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19 Abstract. Dark brown carbon (d-BrC) aerosols are commonly associated with biomass burning and wildfire emissions,
20  yet their occurrence and climatic impacts in urban environments remain elusive. Southeast Texas—a hub for
21 petrochemical industries at the intersection of continental and marine airmasses—is strongly influenced by aerosol-
22 induced surface dimming and extreme meteorological events. Here, the in-situ photoacoustic measurements reveal
23 that over 80% of aerosol light absorption at blue and near-infrared wavelengths is due to non-black carbon (BC)
24 aerosols. The computer-controlled scanning electron microscopy and particle-scale electron energy loss spectroscopy
25 demonstrates the presence of refractory d-BrC in the coastal urban atmosphere as an absorption contributor. The
26 diurnal pattern of BC and non-BC absorption suggests association of the non-BC aerosols such as d-BrC particles
27 with local non-biomass burning combustion sources, potentially including traffic, flares, and industrial activities.
28 Observationally constrained radiative-transfer calculations show that d-BrC contributes 40% of daytime-mean surface
29  dimming and 50% of the total top-of-atmosphere radiative forcing attributable to light-absorbing carbon. Such
30  radiative changes that influence local meteorology may also impact ~25% of the global population residing in coastal

31 urban regions like Houston. Our findings demonstrate the presence and climatic importance of d-BrC in a coastal
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32 urban environment in addition to wildfire plumes, highlighting the need for incorporation of d-BrC in aerosol-climate

33 models.
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34 1. Introduction

35 Acrosols are potent short-lived climate forcers that alter the Earth’s radiative budget (Intergovernmental Panel On
36 Climate Change, 2023), making them essential components of climate models. They impose a negative or positive
37 atmospheric forcing depending on whether they are predominantly scattering or absorbing, respectively. Light-
38 absorbing aerosols increase the net incoming shortwave radiation at the top-of-the-atmosphere (I*¢},) by changing the
39 energy absorption distribution within the vertical atmosphere column: through increasing the atmospheric (A,¢r,)
40 absorption component while reducing absorption at the surface (Schwarz et al., 2020) (Ags.). This energy
41 redistribution results in enhanced atmospheric heating and the diminishing of downwelling solar radiation reaching
42 the surface, a phenomenon termed surface dimming (Ramanathan and Carmichael, 2008). Surface dimming by
43 aerosols stabilizes the planetary boundary layer and thereby suppresses convection, which is associated with changes

44 in precipitation pattern, frequency, and intensity. This is of particular concern in regions strongly influenced by mixed

45 emission sources like urban areas (Andrews et al., 2010).

46 Coastal urban environments, home to 25% of the global population (Cosby et al., 2024; MacManus et al., 2021), are
47 constantly exposed to a combination of aerosol emissions from diverse anthropogenic sources, such as industries and
48 maritime shipping (Duarte and Duarte, 2020; Jensen et al., 2022), and natural sources, such as marine biogenic
49 emissions (Jensen et al., 2025). The Southeastern Texas area, including the metropolitan Houston city, is greatly
50 affected by aerosol-induced surface dimming, which further induces severe local meteorological turbulences
51 (Andrews et al., 2010; Jensen et al., 2022; Zhang et al., 2018). Due to the high density of population affected by the
52 well-mixed coastal urban air masses, it is necessary to holistically assess how the mixed emissions shape the aerosol

53 optical properties and thereby the associated climate impacts.

54 Carbonaceous aerosols, including black carbon (BC) and brown carbon (BrC) (Andreae and Gelencsér, 2006), are
55  major urban climate concerns because of their strong light absorption. BC is strongly light-absorbing across the
56 ultraviolet-visible-infrared (UV-Vis-IR) spectrum (Bond et al., 2013), characterized by a mean imaginary refractive
57 index (k) of 0.79. In contrast, the absorption properties of BrC are highly wavelength dependent across the short visible
58 spectrum, with k values ranging from 10*to 10! that are several orders of magnitude lower than those of BC (Andreae

59 and Gelencsér, 2006; Saleh, 2020; Sand et al., 2021).
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60 To estimate the atmospheric radiative forcing of BrC aerosols on regional and global bases, researchers rely on aerosol-
61 climate models, which bear large uncertainties mainly due to the wide range of optical properties and emission sources
62  of BrC. Typically, climate models limit BrC absorption to UV and blue wavelengths (Andreae and Gelencsér, 2006;
63 Sand et al., 2021). However, in biomass burning and wildfire plumes, recent laboratory and field studies (Atwi et al.,
64 2022; Chakrabarty et al., 2023; Saleh et al., 2014) have observed strongly absorptive BrC (k> 0.1), or dark BrC (d-
65 BrC). Unlike conventional BrC, the d-BrC exhibits high absorptivity at visible and near-IR wavelengths comparable
66 to BC. This resemblance between d-BrC and BC absorption properties poses more challenges to the accurate

67 estimation of BrC radiative impacts.

68 Current climate models, informed by emissions inventories, attribute BC as the dominant light absorber in urban
69 environments (Moosmiiller et al., 2009) and BrC in wildfire and biomass burning emissions (Zeng et al., 2020).
70 However, field campaigns have consistently reported contributions of BrC from non-biomass burning emissions in
71 major cities such as Los Angeles (Zhang et al., 2011) and Beijing (Yan et al., 2017). During the ACE-Asia field
72 campaign, the mass of non-biomass organic carbon (OC) aerosols was 5—12 times higher than that of biomass burning
73 OC aerosols across coastal and maritime sites in East Asia (Simoneit et al., 2004), while, in Houston, this ratio was 8
74 (Fig. 1a) (Al-Naiema et al., 2018). Moreover, the ACE-Asia campaign detected non-biomass d-BrC aerosols from ship
75 engine exhaust, with a mean k value of 0.27 at 550 nm (Alexander et al., 2008; Corbin et al., 2019). Collectively, these
76 observations hint at the presence of d-BrC in urban environments, potentially associated with non-biomass emissions.
77 Nevertheless, observations of d-BrC in urban environments remain limited, and its optical characteristics and climatic
78 impacts in urban settings have not been comprehensively analyzed (Alexander et al., 2008; Corbin et al., 2019).
79 Therefore, there remains uncertainties in estimating the radiative impacts of BrC, particularly d-BrC, in urban

80 environments.

