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Black carbonis aglobal climate forcer due toits strong radiative absorption,
whichis highly sensitive to coating formation regulated by anthropogenic
and biogenic emissions. However, how cross-regional biogenic sources

modulate urban black carbon coating and radiative effects remains poorly
understood. Here we integrate observations and model simulations to
investigate such biogenic-anthropogenicinteractions in eastern China. The
results show that biogenic volatile organic compounds from vegetation-rich
regions undergo atmospheric oxidation to produce oxygenated organic
compounds, which are subsequently advected into downwind urban

areas. These products enhance regional atmospheric oxidation capacity
and supply additional precursors, thereby promoting secondary organic
aerosol production. This biogenic-induced strengthening of regional
photochemistry drives the formation of highly oxidized secondary

organic aerosol coatings onblack carbon and increases its fraction within
the total particle population. Consequently, black carbon absorption
efficiency increases more steeply with the coating carbon oxidation state
under biogenic-rich conditions, yielding an average ~20% enhancement
inradiative absorption from the lensing effect relative to biogenic-poor
periods. Our findings reveal that cross-regional biogenic-anthropogenic
interactions enhance both the formation and particle population fraction
of secondary organic aerosol coatings on urban black carbon, potentially
further amplifying its radiative effects as biogenic emissions increase under
future warming scenarios.

Black carbon (BC) is a global short-lived climate forcer that exerts
warming effects by strongly absorbing solar radiation' . Once emit-
ted, primarily through incomplete combustion of fossil fuels and bio-
mass, BC undergoes atmospheric ageing, transitioning from externally
mixed to internally mixed states as it acquires coatings of secondary
organic and inorganic matter*®, These coatings act as optical lenses
that amplify its radiative absorption by up to several fold*'°. Conse-
quently, understanding the environmental factors that modulate BC
ageingandits associated radiative effects is essential for constraining
its climate impacts®'"

Chemical transformation and optical properties of BC are strongly
influenced by the surrounding atmospheric composition®*"™, In
mid-latitude regions where densely vegetated landscapes adjoin
megacity corridors™, such as eastern USAY, western Europe'®, South
America® and eastern Asia?’, biogenic volatile organic compounds
(BVOCs) frequently mix with anthropogenic pollutants, shaping criti-
cal atmospheric chemical processes”** and modulating the atmos-
pheric composition over downwind urban areas'®?*. Eastern China
offers a particularly representative and globally relevant example***,
During summer, prevailing meteorological patterns—driven by
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Fig. 1| Biogenic transport enhances atmospheric oxidation and secondary
production. a,b, Spatial distributions of anthropogenic (BC) and biogenic
(isoprene) emissions during the entire field observation period. ¢, Geographical
origins of MACR from concentration-weighted trajectory analysis.

d, TROPOMI-retrieved HCHO column differences between biogenic-rich and

ASOA (ug m™)

ASOA-to-BC ratio

biogenic-poor periods. e, Modelled differences in HO, radicals. f, Observed

and simulated differencesin MDA8 ozone. g, Modelled differences in SOA
concentrations. h, Modelled SOA differences along the transport pathway from
southeastern China (SEC, left) to the Yangtze River Delta (YRD, right). i, Modelled
SOA-to-BC mass ratio differences along the SEC-YRD transport pathway.

the East Asian summer monsoon® and subtropical high-pressure
systems’*?—frequently facilitate large-scale transport of air masses
from vegetation-rich southeast China towards the densely populated
and heavily polluted urban clusters in the north**%. However, the extent
to which such cross-regional biogenic-anthropogenic interactions
modify BC ageing and radiative properties in downwind urban areas
remains unclear. The underlying mechanisms and climate-forcing
implications warrant systematic evaluations.

Here we address this gap by integrating ground-based observa-
tions, satellite retrievals and regional chemical transport modelling
toinvestigate the coupled chemical and radiative effects of biogenic—
anthropogenic interactions in eastern China. We identify that BvOC
oxidation products from southeast China are regularly transported
to the downwind urban regions, resulting in enhanced atmospheric

oxidation capacity, BC ageing and subsequent atmosphere radiative
heating. This study reveals a previously underappreciated mecha-
nismthrough which large-scale biogenic-anthropogenicinteractions
intensify BC climate-relevant effects, offering critical insights into the
multiscale coupling between biogenic and anthropogenic emissions,
atmospheric composition and regional climate forcing.

Cross-regional biogenic transport and oxidation
products

BVOCs, such as isoprene, can be rapidly oxidized in the atmosphere,
generating reactive intermediates including formaldehyde (HCHO),
methacrolein (MACR) and some semi-volatile or intermediate-volatility
organic compounds®*?*’. These oxygenated VOCs (OVOCs) can be trans-
ported over long distances and play a critical role in shaping regional
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Fig. 2| Chemical coatings of BC-containing particles. a, Relative chemical
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ring) and biogenic-poor (inner ring) periods. b, Size-resolved mass distributions
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poor periods. Data represent mean + standard deviation (s.d.) (calculated

from n=120 and n = 315 data points, respectively).d, Comparison between the
chemical composition of coatings on BC-containing particles and the bulk PM, 5
composition under biogenic-rich and biogenic-poor periods. Datarepresent
mean +s.d. (calculated from n =120 and n = 307 data points, respectively).

atmospheric chemistry?**°*', During a summertime field campaign
in 2023 in urban Nanjing, located in the Yangtze River Delta (YRD) of
eastern China, we observed representative inflows of BVOC oxidation
products undergoing regional transport. On the basis of anthropo-
genicand biogenic emission analysis (Methods), we confirmed distinct
spatial patterns during the observation period (Fig. 1a,b). Anthropo-
genic BC emissions were concentrated in central and northern China,
whereas biogenic emissions dominated the south and southeast.
Nanjing, situated on the western edge of the YRD region, lies within
a hotspot of high BC emissions (Fig. 1a). MACR is a prominent oxida-
tion product of isoprene (CsHg) under hydroxyl radical (OH) rich con-
ditions. As shown in Fig. 1c, analysis combining the back-trajectory
model with MACR measurements revealed transport pathways carrying
elevated MACR from southeastern China (SEC) into the YRD region.
Time series of MACR (Extended Data Fig. 2a,b), transport pathways
(Fig. 1c) and backward air mass trajectories (Extended Data Fig.1and
Supplementary Fig. 1) together defined two regimes: (1) biogenic-rich
periods, characterized by sustained high MACR levels and transport
across densely vegetated SEC (Fig. 1b) and (2) biogenic-poor periods,
with low MACR levels and air masses largely bypassing vegetated
regions. Satellite retrievals of HCHO columns from Tropospheric Moni-
toring Instrument (TROPOMI) (Fig.1d) further support this classifica-
tion, revealing marked enhancements (1.1 x 10" molecule cm2) in the
SEC-YRD corridor during biogenic-rich inflows. These enhancements
were reproduced by regional chemical transport simulations, which
showed elevated surface HCHO (4-7 parts per billion by volume (ppbv);
Extended DataFig.3a) and MACR (up to1.2 ppbv; Extended DataFig. 3b)
alongthe same pathway. Concurrentincreasesin hydroperoxy radicals

