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Radiative cooling in NewYork/New Jersey
metropolitan areas by wildfire particulate
matter emitted from the Canadian
wildfires of 2023

Check for updates

Georgios A. Kelesidis 1,2 , Constantinos Moularas1,2, Hooman Parhizkar1, Leonardo Calderon3,
Irini Tsiodra 4, Nikolaos Mihalopoulos4,5, Ilias Kavouras6, Marios-Bruno Korras-Carraca7,
Nikolaos Hatzianastassiou7, Panos G. Georgopoulos1, José G. Cedeño Laurent1 & Philip Demokritou1

Wildfire particulate matter from Canadian forest fires significantly impacted the air quality in the
northeastern United States during the summer of 2023. Here, we used real-time and time-integrated
instrumentation to characterize the physicochemical properties and radiative effects of wildfire
particulate matter reaching the metropolitan areas of New Jersey/ New York during this extreme
incident. The radiative forcing of−352.4W/m2 derived here based on themeasured optical properties
of wildfire particulatematter explains, to some extent, the ground level temperature reduction of about
3 °C observed in New Jersey/ New York City during this incident. Such negative radiative forcing in
densely populated megacities may limit natural ventilation, increase the residence time of wildfire
particulate matter and background air pollutants, exacerbating public health risks. This study
highlights the importance of radiative effects from wildfire particulate matter in densely populated
areas and their potential implications for climate, air quality and public health.

Climate change has increased dramatically the frequency, duration and
intensity ofwildfireswith over 28,000 km2 of land burnt every year in theUS
alone1.During the summerof 2023,wildfires burntmore than66,000 km2of
land in Canada. The wildfire particulate matter (WFPM) emitted by such
extreme incidents impacts the climate2 and the health3 of communities
living nearby, but it can be also transported over long distances and reach
metropolitan areas (e.g. in New York State4) affecting millions of people.

In atmospheric science, the carbonaceous aerosols of WFPM are dis-
tinguished between black and organic carbon (OC), while the light
absorbing component ofOC is called brown carbon5. Black carbon particles
consist of non-volatile elemental carbon (EC) and coagulate to form fractal-
like agglomerates6. In contrast, brown carbon particles are typically sphe-
rical and contain mostly volatile and semi-volatile organic carbon (OC), as
well as small amounts of EC7–9. Polycyclic aromatic hydrocarbons (PAHs)

generated during the wildfire adsorb on the surface of black and brown
carbon and, as shown in emerging toxicological studies, can contribute to
their bioactivity10–12. In this regard, exposure toWFPMhas been linkedwith
respiratory12, cardiovascular13 and neurological14 disorders, but further
epidemiological and mechanistic toxicological studies are required to
quantify accurately its public health impact.

While the link ofWFPMtohumanhealthhas beenmade, its impact on
the atmospheric dynamics and especially on the microclimate of major
metropolitan areas and megacities is not well documented and studied15.
The climate effect ofWFPM is quantified by its direct radiative forcing, RF,
that depends on its light absorption and scattering16. Black carbon
agglomerates absorb strongly light17 and further lift the wildfire plume
extending its lifetime in the stratosphere and contributing to its long-
distance atmospheric transport18. In contrast, brown carbonmostly scatters
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light due to its large OC content8. Freshly-emitted brown carbon particles
may also absorb light depending on their chromophore andECcontent19, as
well as on the volatility of their OC20. It is also well known that during
atmospheric transport and aging under sunlight, brown carbon particles
undergo photo-oxidation reactions with O3 and OH21. This so-called
photobleaching process can eliminate fairly rapidly the light absorption of
brown carbon within 24 h of exposure to sunlight21,22.

The direct RF induced by WFPM has been obtained only for a few
wildfires by interfacing satellite observations with global climatemodels23,24.
In these studies, it was shown that the direct RF ofWFPM fromwildfires in
Russia was negative, indicating that wildfire emissions cool the
atmosphere23,24. In addition, aircraft measurements were coupled with
columnar models to estimate the RF induced by WFPM in Central US at
various altitudes25. It is worth noting that the brown carbon particles
identified at high altitudes (>5 km) absorbed strongly light and contributed
to radiative warming whereas the majority of brown carbon particles were
found at lower heights above the ground (<5 km) and resulted in strong
radiative cooling25. However, there are no studies reporting the RF in major
metropolitan areas and megacity environments during extreme wildfire
events that generate large concentrations of WFPM.