81 Here, we present ensemble- and particle-scale measurements of light absorption, morphology, and chemical
82 composition of brown carbon (BrC) aerosols in a coastal urban region of southeastern Texas during August 2022 as
83 part of the TRacking Aerosol Convection interactions ExpeRiment (TRACER) field campaign, organized by the U.S.
84 Department of Energy’s Atmospheric Radiation Measurement (ARM) user facility. Our analyses demonstrate that d-
85 BrC is present in a coastal urban environment and is a potential contributor to urban aerosol light absorption. Based

86 on the observed d-BrC optical properties, we investigated the resulting shortwave radiative impacts including surface
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87 dimming. The preceding TexAQS field study in the same region observed surface dimming twice as large as modeled,
88  indicating underestimation of modelled aerosol light absorption (Fig. 1b) (Fast et al., 2006). These observations point
89 to light-absorbing aerosol components unaccounted for in urban environments that contribute to surface dimming.
90 Inclusion of the detected d-BrC absorption helps bridge this gap between modeled and measured aerosol radiative
91 impacts. While d-BrC from biomass burning exerts a global-scale positive radiative forcing comparable to BC (Wang
92 et al., 2025), the regional effects urban d-BrC, such as surface dimming, were previously less well-known and are

93 demonstrated in this study.

(a) (b)

124 i
I
i
o ! 3.0
(o] ! "
2 | koY
E 5 ! @ 8
& : o) 2.51
@ ! = o
@ =
g i ES
] D [}
= : 2 & 2.01
= i ]
] 1 B
L4 i 55
@ ! 0 1.5 1
o |
(8 |
i
i
! 1.0
1 T T T T T
Gosan,  Sapporo, NW Pacific & Houston, 0 2 4 6 8 10
S Korea Japan EChinaSea Texas Hours since sunrise

Figure 1. Present understanding of carbonaceous aerosol sources and uncertainty in their dimming potentials. (a) Abundance of fossil
fuel emitted organic carbon (OC) in coastal urban regions. Fossil fuel to biomass burning OC median mass ratios, derived from compound
source groups, for various East Asian sites and Houston ranges from 4 to 12. All these sites are either coastal or marine. East Asian sites
are from the ACE-Asia field campaign (Simoneit et al., 2004), while Houston data is from Al-Naiema et al., 2018 (Al-Naiema et al.,
2018). (b) Variation of surface dimming bias with hours elapsed since sunrise (approximately 07:00 local time) in La Porte. Bias is the
average ratio of observational to modeled surface dimming and includes the standard deviation of four days of data (adapted from Fast
et al. (Fast et al., 2006)).
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95 2. Methods

96 2.1. Field Campaign Site and Instruments

97 The TRacking Aerosol Convection interactions ExpeRiment (TRACER) field campaign was hosted by Atmospheric

98 Radiation Measurements (ARM) of the United States Department of Energy (DOE). The first ARM Mobile Facility

99 (AMF1), as the main sampling site, was located next to the La Porte Municipal Airport (29°40°12.0” N, 95°0°26.9”
100 W) in La Porte, Texas. During the field campaign, our instruments were deployed in the ARM guest trailer (Fig. Al
101 in Appendix A). We sampled the ambient aerosol particles through a PM2.5 cyclone inlet ~8 meters above the ground.
102 Three integrated photoacoustic nephelometers (IPN) measured the real-time aerosol light absorption and scattering
103 coefficients at wavelengths of 405, 721, and 1047 nm. Particle samples were also collected on 47-mm PTFE and
104 quartz fiber membrane filters and on transmission electron microscope (TEM) grids using a time-resolved aerosol
105 collector (TRAC) for offline analyses. After collection, the filter samples were stored at -20°C and the grid samples
106  were stored at room temperature until further analysis. Silica diffusion dryers were attached to remove excess moisture
107 in aerosol samples before they reached the instruments. Silica gel in the diffusion dryers was replaced by regenerated
108 gel every two days to ensure continuous effectiveness. In this study, we also used the refractory black carbon (rBC)
109 mass concentration measured by ARM’s single particle soot photometer (SP2), deployed in the Aerosol Observing
110 System (AOS) trailer next to the ARM guest trailer at AMF1 (Fig. Al). The data were downloaded from the ARM

111 Data Discovery website (https://adc.arm.gov/discovery/#/results).

112 2.2. Integrated Photoacoustic Nephelometer (IPN)

113 The design and working principles of IPN, also known as the photoacoustic spectrophotometer (PAS), were elaborated
114 in previous work (Arnott et al., 1999). Briefly, in contrast to filter-based optical instruments, IPN is an in-situ first-
115 principle instrument that measures aerosol light absorption of airborne particles. The instrument uses a pulsed laser to
116 illuminate sampled particles, transforming light energy into thermal energy. The illuminated particles then release
117  thermal energy as heat, causing expansion of the surrounding air as pressure waves that can be detected as acoustic
118 signals. The photoacoustic cell is designed to be coupled with Helmholtz resonators for amplifying acoustic signals.
119 A microphone captures and transmits the signals to a computer that converts them into light absorption coefficients
120 (bass) based on the photoacoustic spectrum. Aerosol light scattering and extinction are also measured by two

121 photodiode sensors installed at the middle and end, respectively, of the photoacoustic cell.
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122 At AMF1, the IPNs were operated at 1-liter-per-minute flowrate to measure bas at 405, 721, and 1047 nm with a 2-
123 second resolution. An autozero calibration with filtered particle-free air was performed after every 200 measurements.
124 The collocated ARM SP2 measured 1BC mass concentration at a 1-Hz resolution. All raw data were converted to
125 hourly means, and the data points below detection limits (< 10 ng/m? for SP2) were filtered out before performing
126 further calculations. The subsequent analysis in this study focuses on data collected in August 2022 to avoid the
127  interference of Saharan dust events in July. The 721-nm IPN measurements were not included because the instrument

128 encountered laser issues during the field campaign, outputting ~78% of missing data.