(HO,) (-18 pptv; Fig.1e), akey radicalin tropospheric ozone formation®,
were also simulated across the YRD region. Sensitivity experiments
withthe chemical transport model (Extended Data Fig. 4 and Methods)
confirmed that during biogenic-rich periods, HCHO and HO, levels over
eastern Chinawere strongly influenced by BVOC emissions from south-
eastern China, whereas anthropogenic VOCs had negligible effects.
Surface observations of maximum daily 8-h average (MDAS)
ozone during biogenic products advection episodes displayed spatial
patterns that mirrored those of OVOCs and HO,, with model simula-
tions in close agreement (Fig. 1f). Sensitivity analyses also further
demonstrated that ozone levels were strongly affected by biogenic
inflows, whereas anthropogenic VOCs had minimal effects from the
SECregion (Extended DataFig. 4). These resultsindicate that regional
biogenicinflows substantially elevate atmospheric oxidation capacity
and promote ozone formationin downwind urban clustersinthe YRD
region. To assess the climatological importance of such processes, we
analysed summertime air mass trajectories (Supplementary Fig. 2)
and ozone anomalies (Supplementary Fig. 3) over 2013-2023. Using
trajectory-based classifications and MACR measurements analogous
tothatinFig.1c, weidentified biogenic-richinflows each year and quan-
tified the associated ozone enhancements relative to biogenic-poor
conditions. Biogenic-rich air masses occurred each summer, with
frequencies ranging from18% to 65% (Supplementary Fig. 2) and con-
sistently yielded elevated ozone levels (approximately 10-60%) in the
YRD region (Supplementary Fig. 3), confirming the recurring nature
of this cross-regional mechanism. Beyond ozone enhancement, bio-
genicinflows also modulate the chemical sensitivity of ozone produc-
tion. As shownin Extended Data Fig. 5, NO, concentrationsinthe YRD
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region remained relatively constant during both biogenic-rich and
biogenic-poor periods. However, the chemical regime—diagnosed
using the satellite-derived HCHO/NO, column ratio (Methods)—shifted
fromaVOC-limited regime towards NO,-limited or transitional condi-
tions under biogenic-rich inflows. This shift highlights the critical role
of BVOCsinaltering atmospheric oxidation chemistry and enhancing
ozone production efficiency®*.

Chemical transport model simulations also revealed spatially
coherent increases in secondary organic aerosol (SOA) concentra-
tions, consistent with elevated ozone, OVOCs (for example, HCHO
and MACR) and HO, levels (Fig. 1e-g and Extended Data Fig. 3),
with SOA reaching up to ~17 pg m~ in the YRD region. According to
the transport pathway from trajectory-based analysis (Fig. 1c), we
further extracted the vertical profiles of simulated SOA concentra-
tions along the regional transport pathway. Figure 1h shows the SOA
enhancement during biogenic-rich periods (relative to biogenic poor),
with pronounced accumulation in the lower troposphere, peaking
above 5 pg m> within around 1km altitude. By contrast, changes in
the SOA-to-BC ratio exhibited a distinct pattern, with maxima con-
centrated at higher altitudes (-4 km) and elevated values extending
throughout the YRD column from near surface to the upper tropo-
sphere (Fig.1i). To furtherisolate the role of biogenic emissions from
the SEC region, we conducted a sensitivity simulation by turning off
BVOC emissions in the SEC region (Supplementary Fig. 4). In con-
trast to the high surface SOA levels over the YRD region in the base
case, disabling SEC biogenic emissions led to substantial SOA reduc-
tions along the transport pathway and through the vertical column
(Supplementary Fig. 4a,b), underscoring the critical role of biogenic
inflows in enhancing SOA in the YRD region.

To quantify the source contributions to SOA in the YRD region
duringbiogenic-rich periods, we applied source apportionment using
the chemical transport model (Extended Data Fig. 6 and Methods).
Regionally transported SOA from the SEC region and local SOA from
within the YRD contributed approximately 48% and 34% to surface
SOA, respectively. Contributions from anthropogenic SOA (ASOA)
and biogenic SOA (BSOA) were comparable: SEC-derived ASOA and
BSOA accounted for ~26% and -22%, whereas YRD-local ASOA and BSOA
contributed -15% and ~19%, respectively. For column-integrated SOA,
SECand YRD sources contributed ~52% and ~11%, respectively, with total
column SOA consisting of ~56% ASOA and ~44% BSOA. Notably, ASOA
fromlocal emissions increased by ~12% during biogenic-rich periods,
despite anthropogenic emissions remaining relatively stable. These
modelling results are overall consistent with observational source
apportionment from positive matrix factorization (PMF) analysis of
organic spectra in non-refractory fine particulate matter (NR-PM, ;)
measured by a time-of-flight aerosol chemical speciation monitor
(ToF-ACSM). During the entire campaign, the average organic aerosol
(OA) concentrations were 5.9 pg m™, higher during biogenic-rich peri-
ods (9.7 ng m) thanbiogenic-poor periods (4.1 pg m~) and about two-
fold lower than summer values reported in urban Beijing (-12.6 pg m)
(ref. 34). In this study, the contribution of OA to PM, s increased from
~47% during biogenic-poor periods to 61% during biogenic-rich peri-
ods, corresponding toa~137% increase in organic-mass concentration
(Supplementary Fig. 5). Moreover, the SOA factors associated with
biogenic-rich conditions, namely low oxidized oxygenated organic
aerosol (LO-O0A,,;) and more oxidized oxygenated organic aerosol
(MO-00A,,,) in PM, 5, showed substantial increases, with total SOA
concentrations rising by ~254% relative to biogenic-poor periods.
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Fig. 4 |Radiative heating enhancement induced by BC. a, Relationship between
the observed (obs.) and calculated (cal.) mass absorption cross section of BC at
880 nm (MAC,.) and the oxidation state (OSc) of BC-containing particles. Both
the biogenic-rich and biogenic-poor periods were processed using the same
OScbinintervals (ranging from -1.4 to -0.4 with a step of 0.2). For each bin,

we selected the corresponding data points and calculated the mean values of
MAC and OSc. Error bars represent the s.d. of data points within each bin. The

estimated photochemical age was derived based on the relationship shown in
Supplementary Fig. 6. b, Comparison of the estimated net radiative heating rate
during periods dominated by biogenic-rich versus biogenic-poor conditions.
Green and blue bars represent BC with secondary organic coatings under
biogenic-rich and biogenic-poor conditions, respectively, whereas grey bars
represent uncoated BC without coatings. Data represent mean +s.d. (calculated
from n=19 (biogenic-rich) and n = 37 (biogenic-poor) data points, respectively).