In June 2023, WFPM from Quebec, Canada was transported to the
Northeast US reaching New Jersey, New York City and other highly
populated metropolitan areas. On June 7, the worst air quality level was
recorded by the Environmental ProtectionAgency (EPA) inNewYorkCity
with a 24-hour averagePM2.5 level of about 100 μg/m

3,while thePM2.5mass
concentrationmeasured in othermajor cities of Northeast US (e.g. Newark,
NJ) also exceeded for three days the US 24-hour National Ambient Air
Quality Standard (NAAQS; 35 μg/m3) and the guidelines of the World
HealthOrganization (WHO; 15 μg/m3) by up to about 10 times. The impact
of this WFPM incident on the public health in the New York area was
documented in three recently published epidemiological studies26–28. In
these studies, WFPM was linked to an increase of the asthma-related
emergency department visits by about 44% in New York City27 and 81.9%
statewide28 during the peak of this wildfire incident.

During the 2023 Canadian wildfire incident, WFPMwas sampled and
physicochemically characterized by the authors at the Rutgers University
Piscataway Campus (about 70 km southwest of New York City) using real
time and time-integrated instrumentation and analytical methods. The
detailed physicochemical characterization of theWFPMusing state-of-the-
art equipment (see schematic in Supplementary Information: Fig. S1)
enabled the accurate estimation of its direct RF. Most importantly, the
radiative effects of wildfire smoke in such densely populated major
metropolitan area were determined. In addition, the approach applied here
can be used as an example for future studies since the intensity and fre-
quency ofwildfires and peri-urban forestfires are expected to increase in the
coming years.

Results and discussion
WFPM transport and physicochemical characterization
The physicochemical properties ofWFPMweremonitored during the peak
of theCanadianwildfire incident inNew Jersey/NewYorkCity area on June
7, 2023 between 15:30 and 17:00 (EST) (peak event). Modeling of the air
transport and dispersion reveals that WFPMmeasured on that day arrived
within 24 h from the Canadian wildfire area that was about 800 km away
from the sampling site (Fig. 1a: red squares). The fast transport of WFPM
fromCanada to Northeast US resulted in a large PM2.5 mass concentration
of 314.9 ± 27.9 μg/m3 (Fig. 1b: redfilled bar). This concentration is about an
order of magnitude higher than the US 24-hour National Ambient Air
Quality Standard (NAAQS) for PM2.5 (35 μg/m

3). The mobility size dis-
tribution of WFPM measured on June 7 (Fig. 1c: solid line) reveals high
concentrations of particles with mobility diameter, dm, ranging from 100 to
300 nm. This is consistent with size distributions measured from fresh and
denuded brown carbon particles7–9.

The presence of brown carbon is further corroborated by themeasured
polyaromatic hydrocarbons (PAHs) adsorbed on the WFPM surface

(Fig. 1d). Retene, a standard molecular marker of wood combustion29, is by
far the main PAH identified here, consistent with previous retene mea-
surements in wildfire smoke10,11 and in line with the conifer nature of forests
in this particular area of Canada. The large concentration of retene mea-
sured on June 7 may impact significantly public health, as retene promotes
oxidative stress, mutagenic effects and cell necrosis30.

In addition to retene, 8 out of the 16 EPA-prioritized PAHs were
identified as part of the WFPM sampled here and include high molecular
weight PAHs. These toxic PAHs exhibit high carcinogenic potency31,
raising concerns about potential health effects. It is worth noting that the 8
PAHs measured in this study have been also identified on the surface of
brown carbon particles produced from wood combustion31, while some of
the 8 EPA-prioritized PAHs measured here have been measured in
background aerosols from traffic pollution in Northeast US32. Our PAH
findings are also in line with phenanthrene, benzo(e)pyrene and fluor-
anthene concentrationsmeasured inWFPMfrom forestfires inPortugal10,
Canada11 andwesternUS12. It is alsoworthnoting that theECmass fraction
of about 4 wt% (based on the total carbon mass) measured on June 7
(Fig. S2) is similar to that obtained from other prescribed and wildfire
WFPM33–36. In this regard, the EC content19, as well as some of the PAHs
(e.g. pyrene and phenanthrene) and their photo-oxidation products37 can
contribute to the WFPM light absorption discussed in the next section.