129 2.3. Estimating Non-BC Absorption
130 The light absorption from non-BC aerosol components (baps,non-8c) Was calculated by subtracting BC absorption (bass,zc)

131 from the total absorption (buss, ror) measured using the IPNs (Eqn (1)).

132 babs,nan—BC = babs,TOT - babs,BC (1)

133 The basssc was converted from SP2-measured rBC mass concentration ([BC]spz2) by multiplying it to the theoretical
134 BC mass absorption cross-section (Beeler and Chakrabarty, 2021) (MACsc) at 550 nm of 11.25 m%*g (Eqn. 2). A
135 multiplicative factor (f) (Wu et al., 2018) of 1.5 £ 0.48 was incorporated to account for absorption enhancement due

136  to the lensing effect from coatings on BC (Beeler and Chakrabarty, 2021).
137 bapspc(A =550nm) = f - [BClgp, - MACpc(4 = 550 nm) (2)

138 Using a BC absorption Angstrom exponent (AAEzc) ranging from 0.6 to 1.3 (Kirchstetter et al., 2004), the baps pc at

139 550 nm was extrapolated to 405 and 1047 nm (Eqn (3)).

2 )—AAEBC

140 baps,pc(A) = baps,pc(550) ( 3

550 nm.

141 With the measured buss, ror from IPN and the calculated bss5c from SP2 at wavelengths of interest, the non-BC light

142 absorption, bassnon-8c, Was obtained as the difference between buss, ror and bass ac.

143 2.4. Solvent-Extraction Ultraviolet-Visible (UV-Vis) Spectrophotometry
144 At the AMF1 site, aerosols were sampled on 47-mm PTFE Teflon membrane filters (polypropylene, 1 um,

145 Whatman™). Each filter was sampled for 72 hours with an air flow rate of 18 L min™'. After sampling, the filters were
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146 placed into filter-storage petri dishes, which were sealed using parafilm and wrapped using aluminum foil, and stored

147  under -20°C.

148 Pieces with area of 25 mm? were cut from five particle-laden PTFE filters and extracted separately in 4 mL of water
149 and 4 mL of acetonitrile (ACN) followed by 1-hour sonication. Insoluble particles were filtered out by passing the
150 extracts through Teflon membrane syringe filters (polytetrafluoroethylene, 0.22 pm, Fisherbrand). The extracts were
151 analyzed using a UV-Vis spectrophotometer (LAMBDA 365, PerkinElmer) to measure the percentage of light
152 transmittance (%7r(1)) and thereby the absorbance (A4(4)) of soluble BrC from 300 to 800 nm with a 1-nm resolution

153 (Eqn (4)).

154  A(}) = 2 —logyo(%Tr (1)) 4)
155 The solvent-based BrC light absorption coefficient (basss50) can then be determined using Eqn (5):

156 bgpssor(D) = (A(R) — A(700)) % x In(10) %)

157 where V; is volume of the solvents, V, is the volume of air sampled through the filter cut area, and / is the optical
158 length travelled by the UV-Vis light beam (1 cm). The logarithmic factor was multiplied to convert 4(Z) from base 10
159  to natural logarithm. To account for the signal drift, all absorbance measurements were normalized to absorbance at
160 700 nm (A(700)). The complex part of imaginary refractive index for the solvent extracted BrC (kg.c) can then be

161 derived (Eqn (6)).

162 kBrC (A) — Pl(babs,sol(l)/mﬁ‘rc) (6)

4T

163 where p is the BrC density (Chakrabarty et al., 2023) (1.4 g/cm?) in the solvents and bps s0/(1)/ms,c represents the BrC

164 mass absorption efficiency as the ratio between b5 and extracted BrC mass concentration.

165 2.5. Thermal Optical Carbon (OC-EC) Analysis

166 In parallel with PTFE filters, particle samples were collected on prebaked 47-mm quartz-fiber membrane filters
167  (PALLFLEX® Tissuquartz™) with a flow rate of 42 L min’!, each for 72 hours. An organic-and-elemental-carbon
168 (OC-EC) analyzer (M5L, Sunset Laboratory Inc.), operated based on the thermal-optical technique, was used to detect

169  the mass concentration OC and EC (Birch and Cary, 1996) per unit area on the filter. Since the area of filter punch and
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170 the sampling flowrate were known, the measured mass concentration per unit area can be converted into the equivalent

171 volumetric mass concentration in the ambient.