Correspondingly, model simulations showed a ~196% increase in
surface SOA across the YRD region. In particular, the MO-OOA,,,—a
representative-aged SOA factor typically linked to regional trans-
port—increased by -87% under biogenic-rich conditions compared to
biogenic-poor periods. Collectively, these findings demonstrate that
cross-regional transport of biogenic oxidation products from the SEC
region substantially enhances SOA production, especially for more
aged or oxidized particles, in anthropogenically influenced urban
clustersinthe YRD region.

Biogenic-induced increase in SOA coatings on BC
particles
The increased atmospheric oxidation and SOA production associ-
ated with biogenic-rich inflows are expected to substantially alter the
physico-chemical properties of BC. To investigate these effects, we
conducted detailed characterizations of BC-containing particles dur-
ing the field campaign, focusing on the composition and oxidation
of their coatings using an Aerodyne soot-particle aerosol mass spec-
trometry (SP-AMS). Figure 2 shows that biogenic-rich inflows led to
pronounced changes in the chemical composition of BC coatings, most
notablyinthe organic fraction. During biogenic-poor periods, organics
accounted for 38% of coatings, whereas this fractionincreased to 50%
under biogenic-rich conditions (Fig. 2a). Among the organic coatings,
the more oxidized oxygenated organic aerosol in BC-containing parti-
cles (MO-0O0A;.) showed the strongest enhancement, rising from 21%
to 51% of total organic coatings (Extended Data Fig. 1c,e). Temporal
variation analyses showed that BC particles with high coating amount
originated predominantly from southeastern China, coinciding spa-
tially withelevated MACR and MO-OOA levels (Extended Data Figs.1,
2and 7). During these episodes, BC size distributions shifted towards
larger diameters (Fig. 2b), reflecting increased coating accumulation.
The mass ratio of MO-OOA,. to BC core increased by up to a factor of
four relative to biogenic-poor periods (Fig. 2c). Acomparison between
MO-00A;.and MO-0O0A,,, showed that anincreasing fraction of aged
SOA was coated on BC particles (Fig. 2d). In contrast, changes in other
species, such as nitrate, sulfate and hydrocarbon-like organic aerosol
(HOA), were minor or negligible.

As illustrated in Fig. 3a, the MO-OOA,-to-core mass ratio scaled
exponentially with MACR, underscoring the link between biogenic

oxidation products and SOA condensation onto BC. To assess how BC
coatings evolved relative to the total particle population, we exam-
ined the MO-OO0A,-to-MO-O0A,, ratio (Fig. 3b). This ratio also
increased exponentially with MACR and was substantially higher dur-
ing biogenic-rich periods, confirming that SOA formed under these
conditions preferentially condensed to BC surfaces in the total par-
ticle population. The carbon oxidation state (OSc) of BC-containing
particles, calculated from the atomic oxygen-to-carbon (O/C) and
hydrogen-to-carbon (H/C) ratios (as OSc =2 x O/C - H/C) following
Kroll et al. (ref. 35), likewise increased exponentially with MACR con-
centrations (Fig. 3c). In this study, the OSc values ranged on average
from -1.4 to —0.5, slightly higher than those reported by Wang et al.
(ref.36) forurbanBeijingin summer (-1.3to—0.8) and by Lee et al. (ref. 8)
in vehicular-influenced station in Fontana (-1.25to -0.95). Concurrent
increasesinthe MO-OOA; fractionindicate that biogenic-rich inflows
enhanced the oxidation state of BC particles through the formation of
highly oxidized secondary organic coatings. Figure 3d shows that OSc
was positively correlated with the coating-to-core mass ratio (Ryc),
accompanied by a concurrent increase in the fractional contribution
of MO-OO0A, within total coatings. This relationship indicates that
as the oxidation state of BC-containing particles increased, both the
total coating mass and the relative abundance of more oxidized SOA
componentsalso grew. Such a patternis overall consistent with previ-
ous observations across diverse environments, including wintertime
London™, urban areas in California® and summertime Beijing™.
Additional evidence was used to assess the biogenic-induced
impacts on BC coating formation relative to the total particle pop-
ulation. Hydroxyl radical (OH) exposure ([OH]A®), an indicator of
atmospheric oxidation processing derived from observed VOCs
(Methods), was strongly correlated with ozone, both following expo-
nential trends (Supplementary Fig. 6). The OSc shows good positive
correlations with both ozone and the estimated photochemical age
(Supplementary Fig. 6c¢), reinforcing the important role of atmos-
pheric photochemical processes in BC ageing. Chemical transport
model source apportionment indicated that ~70% of BC mass during
biogenic-rich periods originated within the YRD region, with ~16%
transported from southeastern China. SOA precursor analysis fur-
ther showed that glyoxal and methylglyoxal received ~20% and ~32%
of contributions from SEC biogenic emissions, respectively, while
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synergistic effects of enhanced atmospheric oxidation capacity and additional
biogenic organics. These interactions play a critical role in regulating BC coating
formation within the total particle population, thereby amplifying lensing
enhancement and localized radiative heating.

isoprene epoxydiols (IEPOX) was -56% regionally sourced. These
biogenic-derived products may partly explain the enhanced SOA con-
densing onto BCsurfaces. Supporting this interpretation, the SP-AMS
fragmention C;H,O" associated withisoprene-derived SOA'®, as shown
in Supplementary Fig. 7, correlated well with both MACR (r= 0.65)
and MO-OO0A;. (r=0.90). Importantly, aromatic hydrocarbons of
anthropogenic origins® were lower during biogenic-rich periods
(Extended DataFig.2c).Suchreductionsimply that the enhanced SOA
coatings could potentially originate from oxidized aromatic precur-
sors, whose availability in the gas phase was diminished under condi-
tions of biogenic-enhanced atmospheric oxidation. Taken together,
the exponential increases in BC coatings relative to the total particle
population (Fig. 3b) and their oxidation state (Fig. 3c,d) pointed to
enhanced atmospheric oxidation capacity—a boost by biogenic-rich
inflows—as an important driver of BC coating formation. Under such
conditions, SOA precursors from both local anthropogenic sources
andregionally transported biogenic inflows probably condensed more
efficiently onto BC, explaining the disproportionately greater coating
growth on BCrelative to the total particle population.