The physicochemical properties of the sampled aerosols were also
obtained the day after the peak of the incident on June 8, as well as on June
12, i.e. on a wildfire smoke-free day as the sampled air was transported
mostly from the ocean (Fig. 1a: blue triangles). On June 8, WFPM arrived
after 36 h from the Canadian wildfire spots (Fig. 1a: green circles). During
this long transport time, WFPM is diluted and aged photochemically (as
further confirmed in the next section). This reduced the PM2.5 mass con-
centration at our sampling site to 44.6 ± 0.4 μg/m3, as well as the number
concentration of nanoparticles with dm = 100–300 nm. Still, the mass and
number concentrations measured on June 8 were substantially higher than
those obtained on June 12 in the absence of wildfire smoke in the atmo-
sphere (background condition).

Optical properties of WFPM
The light absorption and scattering of WFPM quantified by the absorption,
babs, and scattering, bsca, coefficients were monitored in real time using a
photoacoustic extinctionmeter (PAX; Fig. 2). As mentioned above, WFPM
containsmostlyOCthat scatters light andonlya small fractionofEC(~4wt%;
Fig. S2) that predominantly absorbs andweakly scatters light. So, bsca is one to
two orders of magnitude larger than babs on all three sampling campaigns.
This is further confirmedby themeasured single scattering albedo,SSA, that is
well above 0.9 on all three days of the sampling campaign. In particular, the
SSA measured for WFPM on June 7 is consistent with those measured
commonly forWFPMwith similar ECandOCcontent38–40. Both babs and bsca
decrease significantly from June 7 to 8 and become similar to thosemeasured
for background aerosols on a smoke-free day (June 12, background).

The large reductions of babs and bsca can be attributed to the large
decrease of the PM2.5 mass concentration, as well as on the variation of
intrinsic particle properties, such as their EC19 and OC41 content,
morphology17 anddegree of graphitization42. The latter can be quantified via
the mass absorption cross-section, MAC, derived here by interfacing the
measured babs and M43. That way, a WFPM MAC of 0.63 ± 0.1 m2/g was
obtained at awavelengthof 405 nmon June 7, 2023,which is consistentwith
that of fresh brown carbon emitted fromwood combustion44, as well as PM
from peri-urban forest fires in Greece45. In addition, the WFPM MAC
measured here is on par with those measured commonly from fresh
WFPM35 or brown carbon43,46 with similar EC/OC content and range from
0.3 to 0.95 m2/g. The good agreement between theMACmeasured here for
the entire WFPM and that measured in literature only for brown carbon
indicates that theWFPMthat arrived in theNew Jersey/NewYorkCity area
on June 7 contained mostly brown carbon particles that had not been
photobleached completely, despite covering a distance of about 800 km.
This is in line with the air transport modeling done here showing that air
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masses from the Canadian wildfires arrived within 24 h on June 7, with a
large portion of this time being overnight.

In this regard, the MAC obtained for WFPM on June 8 decreased to
0.18 ± 0.07 m2/g and was similar to that measured on a wildfire smoke-free
day (June 12: 0.14 ± 0.07 m2/g). This can be attributed to the longer trans-
port time (~36 h) of the air mass from the Canadian wildfires reaching the
Northeast US on that day compared to June 7. In particular, the air mass
arriving at our sampling site on June 8was exposed toabout 24 hof sunlight.
Brown carbon particles are completely photobleached within 24 h of
exposure to sunlight and thus their light absorption is eliminated21,22, even
though low-volatility brown carbon particles can exhibit resistance to
photobleaching47. TheWFPMMACmeasured on June 8 and 12 are in good
agreementwith thosemeasured for agedWFPMemissions inCalifornia,US
and Siberia48.

TheMAC and SSA of WFPMmeasured on June 7 during the peak of
the incident are in good agreement with those derived by Mie theory based
on the measured mobility size distribution and EC/OC ratio (Fig. 2c, d:
yellow open bars). This validates the presentMie theory calculations using a
refractive indexof 1.55–0.017iwhich is in linewith those obtained for brown
carbon particles having similar EC/OC content19. The small discrepancy
between the measured (filled bar) and estimated (open bar) SSA can be
attributed to the presence of particles larger than 2.5μmthatmay contribute
to light scattering and affect the measured SSA.