172 First, a 1.5-cm? particle-laden quartz filter punch (one from each of the eight collected samples) is placed onto the
173 glass cartridge and inserted into the sample oven under a laser beam. We followed the National Institute for
174 Occupational Safety and Health (NIOSH) 5040 protocol for the analysis which proceeds in three stages. Stage 1
175 removes all OC on the filter by increasing temperature in 4 steps in oxygen-free argon gas. The high temperature (500-
176 700 °C) decomposes inorganic carbonates, pyrolyzes up to 30% of OC into EC, and vaporizes the rest of OC. The
177 pyrolysis process was monitored by measuring laser transmission through the filter. The vaporized OC is oxidized in
178 an oxidizer oven into carbon dioxide (CO,), which is carried by argon to the methanator oven and reduced to methane.
179 A flame ionization detector (FID) detects the methane. In stage 2, the sample oven is cooled to 525 °C, and 2%
180 oxygen/argon gas mixture is injected. Through stepped increase in temperature to 850 °C, all original EC and the EC
181 from OC pyrolysis would be oxidized to CO» and then methane. In stage 3, standard methane gas with a known volume
182 is used to obtain a calibration curve, based on which the FID and laser transmission data can be used to calculate EC
183 and OC mass per unit filter area (ug cm?). With known sampling flow rate and duration, the ambient mass
184 concentration (ug m~) of EC and OC can be determined. The OC-EC analyzer can detect OC ranging from 0.2 to 600
185 pg cm™ and EC ranging from 0.2 to 30 pg cm™, with a detection limit of 0.1 pg cm. Different OC species (OC1,
186  OC2, 0C3, OC4, and pyrolyzed OC) are identified from the OC peaks at different temperatures. In terms of volatility,
187 OCl is considered to consist primarily of intermediate-volatility organic compounds (IVOC) and semi-VOC (SVOC);
188 OC2 and OC3 combined corresponds to low-VOC (LVOC); and OC4 represents extremely-low-VOC (ELVOC) (Ma

189  etal., 2016).

190 2.6. Scanning Transmission Electron Microscopy with Electron Energy Loss Spectroscopy (STEM-EELS)

191 Aerosol particles were sampled onto Formvar/carbon supported copper grids and lacey carbon supported copper grids
192 using the TRAC. Details of working principles and design of the TRAC are described in Laskin et al. (Laskin et al.,
193 2003a). Briefly, it samples particles through a 0.46-mm jet nozzle at a 0.8-0.9 Ipm flow rate, rendering an effective
194 cutoff particle size (dso) of 0.36-0.38 um. During the campaign, each grid sampled for 25 minutes and was later used

195 for offline electron microscopy analyses.
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196 Four lacey carbon grids were analyzed using a scanning transmission electron microscopy (STEM) with electron
197 energy loss spectroscopy (STEM-EELS) fitted with a Nion spectrometer coupled with a Dectris ELA high-speed
198 electron-counting detector at the Oak Ridge National Laboratory. The STEM was operated at an accelerating voltage
199 of 60 kV with a probe convergence of 30 mrad. The spectrometer collected the EEL spectrum at a 25 mrad angle with
200 a dispersion of 20 meV channel”'. The EELS datasets were acquired as spectrum images, containing approximately
201 70 x 70 pixels (pixel size of 1-3 nm), with a dwell time of ~50 ms/pixel and a total acquisition time of ~5 min for each
202 dataset. The zero-loss peak (ZLP) obtained after monochromation for all EELS datasets had a full width at half
203 maximum of about 100-150 meV. To remove surface contaminants, the grids were heated to 150 °C in vacuum,
204 equivalent to 465 °C under atmospheric pressure based on the Clausius-Clapeyron equation (Donahue et al., 2006),
205 for 6 hours.

206 We derived particle-scale optical properties from the low-loss EEL spectra. A reflected-tail method was used to remove
207 ZLP and its tail from the low-loss EEL spectra of carbonaceous particles (Zhu et al., 2014). To calculate the dielectric
208 functions, we performed Kramers-Kronig analysis (KKA) using HyperSpy (De La Pena et al., 2017), an open-source
209 Python software package for multi-dimensional data analysis. The KK A used fast-Fourier transform method (Egerton,
210 2009) within the thin-film approximation, in which the film thickness is estimated as the aerosol particle diameter
211 (Egerton, 2009; Zhu et al., 2014). Yet, KKA fails for EEL spectra collection near the particle edge due to increase in
212 contribution from surface plasmons. Derivation of dielectric function using this approach is valid for particles larger
213 than 50 nm when the low-loss EELS are collected at least 10 nm away from the edges. For smaller particles of 20-50
214 nm, low-loss EEL spectra collected close to the center can still be used to determine the refractive index. In this study,
215 we used EELS data collected at the center of particles of all sizes.

216 The real part of dielectric function (Re[1/&(E)]) was calculated from the imaginary part of energy-loss function (Im[-
217 1/e(E)]) via Eqn. 7, where E” is energy loss and P represents the Cauchy principal value. Equation (8) can then be used
218  to calculate the dielectric function.

219 Re[H]=1-2p [ m[ ] 5 7
220 £(E) = &,(E) + igy (E) = —n/XEIH ImEY/oE) ®

{Re[1/e(B)]}? + {Im[-1/e(E)]}?

10
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221 The derived dielectric function can be used to determine the complex refractive index (n + ik), where n and £ are the
222 real and imaginary parts of refractive index, respectively, and i denotes the imaginary part of a function.

€)

1/2
[e2+e3]" + }
2

223 n={

1/2
24 k= {7[83 el ‘gl} (10)

2

225 2.7. Radiative Forcing and Surface Dimming Modeling
net

226 The net top-of-atmosphere downwelling shortwave radiation (I764) in W m can be partitioned into the atmospheric

227 (Agatm) and the surface (Agf.) absorption components:
228 I’;lgfcl =Agim + Asfc (11)

229 This partitioning is rarely static. Aerosols perturb this energy balance, causing shortwave radiative forcing, which can
230 be calculated by the change in each quantity. If this change is positive, the forcing is positive, and vice versa. This

231 forcing is similarly partitioned between the atmosphere and the surface:
232 FTOA = Fatm + stc (12)

233 In principle, most aerosols are concentrated in the lower atmosphere, so almost all of the atmospheric forcing is
234 situated in that layer. By calculating the column energy balance for both pristine and aerosol conditions and comparing
235  results from both, radiative forcing and surface dimming due to the aerosol can be inferred. These calculations are
236 performed using the libRadtran uvspec program (Emde et al., 2016) for d-BrC and BC particles of varying
237 concentrations within the planetary boundary layer (PBL), assumed to be at a height of 1 km. The range of planetary
238 boundary layer heights was previously reported (Lamer et al., 2024) at the TRACER field campaign site in Houston
239 as between 500 to 2000 m. For each layer, libRadtran, through two-stream radiative transfer calculations, determines
240 the Ene, or the difference in irradiance between vertically downwards (direct+diffuse) and upwards (diffuse) directions.