Radiative heating enhancement and atmospheric
implications

Enhancement of BClight absorption due to the coating has been widely
observed across diverse environments™"*** with its magnitude vary-
ing substantially depending on the extent of particle ageing'>*°. Here
we assess the modulation of BC absorption by cross-regional biogenic
inflows using observation-based and SP-AMS-constrained Mie mod-
elling approaches to quantify the BC mass absorption cross section
(MAC) values (Fig. 4a and Methods). Across the campaign, the aver-
age MAC at 880 nm was 5.1+ 0.7 m>g !, which was comparable to the
literature observationsin the USA*", but somewhat lower than values
reported previously in summertime Nanjing (for example, 7.7 + 2.7 m?
g'at 781 nm) (ref. 41) and notably below values from western Euro-
pean cities such as Paris (8.6 m? g™ at 880 nm) (refs. 39,42). During
biogenic-rich periods, the MAC averaged 5.8 + 0.8 m?g™, about 22%

higher than the 4.7 + 0.3 m?g ' observed during biogenic-poor condi-
tions. Mie model simulations yielded higher MAC values (7.9 +1.0 and
6.4+ 0.7m?g " for biogenic-richand -poor periods, respectively), ~24%
above observations yet consistent with the observed enhancement
(Fig. 4a). Because absorption at 880 nm is barely sensitive to brown
carbon, the observed increase in the MAC can be primarily attributed
to the lensing effect**",

Both observed and modelled MAC exhibited overall consistent
increases with coating carbon oxidation state and photochemical age
inferred from VOC ratios (Methods), consistent with the concurrent
increase in coating amount (Fig. 3d). The modelled MAC values were
systematically shifted upward by ~1-2m?g compared with the measure-
ments. This bias was comparable to earlier reports in California®” and
probably reflects atendency of core-shell Mie models to overestimate
absorption enhancement when particle heterogeneity®® and realistic
morphologies*™* were not accounted for, particularly in the absence
of single-particle BC measurements and morphology information in
this study. Under biogenic-poor conditions, MAC showed only mod-
est sensitivity to the oxidation state, whereas biogenic-rich inflows
induced amarkedly steeper increase, indicating that more extensively
aged BC experienced absorption enhancement. Overall, these trends
were comparable to those reported in relatively near-source urban
environments®”. These findings demonstrate a link between BC light
absorption and the oxidation state of its organic coatings under pho-
tochemical ageing, with the oxidation state serving as a proxy for the
extent of ageing®". To further quantify the atmospheric radiative effect
ofthisenhanced absorption, we estimated BC-induced radiative heating
(Fig.4b) andforcing (Supplementary Fig. 8). During biogenic-rich peri-
ods, BC-induced radiative heating within the planetary boundary layer
reached ~0.17 K d™, a 21% increase relative to uncoated BC (0.14 K d™).
In biogenic-poor periods, heating was ~0.10 K d' compared to 0.09 K
day*foruncoated BC, corresponding to an11% enhancement. Similarly,
BC-induced top-of-atmosphere shortwave radiative forcing increased
from-1.01 W m2(uncoated) to-1.18 W m2during biogenic-rich periods
and from -0.65 W m2to-0.68 W m2 during biogenic-poor periods.
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To capture the broader implications of this mechanism, Fig. 5
presents a conceptual framework illustrating how biogenic-anthro-
pogenicinteractions influence BC coating formation relative to the
total particle population and radiative heating in downwind urban
regions. BVOCs—emitted in areas of dense vegetation—are readily
oxidized into arange of oxygenated products, including SOA precur-
sors such as IEPOX*¢, glyoxal and methylglyoxal* and OVOCs such
as MACR, methyl vinyl ketone (MVK) and HCHO**¢, These products
couldbe transported to urbanreceptor regions with high anthropo-
genic emissions, enhancing regional atmospheric oxidation capac-
ity (for example, O;, HO, and RO,) while also supplying additional
condensable organics. Accelerated BC coating formation arises
from the synergistic effect of strengthened oxidation capacity and
increased biogenic organics. Consequently, cross-regional biogenic—
anthropogenicinteractions exert akey rolein regulating BC second-
ary organic coating formation within the total particle population,
thereby intensifying lensing enhancement and radiative heating.
This mechanism is probably widespread in regions where biogenic
emissions intersect with anthropogenic pollution under conditions
of regional transport. Under future carbon neutrality and climate
mitigation strategies, which often involve large-scale afforestation
andincreased vegetative cover, BVOC emissions are expected torise,
potentially strengthening these cross-systeminteractions. Enhanced
BCradiative forcing could contribute to additional warming and trig-
ger feedbacks that further stimulate VOC emissions, complicating
regional atmospheric chemistry.
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Methods

Field measurements and data analysis

A comprehensive field campaign was conducted from 5July to 2 August
2023 inurbanNanjing (32°12’ N, 118° 42’ E), amajor megacity in eastern
China’s economically developed region. The local climate exhibits
strong seasonal variability, with prevailing southerly winds insummer
that transport air masses from southeastern China—a region charac-
terized by dense forest cover and high biogenic VOC emissions. These
meteorological and emission features make Nanjing a representa-
tive receptor site for investigating biogenic-anthropogenic interac-
tions. Locally, the site is situated near a major traffic corridor and is
surrounded by industrial facilities, both of which serve as important
sources of BC. Temporal variations in key meteorological parameters—
relative humidity, air temperature, wind speed and direction, solar
radiation and precipitation—are shown in Supplementary Fig. 9.