It should be noted that theWFPMmeasuredhere consists of inorganic
species in addition to EC and OC49. The comparison of the measured
WFPMMAC and SSA to those estimated using well-established refractive
indexes41 for EC and OC is still useful though, as it indicates which species
affect mostly the WFPM optical properties. In particular, the excellent
agreement between the measured WFPM MAC and that estimated for
particles with the same EC/OCcontent indicates that the light absorption of
WFPM is largely determined by its EC and OC. In contrast, the small
deviationbetween themeasuredWFPM SSA and the estimatedone suggests
that the inorganic components of WFPM further increase its light
scattering.

Radiative cooling by WFPM
The impact of WFPM on the regional microclimate is quantified by its
instantaneous direct RF (Fig. 3) derived using the library for Radiative
Transfer calculations50 based on theMAC and SSAmeasured on June 7, 8
and 12 (Fig. 2c, d) and the vertically-integrated PM concentrations, C,
derived by High-Resolution Rapid Refresh (HRRR; Fig. S3). The instanta-
neous direct RF obtained here are valid for the afternoon period during
which themeasurementsweremade.As expected,RF is negative for all these
three days, as WFPM and background aerosols mostly scatter light having
SSA close to 1 (Fig. 2d) with significantly lower values during the peak of the
event on June 7.
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The large mass concentrations of WFPM arriving in the New Jersey/
New York City area on June 7 resulted in strong radiative cooling and
ambient air temperature reduction. In particular, the RF from WFPM
sampled on June 7 resulted in directRF of−352.4 ± 40W/m2. The directRF

estimatedhere for June7basedon themeasuredWFPMoptical properties is
on parwith that obtained by climatemodeling during theCanadianwildfire
incident inNortheast US51. This large radiative cooling is caused by the light
scattered by WFPM away from the Earth surface, as well as by the energy
absorbed and removed from the atmosphere52. The large direct RF =
−352.4W/m2 obtained here for June 7 is based on the measured WFPM
optical properties, while the modeling study of Wang et al.51 reported a
direct RF of about−100 W/m2 relying on assumptions regarding the light
absorption and scattering by WFPM. These assumptions resulted in sub-
stantial underestimation of the observed PM concentration and aerosol
optical depth (as clearly shown in Fig. S9 of ref. 51). This explains the
discrepancy between the direct RF reported here and that simulated by
Wang et al.51.

The large negative RF ofWFPM can explain, at least to some extent,
the temperature reduction of about 3 °C obtained based on meteor-
ological data of the daily temperature for metropolitan areas in New
Jersey and New York City during the peak of the Canadian wildfire
incident (Fig. 4). It should be noted that weather patterns and indirect
effects53 from WFPM can not be ruled out as confounders of the
observed temperature reduction.

On June 8, theWFPMlight absorption and scattering decreaseddue to
photobleaching, whileCwas also reduced. So, the radiative cooling induced
by aged and photobleachedWFPM sampled on June 8 is significantly lower
compared to those from rather fresh WFPM sampled on June 7. Still, the
large negative RF of WFPM on June 7 and 8 is 1–2 orders of magnitude
larger than that obtained for background aerosols on June 12.

Fig. 2 | Optical properties of WFPM. Time-averaged absorption, babs (a), and
scattering, bsca (b), coefficients along with the respective mass absorption cross-
section, MAC (c), and single scattering albedo, SSA (d), measured on June 7 (red
filled bars), 8 (green lined bars) and 12 (blue dotted bars). The error bars quantify the
variation of the WFPM optical properties during the measurement campaign. The
standard deviations of the MAC and SSA were calculated based on those of the

measured babs and bsca. TheMAC and SSAmeasured on June 7 are compared to those
derived byMie theory based on the measured mobility size distribution and EC/OC
content (yellow open bars). The transport time ofWFPM on June 7 and 8 was about
24 and 36 h, respectively. Error bars show the standard deviation of babs, bsca,MAC
and SSA during the sampling period.