241 The forcing by the aerosol in the atmosphere is:
242 Foom = [Eaerosol _ Epristine] _ [Eaerosul _ Epristine (13)

net,1km net,1km net,0km net,0km

243 The forcing at the surface is

11
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_ 1 pristine
284 Fyp, = B30, — EPTStne (14)

245 The top of atmosphere radiative forcing is similarly calculated and equals the sum of the above two forcings.

246  The dimming at the surface is calculated as

. . _ paerosol _ ppristine _ Fsfe
247  Dimming = E{Gkm E} okem Tw (15)

248 where o is the surface albedo, taken to be 0.1, consistent with urban surfaces. Dimming is caused by aerosol
249 extinction of the downward solar irradiance. The absorption contribution of this dimming can be calculated by

250 setting the surface albedo to zero.

251 Simulations were constrained by d-BrC and BC observational data on optical properties and concentrations. The
252 refractive index data based on EELS measured dielectric function was used to calculate the spectral single scatter
253 albedo, extinction coefficient and moments of the phase function between 350-1200 nm at a resolution of 10 nm.
254 Lorenz-Mie theory calculations were performed using the PyMieScatt python package (Sumlin et al., 2018). Mass
255 concentrations of BC were found from OC-EC analysis of collected filter samples, from which number

256 concentration can be determined assuming a lognormal distribution:

257 N=g—r—t—p (16)

%ppd?)g exp(4.5(ln ag)z)

258  which is ~10 particles/cc for BC. The calculations here showcase the relative dimming potentials of BC and d-BrC
259 at the d-BrC:BC number concentration ratio derived from OC-EC analysis, and the absolute forcing and dimming
260 values would scale depending upon actual abundance. For the calculations of optical properties, the following

261 properties (Alexander et al., 2008; Bond et al., 2013; Chakrabarty et al., 2023) were used: ppc= 1800 kg/m?, pg.sic =

262 1400 kg/m?, 64 = 1.6, dps =215 nm for TRACER particles and dp, = 230 nm for ACE-Asia particles.

263 The spectral energy balances at each layer boundary from libRadtran were numerically integrated across the full
264 wavelength range to generate broadband instantaneous forcing values for each layer. Simulations were repeated
265 across the day during August 22, 2022 at a temporal resolution of half an hour, and thereafter averaged to find the

266 diurnal averaged forcing and dimming values.

12
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267 As expected, for all species considered, the surface forcing and dimming were negative, and the atmospheric and TOA
268 forcings were positive. TRACER d-BrC and BC are assumed to be externally mixed; this is likely true considering
269 the independent existence of d-BrC and BC in wildfire emissions (Adachi et al., 2024) and therefore the forcings are
270 additive at the concentrations observed. Regardless of their mixing state, the energy removed from the surface due to

271 dimming is trapped in the PBL causing atmospheric warming.

13
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272 3. Results and Discussion

273 3.1. Dominant Non-BC Light Absorption

274 The study site (AMF1) was located ~4 km south of the Houston Ship Channel, ~5 km northwest of the Galveston Bay
275 coastline, and close to a myriad of industrial plants and major roadways (Fig. 2a). The aerosol light absorption was
276 measured using IPNs operated at blue (405 nm) and near-IR (1047 nm) wavelengths. The absorption measurements
277 were supplemented by rBC mass concentration measured using the collocated ARM’s SP2 (Fig. A1). Based on these
278 measurements, we calculated the BC light absorption and observed that a large fraction of aerosol absorption cannot
279 be attributed to BC. The non-BC light-absorbing aerosol components contributed ~80% of the total absorption at 405

280 nm and ~88% at 1047 nm (Fig. 2b).
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281 Figure 2. (a) Map showing locations of the main study site (red star) and the major emissions sources, including the Houston Ship
282 Channel, the Galveston Bay, and flares indicating oil refineries or petrochemical industries. (b) Boxplots showing the distribution
283 of BrC absorption fractions and stacked bar plots showing the mean BrC and BC absorption coefficients at 405 and 1047 nm,
284 determined from SP2 and IPN measurements. The boxplots show the minimum (lower tips of the whisker), first quantile (lower
285 bases of the box), median (horizontal solid lines inside the box), third quantile (upper bases of the box), maximum (upper tips of

286 the whisker), and the outlier data (diamond markers). The black triangles overlapping the boxplots denote the mean non-BC
287 absorption fraction based on the BC absorption enhancement factor of 1.5. The shaded areas on the stacked bar plots represent the
288 uncertainties in the BC absorption coefficient, converted from the rBC mass concentration measured by SP2, incorporating the BC
289 absorption enhancement factor of 1.5 + 0.48 (Wu et al., 2018) and the BC absorption Angstrom exponent of 0.6-1.3 (Kirchstetter
290 etal., 2004).