To investigate the chemical composition and oxidation state of
BC-containing particles, we deployed a soot-particle aerosol mass
spectrometer (SP-AMS, Aerodyne ResearchInc.)” preceded by aPM, ;
cyclone (URG-2000-30EN) to exclude coarse particles. Ambient air
was first dried using a silica gel dryer to prevent moisture interfer-
ence. The SP-AMS was configured to exclusively detect refractory
black carbon (rBC) containing particles, using a1,064 nm infrared
laser vaporizer. The standard vaporizer was removed to avoid inter-
ference from non-refractory species. Instrument operation and cali-
bration followed established protocols®**. To increase sensitivity
to low-concentration rBC, the instrument cycled between Particle
Time-of-Flight (PToF, 30 s) and high-resolution time-of-flight (HR-ToF,
120 s) modes in an approximately 2.5-min cycle. Background correc-
tion and limit of detection were determined from a 60-min filtered air
sample collected mid-campaign, with limit of detection defined as
three times the standard deviation of background signals. lonization
efficiency (IE) and relative ionization efficiency (RIE) were calibrated
using standards of ammonium nitrate, ammonium sulfateand 300 nm
BC particles (REGAL 400 R, Cabot). A C,"/C," ratio of 0.65 was used to
correct forinterference from organic fragments in rBC quantification.
Final RIE values were: 4.53 (NH,), 1.10 (NO,), 1.30 (SO,), 0.17 (rBC), 1.3
(chloride, Chl) and 1.4 (organics, Org). Particle size calibration was per-
formed using polystyrene latex spheres from100 to 700 nm. A constant
collection efficiency of 0.5 was applied, consistent with a prior study*.

Complementary measurements of non-refractory PM, ;chemical
composition were obtained using atime-of-flight aerosol chemical spe-
ciation monitor (ToF-ACSM, Aerodyne Research Inc.)** equipped witha
PM, ;aerodynamiclensandstandard vaporizer. Theinlet was dried using
aNafiondryer (PermaPure, MD-700-24F-3). The ToF-ACSM quantified
major bulk aerosol chemical composition in NR-PM, ; constituents,
including Org, NO,, SO,, NH, and Chl. Though thisinstrument provides
robust bulk chemical profiles, it uses standard vaporization at 600 °C
and electron impact ionization. Relative ionization efficiencies used
were: 3.7 forNH,, 0.92 for SO,, 1.5 for Chland adefault of 1.4 for organics.
Acollectionefficiency of 0.5was used. Supplementary Fig. 10 shows the
correlation between total NR-PM, s from ToF-ACSM and gravimetrically
determined PM, s mass concentrations, revealing strong consistency
(r=0.83, slope=0.85), validating the reliability of the ToF-ACSM data.

Toevaluate theradiativeimpacts of BC, aseven-wavelength Aeth-
alometer (AE33, Magee Scientific)’** was used to measure PM, s light
absorption coefficient (b,,). MAC at each wavelength was calculated
by dividing the measured absorption by rBC mass concentrations from
the SP-AMS (equation (1)). In this study, we used the MAC at 880 nm, a
near-infrared wavelength minimally affected by brown carbon absorp-
tion, making it a reliable indicator of pure BC absorption'. Variations
in MACgq, were therefore primarily attributed to the lensing effect
associated with light-absorbing coatings on BC particles.

babs

MACsc = 1BCj

@

The Aethalometer infers absorption coefficients from the attenu-
ation of light through particles collected on a filter tape®. However,
this filter-based method is subject to several artefacts®*>°, These
include (1) multiple light scattering within the filter matrix>*~%, (2) the
filter loading effect due to particle accumulation®*"*° and (3) cross
sensitivity to scattering material deposited on the filter®-*>. These
artefacts caninfluence the apparent absorptionrelative to suspended
particles. The attenuation signal (b,ry) at each wavelength is related
tothe b, through equation (2):

b
bops = N ?)

where Cis the multiple-scattering parameter, which depends both
on the filter tape used and on the optical properties of the deposited
particles®***%2, Inthe AE33 mode of Aethalometer, the loading effect is
corrected online by the dual-spot technology, which appliesreal-time
compensation based onthe attenuation difference between two filter
spotssampled at different flow rates®. In this study, aerosols were col-
lected on two filter spots at 3.3 and 1.7 | min™, respectively, using the
widely adopted M8060 filter tape®. For this tape, a default reference
value (C,=1.39) was pre-set in the instrument. However, we adjusted
this value based on a harmonization factor (H=1.78) obtained from
our previous field intercomparison between the Aethalometer and
photoacoustic extinctiometer during wintertime in urban Nanjing
(Supplementary Fig.11). This correction yielded a final Cvalue 0f2.47,
whichis overall comparable to values reported for previous studies®>**,
To further minimize artefacts, potential interferences from relative
humidity were reduced by installing a dryer upstream of the instru-
mentinlet. It should be noted that Cis not constant over time andis also
influenced by the so-called ‘cross sensitivity to scattering’ effect®-®*,
which can be parametrized by equation (3).

b ATN

babscorr = T —ms X bscatt 3

where b ..o i the corrected absorption coefficient, b, is the scat-
tering coefficient and mis describing the additional attenuation due
to the presence of scattering material in the filter. In this study, s,
was estimated using PM, s chemical composition from the ToF-ACSM,
based on aregression model (Supplementary Fig. 12) obtained from
collocated photoacoustic extinctiometer scattering measurements
at870 nmand aPM, ;quadrupole-ACSM chemical composition during
autumn in urban Nanjing®. Assuming a maximum upper bound of m
value 2.5% (ref. 55), the resulting potential uncertainty in the MAC value
was estimated at ~11% (Supplementary Fig.13).

VOCs measurements and photochemical age estimation
Ambient concentrations of selected VOCs, including o-xylene, ethylb-
enzene, isoprene, acetylene and methacrolein, which were measured
hourly using an online dual-column gas chromatograph coupled with
mass spectrometer and flame ionization detector (GC-MS/FID) sys-
tem®. OH exposure ([OH]A¢) of observed air masses was estimated
using the VOCs ratio method, assuming an ideal, isolated well-mixed
air parcel unaffected by mixing or fresh emissions (equation (4)).