Fig. 3 | Radiative cooling induced byWFPM. Instantaneous direct radiative forcing,
RF, estimatedby libRadtranon June7 (redfilledbars), 8 (green linedbars) and 12 (blue
dotted bars). Error bars show the RF standard deviation during the sampling period.
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Implications for the microclimate of megacities and potential
health effects
In this study, the physicochemical properties and radiative effects ofWFPM
from Canadian forest fires transported to the New Jersey/New York City
metropolitan areas in June 2023 were analyzed. It was shown that WFPM
contained primarily brown carbon particles that were transported far
(800 km) from the area of the Canadian wildfires within 24 h with limited
photobleaching and aging due to the rapid atmospheric transportation.
More specifically, the light absorption strength (MAC) of WFPM sampled
on June 7 (peak) was about a factor of three larger than those obtained from
more “aged” WFPM on June 8, as well as from background aerosols on a
wildfire smoke-free day (June 12).

Most importantly, the direct RF induced byWFPMwas derived based
on the light absorption and scattering measured in real time. At the peak of
this Canadian wildfire incident (June 7), WFPM resulted in large negative
direct RF of−352.4 ± 40W/m2, explaining to some extent the temperature
reductionof about 3 °Cobserved inNew Jersey/NewYorkCity area (Fig. 4).
While negative RF has beenmeasured for high altitudes and reported in the
literature for PM2.5 from wildfires in Russia23,24 and central US25, this is the
first time that strong radiative cooling by WFPM is measured in a densely
populated megacity metropolitan area. The radiative cooling induced by
WFPM inmetropolitan areas ofNortheastUShas been also estimated at the
top of the atmosphere based on climate modeling51, while the optical
properties of WFPM were measured in this work at ground level. Still, the
direct RF estimated here for June 7 based on the measured WFPM optical
properties is on par with that obtained by climate modeling during the
Canadian wildfire incident in Northeast US51.

Theobserved ambient air temperature reductionof about 3 oC is onpar
with those derived for PMfromheavy air pollution inChinesemetropolitan
areas54, as well as with those derived by climate models for WFPM in
westernUS15. Such ambient air temperature reductionsmay limit the urban
heat island effect54 and thus the natural ventilation of megacities. This may
result in an increase of the residence time of WFPM near ground level,
exacerbating the concentrations of air pollutants from other sources. This
implication is corroborated by previous modeling and airplane measure-
ments showing that brown carbon particles fromwildfires remain largely at
low altitudes and cool the atmosphere25. It is worth noting that such an
increase of the residence time of wildfire smoke near ground level can be
detrimental for public health, as the large concentrations of WFPM mea-
sured here substantially exceeded US National Ambient Air Quality Stan-
dard levels and the reduction of natural ventilation can increase
concentrations of other air pollutants from other sources as well.

Finally, theuniquechemistryofWFPMwhichcontains large amountsof
carcinogenic PAHs, raises further concerns for potential health effects which

are reflected in recently published epidemiological studies in NYC26–28. Lung
depositionmodeling showed that about 4.5mgof PM2.5were deposited in the
respiratory system of people exposed for 72 h toWFPMduring the Canadian
wildfire incident in summer 202349, raising concerns for potential health
outcomes. The measured exposure levels toWFPM, carcinogenic PAHs and
other chemical components are presented in detail in an accompanying
publication49, while their potential toxicological impacts will be analyzed in
future mechanistic studies using WFPM sampled during this episode.

In sum, this study quantifies the effects of climate-drivenwildfires on the
microclimate of a densely populatedmetropolitan area. Our findings confirm
the negative RF that reduce the ground level air temperature and can com-
promise the natural ventilation of megacities resulting in higher concentra-
tions of air pollutants and elevated risk for adverse health effects. Finally, it is
clear that the systematic characterization of wildfire smoke transport and
aging is essential for developing predictive models for the physicochemical
properties of WFPM that are directly linked to its toxicological footprint.