291 Concurrent and collocated PTFE filter samples were extracted in water and ACN separately and analyzed using UV-
292 Vis spectrophotometry. The soluble BrC contributes mainly to absorption at near-UV and blue wavelengths, while the
293 ACN-soluble BrC exhibits additional absorption extending into the green and red wavelengths (Fig. 3a). The
294 absorption properties of ACN-soluble BrC, including its mean imaginary refractive index at 550 nm (ksso = 0.0099)
295  and absorption Angstrom exponent (AAEsessso = 4.92), fall within the range of moderately absorptive BrC detected
296  in other urban regions worldwide (Boreddy et al., 2022; Lei et al., 2018; Zhang et al., 2013). This aligns with the
297 strong short-wavelength absorption expected for BrC that is soluble in organic solvents (Saleh, 2020). However, the
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298 ACN-soluble BrC in TRACER does not account for the observed near-IR non-BC absorption, suggesting additional
299 contributions from insoluble BrC components (Atwi et al., 2022). The quartz-fiber filter samples were subjected to
300 thermal-optical carbon analysis to retrieve the mass concentration and fractions of EC and OC. Low to extremely low
301 volatile OC (LVOC and ELVOC; ~37.5%) exceeded EC (~11%) by a factor of ~3.4 in mass concentration (Fig. 3b).
302 Given d-BrC’s high absorptivity at near-IR wavelengths, low volatility, and insolubility in common organic solvents
303 (Atwi et al., 2022; Chakrabarty et al., 2023; Saleh, 2020; Saleh et al., 2018; Shetty et al., 2019), we hypothesize that
304 d-BrC is a contributor to the observed non-BC light absorption during the TRACER campaign.
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305 Figure 3. (a) Mean imaginary part (k) of the complex refractive index against optical wavelength (L) for water and acetonitrile
306 (ACN) extracted BrC from the PTFE filter samples (n = 5), derived from the solvent-based UV-Vis spectrophotometry. The solid
307 and dashed lines represent the mean £ values, and the shaded area denotes standard deviation. (b) Mass concentrations and fractions
308 of elemental carbon (EC) and organic carbon (OC) components detected on the quartz filter samples (n=8) using the thermal optical
309 carbon (OC-EC) analysis. Our analysis followed the National Institute for Occupational Safety and Health (NIOSH) protocol.
310  3.2. Presence of d-BrC in Urban Atmosphere
311 To validate our hypothesis, we examined the single-particle scale physicochemical and absorption properties of
312 TRACER aerosols using computer-controlled scanning electron microscopy coupled with coupled with energy-
313 dispersive X-ray spectrometry (CCSEM-EDX; described in detail in Appendix B) and STEM-EELS. Among >12000
314 particles scanned by CCSEM-EDX, over 40% of the particles were carbonaceous aerosols (Fig. Bla in Appendix B).
315 Under the SEM’s low-pressure condition (2x10-° — 3x107® Torr), a large fraction of organic particles retained dome-
316 like shapes (Figs. Blb-c), confirming that these particles consisted of low to extremely low-volatile organic
317 compounds (LVOC and ELVOC). The TRACER organic particles were also thermally stable, experiencing little
318 evaporation or morphology degradation up to 150 °C in the stage-heating environmental TEM (ETEM) (Fig. B2),
319 which translates to 465 °C under standard atmospheric conditions (Donahue et al., 2006).
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320 For individual particles, STEM-EELS enabled direct retrieval of their dielectric functions (¢) between electron energy
321 loss of 1 to 4.1 eV, from which the particles’ imaginary (k) and real (n) refractive indices between 300 to 1200 nm
322 wavelengths were derived. Fig. 4d shows the STEM image of a TRACER organic particle (named Particle 2 hereafter),
323 along with its dielectric function (Fig. 4¢) and refractive index (Fig. 4f). Particle 2 exhibits high spectral absorptivity,
324  with k equal 0.1387 at visible 550 nm and 0.0833 at near-IR 1047 nm, accompanied by an AAEses;550 value of 1.78
325 and relatively constant spectral n values. While the optical properties of Particle 2 are close to those of a TRACER
326 soot particle (ksso = 0.1743; kioa7 = 0.1477; AAE365550 = 1.49) shown in Fig. C1 in Appendix C, its morphology
327 distinguishes it from aggregated soot BC, and its submicron size excludes the possibility of it being char BC (Corbin
328 et al., 2019). These optical characteristics (ksso > 0.1; 2.5 > AAEs65/550 > 1.5), low to extremely low volatility, and
329 submicron, amorphous morphology corroborate that Particle 2 is consisted primarily of strongly absorbing d-BrC
330 (Chakrabarty et al., 2023; Saleh, 2020; Saleh et al., 2014). This demonstrates that d-BrC aerosols are present in the
331 coastal urban atmosphere at La Porte. Fig. 4g shows another TRACER organic particle (Particle 3) with low to
332 extremely low volatility, yet it is less absorbing (ksso = 0.0725; k1047 = 0.0298) than the d-BrC Particle 2, despite that

333 its wavelength dependence feature (AAE3¢5/550 = 2.13) falls within the range of d-BrC, as shown in Figs. 4h-i.
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Figure 4. (a) Scanning transmission electron microscopy (STEM) image of an organic particle (Particle 1) sampled in TRACER
campaign, acquired simultaneously with the electron energy loss spectroscopy (EELS), with its single-particle elemental
composition scan showing the distribution of (b) carbon and (¢) oxygen within the particle. (d, g STEM images of BrC particles
(Particle 2 and Particle 3) sampled in TRACER campaign. The real (¢/) and imaginary (e2) part of the dielectric function of (e)
Particle 2 and (h) Particle 3, determined using low-loss EELS, plotted against electron energy-loss level ranging from 1 to 4 eV.
The real (n) and imaginary (k) part of the complex refractive index of (f) Particle 2 and (i) Particle 3, derived from their dielectric
function, plotted against optical wavelength ranging from 300 to 1200 nm.
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341  3.3. Possible Source of Urban d-BrC Aerosols