1 HC, HC,
(o) w1 )@
kuc, — kuc, ( HG, /, HG, /.,

where HC, and HC, are two hydrocarbons with substnatially different
reactivities, which should either have similar sources or exhibit rela-
tively consistent ratios across different emission sources®”**. ky, and
kuc, represent the reaction rate constants of HC, and HC, with the

OHradical,respectively.Theratios(:—(C:‘) and(:—g‘) correspond tothe
2t 2ty

[OH]At =
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emission and measured ratios of HC,/HC,. In this study, o-xylene and
ethylbenzene were chosen to calculate [OH]At due to their common
sources, differing reaction rates with OH and suitability for first-order
kinetic analysis. The emission ratio of o-xylene/ethylbenzene was
estimated to be 0.91, based on the 95th percentile of measured
o-xylene/ethylbenzene ratios (Supplementary Fig. 14). Assuming the
average OH radical concentration of 1.5 x 10° molecule cmbased on
measurements conducted in the YRD region during the summer of
2019, the photochemical age (At) was estimated. Further methodo-
logical details can be found in refs. 48,67,68. To apportion sources of
MACR-akey oxygenated VOC associated with isoprene oxidation—we
employed anonlinear source apportionment framework based onthe
approach of ref. 67. Observed MACR was partitioned into four compo-
nents: anthropogenic primary emissions, anthropogenic secondary
formation, biogenic sources and background. Isoprene was used as a
tracer for biogenic emissions and acetylene as amarker for anthropo-
genic primary sources.

Additionally, in situ measurements of NO, and O, were continu-
ously recorded at the field site using standard online gas analysers.
Meteorological variables—including temperature, relative humid-
ity, wind speed and direction and rainfall-were measured using an
automatic weather station co-located with the sampling platform.
In addition, hourly ground-level air quality data for O,, NO,and PM, 5
were obtained from the National Environmental Monitoring Center of
China (https://air.cnemc.cn:18007/). These datawere used to evaluate
the regional representativeness of our measurements and to extend
our analysis to broader spatial scales.

Source apportionment of OA

High-resolution SP-AMS data were processed using the standard
ToF-AMS software suite (SQUIRREL v1.59D and PIKA v1.19D) within
the Igor Pro. Mass concentrations of rBC and its associated coatings
were obtained by fitting V-mode mass spectra, whereas size distribu-
tions were derived from PToF data and normalized by mass. The size
distribution of rBC particles was quantified using the minimally inter-
fering C," fragment ion (m/z 24), following established protocols’"".
Elemental ratios of organics, including O/C, H/C, nitrogen-to-carbon
(N/C) and organic-mass-to-organic-carbon ratio (OM/OC), were cal-
culated from high-resolution mass spectra using both the traditional
Aiken-Ambient (A-A) method’?and the improved I-A method”. Consist-
ent results were obtained from both approaches; the I-A method was
ultimately adopted, yielding average ratios of O/C =0.33, H/C=1.5,
and OM/OC=1.6.

Toidentify major OA sources, Positive Matrix Factorization (PMF)
was applied to high-resolution organic spectra using the PMF Evalua-
tion Tool™, following diagnostic criteria outlined by ref. 75. A five-factor
solutionwas selected, comprising two primary organic aerosol (POA)
factors—hydrocarbon-like OA (HOA,.) and rBC-rich OA—and three SOA
factors: alocally derived low-oxidation oxygenated OA (LO-OOA ),
aregionally transported low-oxidation OA (LO-OOA Il) and a more
oxidized OA (MO-OOA;.). Supplementary Fig. 15 presents the
mass spectral profiles and diurnal variations of these five factors,
demonstrating their distinct signatures and temporal behaviour
consistent with known POA and SOA sources. Additional PMF diag-
nostics supporting factor separation and robustness are provided in
Supplementary Fig. 16.

Bulk OA source apportionment was also performed on ToF-ACSM
measurements, yieldingfivefactors: HOA,;, COA, i, oxygenated COAy .,
LO-O0A,, and MO-O0A,,,.. Supplementary Fig. 17 shows the mass
spectraand diurnal cycles of these factors, consistent with established
POA and SOA signatures. Detailed diagnostics results from the PMF
analysis are shownin Supplementary Fig.18. COA-related factors were
notobserved in SP-AMS data, which aligns with prior findings in many
urban environments®**1*52707 indicating that cooking emissions are
generally not associated with rBC-containing particles.

To assess the plausibility of the identified factors, a series of
cross-comparisons was conducted (Supplementary Fig. 19). The bulk
HOA factor resolved from ToF-ACSM displayed a strong correlation
with NO,, consistent with its traffic-related origin, thus validating the
source attribution. Further comparison between HOA,,;, and HOAg.
revealed a good correlation (r=0.54, slope = 0.85), indicating that an
important fraction of HOA is internally mixed with BC. This result is con-
sistent with observationsin other urbanlocations®***>7°7, where traffic
emissions are known to co-emit BC and POA. Similarly, the MO-OO0Ag.
and MO-OO0A,,, showed a strong correlation (r = 0.80, slope = 0.28),
indicating ashared source, albeit with lower mixing efficiency with BC
than HOA. MO-0O0A,,, also exhibited good correlation with sulfate,
supportingits attribution to regional secondary formation processes
common in summer urban atmospheres. For the LO-OOA factor, two
distinct BC-containing components (LO-OOA;-Iand LO-OO0Ag II) were
resolved in SP-AMS data, probably reflecting different secondary forma-
tion pathways. In contrast, only one composite LO-OOA,,, factor was
identified inthe ToF-ACSM analysis, possibly due to its lower chemical
resolution. A comparison of the summed LO-OOA;. I and Il with the
LO-OO0A,, showed higher correlation than comparisons with either
individual factor, suggesting that the LO-OOA,,,, represents acombined
signature of both BC-containing LO-OOA components. This consistency
supports the robustness of the factor attribution across instruments.

BC absorption calculation with the Mie model

To simulate the influence of non-BC coating materials on the light
absorption of BC-containing particles associated with the lensing
effect, we employed a core-shell Mie model constrained by field obser-
vations. BC-containing particles were treated as spherical cores sur-
rounded by concentric coatings of non-BC material, with the coating
mass assumed to be homogeneously distributed across all BC particles.
Parameters describing the BC core size distribution and coating mass
were derived from the SP-AMS measurements. The relative coating
thickness, expressed as theratio of particle radius (rparicie) to cOre (reore),
was calculated using the method developed by Cappa et al.’:

TIparticle _ 3\/mcoating PBC rl= 3\/RBC Psc 5)

T'eore pcoating Mpc pcoating

where mpc and meq,ing are the measured mass concentrations of BC
coresand coatings, respectively, and p denotes species-specific densi-
ties. Ryc refers to the ratio of mggyng to myc. We used densities of
1.8 gcm>forBC,1.7 g cmforinorganics,1.0 gcm>forHOA, 1.4 gcm™
for OOA factors®. Optical properties were parameterized using acom-
plex refractive index of 1.88 + 0.8i for the BC core® and 1.5 + Oi for the
non-BCshell”” at 880 nm.

