % of Beijing’s light-absorbing organic 923 

carbon to fossil, coal-dominated combustion (Yan et al., 2017). Secondary absorption is carried almost entirely by the 924 

less-oxidized factor, since the more-oxidized OOA is optically negligible. This weighting assumes the per-source 925 

MACs are transferable between sites; because combustion (BBOA/coal) and the less-oxidized secondary factor carry 926 

MACs far above the other factors, each site’s split is governed by these two mass fractions and is essentially insensitive 927 

to the assumed MACs of the weakly-absorbing (more-oxidized secondary and other-primary) factors. 928 

Site (region) Season Combustion 

(BB/coal) (%) 
Other primary 

(%) 
Secondary 

(%) 
Reference 

This study 
Seoul, Korea winter 26 6 68 This study 
Compiled single-site studies (OA apportionment × this study’s MACs) 
Singapore tropical 0 42 58 Kasthuriarachchi et 

al. (2020) 
Shanghai, China late spring 0 7 93 Huang et al. (2012) 
SE USA 

(Centreville) 
summer, rural 32 0 68 Xu et al. (2015) 

Hong Kong winter 0 9 91 Li et al. (2015) 
Barcelona, Spain winter 35 9 56 Mohr et al. (2012) 
Helsinki, Finland spring 49 5 46 Crippa et al. 

(2014) 
Paris, France winter 40 7 53 Crippa et al. 

(2013) 
Lanzhou, China winter 66 5 29 Xu et al. (2016) 
Season-matched winter East Asia (directly apportioned, 365 nm) 
Beijing, Harbin, 

Xi’an — N. China 

(mean) 

winter n.r. 93 7 Wang et al. (2022) 

Chengdu, China winter 14 65 21 Wang et al. (2022) 
Guangzhou, China winter 0 82 18 Wang et al. (2022) 
Wuhan, China winter 38 43 20 Wang et al. (2022) 
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