342 Several laboratory and field studies have reported d-BrC in biomass burning and wildfire emissions (Adler et al., 2019;
343 Atwi et al., 2022; Chakrabarty et al., 2023; Hoffer et al., 2016, 2017; Saleh et al., 2014). The TRACER d-BrC and
344 wildfire d-BrC share characteristics such as strong spectral absorptivity, low volatility, insolubility, and thermal
345 stability (Chakrabarty et al., 2023; Saleh, 2020) with the TRACER d-BrC. The d-BrC aerosols have been hypothesized
346  to be primary particles formed from heat-induced carbonization along with BC in high-temperature flames
347 (Chakrabarty et al., 2023; Corbin and Gysel-Beer, 2019; Idrobo and Zhou, 2017). Following the methodology used in
348 Chakrabarty et al. (Chakrabarty et al., 2023), we investigated the bonding characteristics of the TRACER d-BrC from
349 the low-loss STEM-EELS measurements (Fig. 5a). Similar to wildfire d-BrC, the TRACER d-BrC showed a
350 broadened = peak relative to the concurrently collected soot samples and the reference single-layer graphene (Idrobo

351 and Zhou, 2017), consistent with the characteristics for co-emission of primary d-BrC and BC aerosols.

352 The diurnal variation of the TRACER BC and non-BC absorption at 405 nm during August 2022 showed synchronized
353 morning and evening peaks (Fig. 5b), suggesting co-emission pattern of BC and non-BC aerosol components such as
354 d-BrC consistent with local combustion sources, potentially including traffic (Farley et al., 2023) and flares and
355 industrial activities (Guagenti et al., 2025). Nevertheless, we cannot exclude the possibility of long-range transport of
356  biomass burning emissions since our available observations are insufficient for a definitive source apportionment of

357 TRACER d-BrC.
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358 Figure 5. (a) The low-loss EEL spectra from 0 to 30 eV of the TRACER d-BrC compared with concurrent soot samples, wildfire
359 d-BrC tar balls, and a reference single-layer graphene sample (Idrobo and Zhou, 2017). The © peak represents excitation of the
360 electron and broadens from graphene to soot and to d-BrC. This phenomenon is associated with reduced degree of graphitization
361 and thereby fewer numbers of sp? hybridized carbon atoms from pure BC to d-BrC (Zhu et al., 2014), pointing to d-BrC formation
362 via carbonization rather than graphitization along the BC formation pathway in high-temperature flames (Corbin and Gysel-Beer,
363 2019). The n+o peak represents excitations of valence electrons, which shifts to higher electron energy loss from graphene to BrC
364 (Idrobo and Zhou, 2017). (b) The mean diurnal variations of BC and BrC light absorption coefficient (babs) at 405 nm for the month
365 of August. The primary y-axis (left) corresponds to BrC absorption (circular markers), and the secondary y-axis (right) corresponds
366 to BC absorption (diamond markers). The shaded areas represent the standard error of mean for the corresponding absorption data.
367 The 405-nm babs,src include absorption from d-BrC and other less-absorbing BrC species.

368  3.4. Urban d-BrC Contribution to Surface Dimming and Boundary Layer Heating

369 D-BrC aerosol radiative impacts have not been as well documented as those of BC. Previous studies have extensively
370 characterized total surface dimming (Wild, 2009), while attributing light absorption primarily to BC (Ramanathan and
371 Carmichael, 2008). In Houston, based on Texas Air Quality Study (TexAQS II) in situ airborne measurements,
372 refractory BC (rBC) daily-mean surface dimming was -3.3 W m2, but this excluded all other light-absorbing aerosols
373 (Schwarz et al., 2009). In the Yellow Sea, total surface aerosol radiative forcing was -93.6 W m2 AOD™! in visible
374 wavelengths (400-700 nm), but the contributions of different aerosol fractions were not known (Bush and Valero,
375 2003). Temporal variations in surface solar radiance (SSR) around the world have also been observed over decadal
376 timespans, with aerosols being a key modulator (Wild, 2009). However, the precise partitioning of surface dimming

377 among light-absorbing species co-emitted with BC, like d-BrC, remains poorly constrained.

378 To determine the radiative impact of d-BrC in the lower troposphere, we used the single-particle optical properties of
379  TRACER d-BrC as inputs to run radiative transfer simulations in the atmospheric column using the libRadtran library
380 (Emde et al., 2016). In comparison, BC was used as a reference to contextualize d-BrC’s dimming potential. From the
381 thermal-optical mass concentration data, we inferred a mean d-BrC-to-BC number concentration ratio of 2.3, ranging

382  from 1.2 to 4.9, with the uncertainty arising from variability in the measured mass concentration of EC and OC
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383 fractions. This contrasts to the ratio of 4 observed in wildfire smoke (Chakrabarty et al., 2023). We assumed that OC4,
384  which is equivalent to ELVOC (Shetty et al., 2019), represents d-BrC, and EC represents soot BC (Corbin et al., 2019;
385 Hoffer et al., 2017). A small fraction of EC may represent other forms of BC, such as char BC, thereby biasing the d-
386 BrC-to-BC number concentration ratio low. The surface dimming in the shortwave spectrum (350-1200 nm) due to
387  TRACERd-BrCis 0.51 W m? (ranging from 0.27 W m™ to 1.08 W m2), two thirds of that due to co-emitted BC (0.76
388 W m?) (Fig. 6b). When the d-BrC-to-BC number concentration ratio exceeds 3.5, surface dimming due to TRACER
389 d-BrC surpasses BC. The simulated contribution from d-BrC surface dimming could explain the two-fold discrepancy
390 between observed and modeled surface dimming at La Porte during the previous TexAQS campaign, which also
391  coincides with an underestimation of measured aerosol optical depth. Since the TOA RF due to TRACER d-BrC
392 (+0.06 W m?) is the same as that due to BC (+0.06 W m2), TRACER d-BrC contributes half of total TOA RF due to

393 light-absorbing carbon in the Houston area (Fig. 6a).