Particle time-of-flight (pToF) measurements were conducted using
the SP-AMS to determine the vacuum aerodynamic diameter (D,,) of
black carbon (BC)-containing particles”. Individual pToF traces were
obtained for different chemical species within the BC-containing aero-
sols, including BC, OA, sulfate, nitrate, ammonium and chloride.
Although the SP-AMS primarily detects BC-containing particles, the
observed D,, for each particle reflects contributions from both the BC
core and its non-refractory coating materials (NR-PM;.). Hence, the
pToF-derivedsize distribution represents acombination of these two
components. Following Cappa et al. (ref. 6), the measured D,, can be
converted to the volume-equivalent diameter of the BC core (D, gc)
using equation (6):

P H
Dyenc = (z—‘;xvnva) ( pp[;cfsc) ©)

where p, is the effective density of the BC-containing particle (includ-
ingboth BCand coating materials), p, is the reference density (1g cm™)
and x, is the dynamic shape factor that accounts for particle
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non-sphericity in drag force calculations. The value of x, equals 1 for
spherical particles and exceeds 1 for non-spherical particles. In this
study, because no direct measurements of particle morphology were
available, aerosol particles were assumed to be spherical and a shape
factor x, = 1wasapplied.

Satellite observation and data analysis

Daily measurements of column densities of nitrogen dioxide (NO,)
and HCHO were acquired from the TROPOMI satellite sensor (Level 2
Product). To ensure the quality of the data, we applied specific quality
assurance criteria, requiring values larger than 0.75 for NO, and larger
than 0.5 for HCHO when selecting data pixels. Finally, the typical pixel
size of the spectral bands in the TROPOMI data (approximately 7 x
3.5 km?) was aggregated to match the standard grids of the meteoro-
logical field (0.25° x 0.25°).

Tropospheric ozone formation exhibits a nonlinear response
to its precursors and can be broadly categorized into three sensitiv-
ity regimes: VOC-limited, NO,-limited and transitional (or mixed)
regimes’®. The ratio of HCHO to NO, column densities—commonly
referred to as the formaldehyde-to-NO, ratio (FNR)—serves as awidely
adopted indicator of ozone formation sensitivity in satellite-based
diagnostics””. Inthis study, ozone sensitivity regimes during summer
2023 were classified based onthe mean (FNR,,,;) and standard deviation
(FNRy,) of daily FNR values’*°. Specifically, regions were diagnosed as:

(1) vOClimited when FNR,,, <4.0 and FNR,,, + FNR; < 6.0;
(2) NO, limited when FNR,,, > 4.0 and FNR,,, —~ FNRy, > 2.0;
(3) Transitional otherwise.

Backward trajectory analysis

Toidentify the geographic origins and transport pathways of air masses
influencing the sampling site, 48-h backward trajectories were calcu-
lated at 100 m above ground level using the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model®, with meteorologi-
calinput from the Global Data Assimilation System (GDAS). Trajectories
were initiated at hourly intervals throughout the campaign to ensure
high temporal resolution. To assess the potential source regions associ-
ated with elevated levels of SOA and oxygenated VOCs such as MACR,
we applied the concentration-weighted trajectory (CWT) approach®.

Chemical transport model simulations

The Community Multiscale Air Quality model (CMAQV5.2)%%, coupled
withamodified SAPRCO7tic chemical mechanismand the AEROG6i aero-
sol module, was used to simulate the evolution of air pollutants over
eastern Chinafrom1July to1August2023. This model hasbeen widely
adoptedinsimulating SOA formationinthe USA, Chinaand other Asian
countries withacceptable performances®*%%¢, The modelling domain
(Supplementary Fig. 20) has a horizontal resolution of 36 km x 36 km,
with 18 vertical layers extending from the surface up to approximately
21 km above ground level. A precursor-tagging approach was incorpo-
rated into the gas-phase mechanismto quantify the formation of SOA
from emissions originating in different regions®. A unique label was
assigned to all precursor VOCs emitted from a specific region and to
their subsequent oxidation products (for example, VOC_X1+ OH >
Prod1_X1+Prod2_X1+...),enabling the distinction of SOA formed from
emissionsinthe targeted region from that generated elsewhere within
the simulation domain. A similar tagging approach was applied tothe
emissions of BC from different regions for source apportionment. To
better represent SOA formation from monoterpene oxidation, the
model was updated with a six-bin volatility basis set parameteriza-
tion®®. Additionally, an enhancement in NO, heterogeneous uptake
by aerosols under high ionic strength conditions was also taken into
account®. To assess the influence of biogenic and anthropogenic VOC
emissions from the SEC region on the atmospheric oxidation capac-
ity in the YRD, another two sensitivity scenarios were designed in

which the respective SEC BVOC and AVOC emissions were set to zero
(Supplementary Fig.20), while all other emissions and meteorological
fields were kept identical to those in the base case.

Meteorological fields were generated using the Weather Research
and Forecasting model version4.2.1, withinitial and boundary condi-
tions from the National Centers for Environmental Prediction (NCEP)
Final (FNL) Operational Model Global Tropospheric Analyses dataset.
Anthropogenic emissions were derived from the Multi-resolution
Emission Inventory for China (MEICv1.4)°*" for mainland China and
from the Regional Emission inventory in ASia (REASv3.2.1) for other
regions of the domain®% Biogenic emissions were generated by the
Model of Emissions of Gases and Aerosols from Nature (MEGANv2.1).
Open biomass burning emissions were obtained from the Fire INven-
tory fromNCAR (FINNv2.5)”>. The boundary and Initial conditions were
based on the default CMAQ profiles. The first five days were treated as
spin-up and excluded from the analysis.

Supplementary Fig. 21 shows time series comparisons of simu-
lated and observed concentrations for OA, SOA and ozone. The model
captures the general diurnal and episodic variations for most species.
Quantitative statistical metrics show reasonable agreement across
variables. For example, the root meansquare error for OA,SOAand O,
were 6.6 ugm>,6.2 ug m>and49.3 pg m3, respectively, while theindex
of agreement exceeded 0.51 for most species. Supplementary Fig. 22
presents spatial comparisons for 05, NO,and PM, ;across eastern China.
Overall, the spatial distribution of the simulated values is in excellent
agreement with the observed concentrations. The model success-
fully reproduces the major spatial gradients, including urban-rural
contrasts and regional pollution hotspots. These evaluation results
collectively suggest that the model provides areasonable representa-
tion of bothtemporal dynamics and spatial patterns of key atmospheric
pollutants. The adequate reproduction of SOA and OA variability sup-
ports the credibility of the model in capturing SOA formation and
chemical ageing processes, thus providing a robust foundation for
interpreting the biogenic influence on urban air quality.