Methods
Description of the sampling site
The physicochemical properties of WFPM were monitored at the Rutgers
University Piscataway Campus, approximately 70 km southwest of New
YorkCity. A schematic of the instrumentation usedhere is shown in Fig. S1.
Real time PM monitoring and time integrated PM sampling equipment
were placed at the courtyard adjacent to the Environmental and Occupa-
tional Health Sciences Institute (EOHSI) at a sampling height 1.5m above
ground level. So, theWFPMmobility size distributionandoptical properties
were obtained during the wildfire incident on June 7 and 8, 2023, as well as
after the incident on June 12, 2023. The real-timePMmonitoring took place
continuously for about one hourwithin the time frame of 14:30-17:00 (EST)
on all three campaigns. This sampling period covered the peak of the
wildfire incident on June 749. During this period, the largest PM con-
centration was reported in New Jersey and New York states (see, for
example, Fig. 2 in ref. 49). The same time period was used on June 8 and 12
for consistency.

Time-integratedWFPM sampling was also done on June 7 from 15:00
till 19:06. In addition, the mass concentration,M, of PM2.5 on June 7, 8 and
12 averaged between 15:00 and 17:00 were obtained from the US EPA
PhotochemicalAssessmentMonitoringStation (AQSSiteCode340230011)
that is located 12 km from the monitoring site.

Real-time monitoring of WFPM size distribution & optical
properties
The mobility size distribution of WFPM is monitored using a Differential
Mobility Analyzer Sizer (DMA 3085, TSI Inc., Shoreview, MN) coupled

Fig. 4 | Impact of WFPM on ground level temperature of metropolitan areas in
northeast US.Mean daily temperature, T, obtained based onmeteorological data in
New Brunswick, NJ (a) or Central Park, NYC (b) on June 7 (red filled bars) and the

reference27 smoke-free period (May 30–June 1 and June 12–14; blue dotted bars).
Error bars show the standard deviation of the mean daily temperature during the
reference period.
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with aCondensationParticleCounter (CPC3785, TSI Inc., Shoreview,MN)
to measure in real-time particle number concentrations in the 5–300 nm
mobility diameter range. A photoacoustic extinctionmeter (PAX, Droplet
MeasurementTechnologies) is alsoused to sample andcharacterizeWFPM.
That way, its absorption, babs, and scattering, bsca, coefficients at a wave-
length of 405 nm are monitored every 1 s. The babs and bsca measurement
range of PAX is 1Mm−1. Despite some of the babsmeasured on June 12were
outside themeasurement range, they were still included in the estimation of
the average <babs> to avoid any bias. The WFPM babs and bsca can also be
monitored using an aethalometer48. The evolution of babs and bsca as a
function of time during the sampling campaign is given in Fig. S4. The
average mass absorption cross-section, MAC, is obtained using the <babs>
and <M> averaged over 1 h:43

MAC ¼ <babs>=<M> ð1Þ

It should be noted that many studies report the brown carbon MAC by
dividing the absorption coefficient by the OCmass concentration44 and not
the total PM concentration (as done in Eq. 1). Emissions from biomass
burning are typically composed of 50–80% carbonaceous aerosols (EC and
OC), and the remaining consists of other inorganic species55. The average
single scattering albedo, SSA, is derived based on <babs> and <bsca > :

SSA ¼ <bsca>=ð<babs>þ <bsca>Þ ð2Þ

Time-integrated, size-fractionated sampling and off-line char-
acterization of WFPM
The WFPM sampled between 15:00 and 19:06 (EST) on June 7, 2023 was
fractionated into PM0.1, PM0.1-2.5, PM2.5–10, and PM>10 aerodynamic size
fractions (cutoff diameters given in μm)using aCompactCascade Impactor
(CCI)56 developed by the authors. So, PM0.1 was collected on pre-baked
quartz fiber filters (Pallflex Tissuquartz filter: 47mm diameter, Pall Cor-
poration, Port Washington, NY), while the larger size fractions were col-
lected on polyurethane foam (PUF) substrates. Time-integrated sampling
using two CCIs56 was done for a longer duration compared to real-time
monitoring to collect enoughWFPMmass for off-line physicochemical and
toxicological characterization studies. The PM2.5 mass concentrations
obtained by the US EPA Photochemical Assessment Monitoring Station
averaged between14:30 and 17:00 on June 7, 8 and 12 are presented in Fig. 1
tobe consistentwith the samplingdurationused in the real-timemonitoring
data. The PM2.5mass concentration obtained using the CCI at the sampling
location based on gravimetric analysis49 is in excellent agreement with that
obtained by US EPA Photochemical Assessment Monitoring Station
(Fig. S5). The standard deviation of the average PM2.5 mass concentration
obtained from the two CCIs is about 4% (see the respective error bar in
Fig. S5), indicating negligible variations between theWFPMsampled by the
two collocated CCIs.