Simulation of radiative heatingrate

Toassess the contribution of BC to atmospheric radiative heating and
forcing, we performed radiative transfer simulations using the Santa
Barbara DISORT Atmospheric Radiative Transfer (SBDART) model**®
under two contrasting scenarios. In the BC-present case, the aerosol
optical depth attributable to BC was derived from ground-based Aeth-
alometer absorption measurements, with vertical attenuation assumed
to follow an exponential decay profile characterized by a scale height
of 1.5km (ref. 96). The single scattering albedo and asymmetry param-
eter were specified as 0.2088 and 0.366, respectively, based on values
fromthe optical properties of aerosols and clouds (OPAC) soot aerosol
optical property database”. Toisolate BC-drivenradiative effects from
brown carbon at low-wavelength bands and maintain consistency with
ourabsorption analysis, absorption coefficients at other wavelengths
were estimated from the 880 nm Aethalometer measurements. The
absorption Angstrom exponent of 1 (ref. 98) was obtained via spectral
fitting of multi-wavelength BC absorption data. It should be noted that
these simulations account solely for BC-induced heating, excluding
contributions from other light-absorbing aerosols.

We used SBDART to simulate shortwave heating rate profiles
and top-of-atmosphere (TOA) shortwave radiative fluxes over the
study period under clear-sky conditions. Meteorological input fields,
including 3-hourly vertical profiles of temperature and humidity,
were obtained from the MERRA2 reanalysis product. Simulations
were conducted for both BC-present and BC-absent scenarios, with
all other parameters (for example, surface albedo, non-BC aerosol
properties and atmospheric profiles) held constant. The BC-absent
scenario allowed isolation of the radiative effects attributable solely
to BC. Radiative fluxes were calculated at 3-h intervals for each verti-
cal layer, and corresponding heating rate profiles were derived. The
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net atmospheric heating induced by BC was determined as the dif-
ference between BC-present and BC-free heating rates. In this study,
we focus on the boundary-layer heating rate, defined as the mean
shortwave heating rate from the surface to 1 km altitude. Similarly,
BC-induced direct radiative forcing at the TOA was calculated as the
difference in upward radiative fluxes between the two scenarios (that is,
BC-present versus BC-free). To further evaluate the role of absorption
enhancement from BC coatings, we performed a sensitivity analysisin
which uncoated BClight absorption coefficients were estimated using
SP-AMS-measured rBC mass concentrations and a mass-normalized
absorption cross section of 7.5+ 1.2 m? g™ at 550 nm for uncoated
particles”. Heating rates and radiative forcing values for uncoated
BCwere then calculated using the same SBDART framework, allowing
comparison with the coated-BC results to quantify the contribution
of lensing effects. Finally, sensitivity tests showed that uncertainties
in the Aethalometer absorption scale nearly linearly with simulated
BC-induced heating and forcing, implying thatinstrument uncertainty
translates proportionally into the radiative estimates.

Data availability

The datasets supporting the findings of this study, including those
used inthe main-text figures and Extended Data figures, are available
viaZenodo at https://doi.org/10.5281/zenodo.17841634 (ref.100). The
ground-level air quality data were obtained from the National Envi-
ronmental Monitoring Center of China (https://air.cnemc.cn:18007/).
The TROPOMI satellite data were accessible at https://dataspace.
copernicus.eu/. The back-trajectory data were from the Global Data
Assimilation System (GDAS), which can be downloaded at https://
www.ready.noaa.gov/data/archives/gdasl/. Additional data are avail-
ableuponrequest.

Code availability

The ToF-AMS software used for SP-AMS data analysis is available
at https://ciresl.colorado.edu/jimenez-group/ToFAMSResources/
ToFSoftware/. The PMF analysis was performed using the PET PMF
toolkit, available at https://ciresl.colorado.edu/jimenez-group/wiki/
index.php/PMF-AMS_Analysis_Guide. ToF-ACSM datawere processed
with Tofware, whichis available from its distributors, Tofwerk AG and
Aerodyne Research Inc. The source code of the CMAQ model can be
obtained via Github at https://github.com/USEPA/CMAQ/tree/5.2.
Backward trajectory simulations were conducted using the HYSPLIT
model, available at https://www.ready.noaa.gov/HYSPLIT.php. The
CWT analyses were implemented using Igor-based code provided by
the ZeFir project at https://sites.google.com/site/zefirproject/down-
load. Radiative heating calculations were performed using SBDART,
available via Github at https://github.com/paulricchiazzi/SBDART.
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Extended Data Fig. 3| Biogenic-enhanced oxygenated productions. a. and b. Simulated differences in surface HCHO and MACR concentrations between
biogenic-rich and biogenic-poor periods.
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Extended DataFig. 4 | Sensitivity of atmospheric oxidants to emissions. The (Control-II, ¢, f, i) show the differences in delta between sensitivity cases and the
first column (ABase, a, d, g) shows differences of HCHO, HO, radical, and MDA8 base case. For the two sensitivity cases, emissions of biogenic VOCs (Contro-I)
0, concentrations between biogenic-rich and biogenic-poor in the base case, and anthropogenic VOCs (Control-II) in the SEC region are set to zero.
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Extended DataFig. 5| Distribution of observed NO, concentrations and c.andd. Ozone production regime classifications - VOC-limited, NO,-limited,
ozone production regimes. a. Surface-observed NO, concentration differences and transitional - identified based on the satellite-derived HCHO/NO, column
between biogenic-rich and biogenic-poor periods, respectively.b. Same as a, ratio method during biogenic-rich (c) and biogenic-poor (d) conditions,
but for tropospheric NO, column densities retrieved from satellite observations. respectively.
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Extended Data Fig. 7| Geographical origins of secondary organic aerosols. aand b. Two-day backward dispersion maps for air masses arriving at the Nanjing
sampling site (black solid circle), based on the CWT method. Shown are CWT-derived source regions associated with elevated mass concentrations of (a) MO-OOAg.
and (b) MO-0O0A,,.
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