The PAHs adsorbed on the sampled PM0.1 and PM0.1-2.5 size frac-
tions were obtained using the protocol described in Tsiodra et al.57 with
slight modifications (see Supplementary Information). The analysis
focused on the identification of 25 PAHs with molecular weight between
178 to 278 g/mol. The analysis of organic and elemental carbon (EC-OC)
was done for the PM0.1 size fraction using the thermal-optical trans-
mission (TOT) technique with a Sunset carbon analyzer (Sunset
Laboratory Inc., Portland, OR, USA) and the EUSAAR2 thermal pro-
tocol described in detail by Cavalli et al.58. Since the PM0.1 size fraction is
used for the total carbon analysis, a fraction of the carbonaceous aerosols
may have been missed, affecting the measured EC/OC ratio.

Wildfire smoke transport modeling
Backward air mass trajectories during the wildfire incident were obtained
using the US National Oceanic and Atmospheric Administration, Air
Resources Laboratory (NOAA-ARL) Hybrid Single-Particle Langrangian
Integrated Trajectory (HYSPLIT) transport and dispersion model59,60

interfaced with the High-Resolution Rapid Refresh (HRRR) model that
employs the Weather Research and Forecasting (WRF) system combined
with observational data assimilation61. So, the backward trajectories of air
arriving at the Rutgers monitoring site on June 7, 8 and 12 at 15:00 (EST) at
about 500mwere derived for up to 24–36 h. The atmospheric height level of
500m was used here to be close to sampling level, while avoiding inac-
curacies from turbulence and frictional effects at lower heights62. Here,
HYSPLIT simulations with HRRR andWRFwere used to obtain indicative
WFPM trajectories and aging times. Using GDAS instead of HRRR and
WRF results in a similar aging time of about 24 h on June 7 and does not
affect the interpretation of the experimental data presented here.

The column-integrated PM concentrations were directly derived from
the vertical PM distributions using the HRRR smoke model. This model
uses 51 cell layers in the vertical direction, consistent with the HRRR
weathermodel. This configuration employs ahybridpressure-sigmavertical
coordinate system, transitioning from terrain, following sigma coordinates
near the surface to isobaric coordinates at higher altitudes. Therefore, the
column-integrated PM concentration was estimated by summing up PM
masses in the cells above the specified location across all 51 cell layers of the
HRRR smoke model. The vertical profiles of the PM mass concentrations
were derived directly from the HRRR outputs without any assumption
involved. Exemplary vertical concentration profiles obtained on June 7, 8
and 12 are presented in Fig. S6. The boundary layer PM concentration of
271.8 ± 47.4 μg/m3 derived byHRRR smoke at 8m above ground for June 7
is in good agreement with themeasured 314.9 ± 27.9 μg/m3. In contrast, the
HRRR-derived concentrations of 16 ± 7.1 and 5.3 ± 0.7 and μg/m3 obtained
for June 8 and 12, respectively, are 64–72% smaller than thosemeasured on
those days.

Modeling of WFPM optical properties and radiative forcing
The light absorption and scattering of WFPM spheres with mobility dia-
meter, dm = 100–500 nm were derived using the Mie theory for spheres63

using Maetzler’s MATLAB code64. The refractive index, RI = 1.55–0.017i at
a wavelength, λ = 405 nm was obtained by averaging the indices of OC
(RI = 1.55)65 andyoung (H-rich)EC(RI = 1.48–0.43i)41 basedon theEC/OC
measured on June 7, 2023 (Fig. S2). TheWFPMMAC and mass scattering
cross-section, MSC, were estimated based on the Mie-derived absorption,
Qabs:

42

MAC ¼ 1:5Qabs=ðdmρÞ ð3Þ

and scattering efficiency, Qsca:
42

MSC ¼ 1:5Qsca=ðdmρÞ ð4Þ

where ρ = 1.31 g/cm3 is theWFPMbulk density obtainedby averaging those
of OC (ρ = 1.3 g/cm3)66 and young EC (ρ = 1.5 g/cm3)67 based on the mea-
sured EC/OC. TheWFPM SSAwas obtained based on theMie-derivedQabs

and Qsca:
68

SSA ¼ Qsca=ðQabs þ QscaÞ ð5Þ

Since the WFPM MAC and SSA could be measured by PAX only at
λ = 405 nm, the WFPM optical properties were also simulated at
λ = 266–848 nm using the Mie theory and λ-dependent RI for freshly-
emitted spheres41 having the same EC/OC with theWFPMmeasured here.
The MAC derived by Mie theory at λ = 405 nm is in excellent agreement
with the experimental data, validating the present simulations (Fig. 2c). So,
the wavelength dependence of the of theWFPMMAC andMSC derived by
Mie theory were quantified using the absorption and scattering Angstrom
exponents, respectively (Fig. S7a). It should be noted that the RI used here
does not account for inorganic particles that are present in the WFPM49.
Thismay limit the accuracy of the estimatedMAC andMSC extrapolated at
other wavelengths.
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The dm distribution of WFPM measured on June 7 is fitted with a
lognormal size distribution to obtain the number concentration of particles
with dm = 400 and 500 nm. Relative fractions of 0.11, 0.45, 0.29, 0.11 and
0.04 were derived for WFPM particles with dm = 100, 200, 300, 400 and
500 nm, respectively, by dividing their individual number concentrations by
their summation. So, the averageMAC,MSC and SSAwere estimated based
on thosederivedbyMie theory for particleswithdm = 100, 200, 300, 400 and
500 nm and the respective relative fractions. The mobility size distribution
was also discretized in 10 and 20 size bins. Increasing the size bins from 5 to
20 hardly affects the estimatedMAC and SSA (Fig. S8).

The direct radiative forcing, RF, of WFPM was derived using the
UVSPECmodel of the library for Radiative Transfer (libRadtran) package50

with the 4-stream DIScrete Ordinates Radiative Transfer (DISORT)
solver69. The solar irradiance at the top of the atmosphere (TOA) was
estimated based on the synthetic spectral profile of Gueymard70. The
radiative transfer calculations were performed for the spectral range
between 300 and 3000 nm, employing the medium-resolution representa-
tive wavelength approach (REPTRAN) band parametrization71. The model
accounts for the scattering and absorption of solar radiation by aerosols and
atmospheric gases, as well as the reflection from the Earth’s surface using a
surface albedo of 0.18372. The surface albedo used here is considered a global
mean value72, but is still in good agreement with the 0.15-0.20 values
reported for New Jersey73. The aerosol optical properties required for the
radiative transfer calculations were the spectrally resolved aerosol optical
depth (given by multiplyingMAC by C), SSA and asymmetry parameter, g,
which was used to calculate the phase function moments based on the
Henyey–Greenstein approximation71. TheWFPMMAC and SSAmeasured
at λ = 405 nm, as well as the absorption and scattering Angstrom exponents
and g (Fig. S7) derived by Mie theory were interfaced with the radiative
transfer calculations to obtain spectrally-resolved optical properties. By
contrasting the simulated net (downwelling – upwelling) hourly solar fluxes
at the Earth’s surface with andwithout PM, the instantaneous directRFwas
obtained for theWFPM and background aerosols sampled on June 7, 8 and
12, 2023. The daily average direct RF, as well as its standard deviation were
estimated based on the variation of theWFPMoptical properties during the
sampling campaign.

The daily mean temperatures obtained from the meteorological sta-
tions in New Brunswick, NJ74 and Central Park, NYC75 on June 7 are
reported and compared to those measured during the reference wildfire
smoke-freeperiod (May30-June 1and June12–14, 2023; Fig. 4).This period
was chosen to be consistent with the reference (control) periods used in
epidemiological studies of this wildfire incident in New York City27. In
particular, wildfire smoke free periods before and after the wildfire incident
are selected to minimize the impact of seasonal temperature variations that
may take place within a period of two weeks.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The experimental data used to generate the figures of this article and its
supplementary information can be found in a public repository76.

Code availability
The codes used for the estimation of theWFPM transport (HRRR59–61) and
radiative forcing (libRadtranpackage50) are open source and canbe accessed
through the web without any restrictions. The version of Maetzler’s
MATLAB code used here for Mie theory calculations is given in a public
repository76.
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