394 However, not all d-BrC emissions are alike across emission sources and geographies. At equal number concentrations,
395 modeled surface dimming of d-BrC from East Asian ship engine exhaust is 2.9 times greater than the dimming due to
396 TRACER d-BrC, owing to the relatively greater absorptivity of ship d-BrC. TRACER d-BrC and ship d-BrC also
397 diverge in the fraction of surface dimming attributable to absorption, with absorption contributing 91% and 85% of
398  the total surface dimming, respectively, and scattering accounting for the remainder. However, factoring in the real-
399 world abundance ratios of these species, the magnitudes of their individual surface dimming are comparable. In the
400  ACE-Asia campaign, the mass of refractory OC, of which d-BrC is a constituent, was ~0.85 to 1 times that of BC
401 (Clarke et al., 2004), rendering a surface dimming effect of ship d-BrC (—0.64 W m2) comparable to that of BC (—
402 0.76 W m2). During the TRACER campaign, although the d-BrC-to-BC mass concentration ratio was higher at 1.75,
403 the relatively less absorbing d-BrC particles caused urban d-BrC dimming (—0.51 W m™) to also be comparable to that
404 of BC. This highlights that both the specific fuel source of d-BrC and the number ratio relative to BC dictate the

405 radiative impact of d-BrC.
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406 Fig. 6. Radiative forcing and surface dimming due to BC and d-BrC particles. Shortwave energy balance (W m) in the
407 atmospheric column is redistributed due to the presence of light-absorbing aerosols. Results show the radiative impact of BC and
408 d-BrC detected in TRACER, with ship d-BrC from the ACE-Asia campaign in East Asia included for comparison. a. Radiative
409 forcing and b. surface dimming are calculated for particles homogenously mixed in the lower tropospheric planetary boundary

410 layer (PBL, 0-1 km), at specific number concentrations based on the observed ELVOC:EC mass concentration ratio. The range of
411 d-BrC number concentrations arises from the bounding analysis based on measured mass variances for ELVOC and EC. Positive
412 atmospheric RFs, denoted by the downward arrows, indicate an increase in absorption of shortwave energy over the baseline
413 scenario (no aerosol in PBL). Negative RFs observed at the surface indicate a reduction from the baseline of shortwave energy

414 absorbed by the ground. This reduction can be detected at the ground as a change in downward surface solar radiance (SSR) or
415 surface dimming. The relationship between surface radiative forcing and surface dimming is a linear factor of 1/(1-a), where o is
416 surface albedo.

21



https://doi.org/10.5194/egusphere-2026-4745
Preprint. Discussion started: 10 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

417 3.5. Global Implications of Urban d-BrC

418 Based on their optical properties, BrC aerosols can be classified into very weakly (VW-BrC), weakly (W-BrC),
419 moderately (M-BrC), and strongly absorptive (S-BrC) (Saleh, 2020), equivalent to d-BrC. From very weakly to
420 strongly absorptive (Saleh, 2020), BrC exhibits gradually increasing absorptivity along the brown-black absorption
421 continuum (Navinya et al., 2024), with BC being the evolutional endpoint on an optical basis (Saleh et al., 2018). As
422 the most absorptive BrC species, d-BrC retains similar light absorption properties to BC (Bond et al., 2013;
423 Chakrabarty et al., 2023), making it difficult to differentiate d-BrC and BC in light-absorption measurements (Bond
424 et al., 2013; Chakrabarty et al., 2023). Consequently, accurate measurement and interpretation of aerosol optical
425 properties are essential for climate models to estimate aerosols’ impacts on Earth’s radiative budget (Bond et al., 2013;

426  GliBetal., 2021).

427 Fig. 7 compares our results with the solvent-based BrC absorption properties measured in other urban areas worldwide
428 (Bikkina et al., 2020; Boreddy et al., 2022; Huang et al., 2018; Kim et al., 2016; Laskin et al., 2015; Lei et al., 2018;
429  Navinya et al., 2025; Rathod et al., 2024; Zhang et al., 2013). These studies measured BrC absorption properties using
430 organic solvent extraction methods with UV-Vis spectrometry, categorizing BrC as either weakly (W-BrC) or
431 moderately (M-BrC) absorptive. In this study, we coupled the UV-Vis analysis and STEM-EELS to derive both
432 solvent-phase and particle-scale absorption Angstrém exponent (AAE) and ksso for TRACER BrC samples. For our
433 samples, the ACN-soluble BrC was also classified as M-BrC. However, the absorption by d-BrC cannot be captured
434 by the conventional solvent extraction methods, potentially underestimating the occurrence and absorption of d-BrC
435 (Shetty et al., 2019), leading to systematic underrepresentation of d-BrC in both in-situ measurements and climate

436 models. This highlights the need for recognizing d-BrC as an important light-absorbing aerosol component in urban
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437 environments, in addition to its presence in biomass burning and wildfire plumes, and for incorporation of urban d-

438 BrC into aerosol-climate models.
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439 Fig. 7. Solvent-based optical methods underestimate BrC absorption. Plot of the absorption wavelength dependence (w = AAE
440 — 1) against the logarithmic ksso values (logio(ksso)) for BrC aerosols in different urban areas globally, including Los Angeles (Zhang

441 et al., 2013) in the United States, Seoul (Kim et al., 2016) in South Korea, Xi’an (Huang et al., 2018) and Yulin (Lei et al., 2018)
442 in China, and Mumbai (Rathod et al., 2024), Visakhapatnam (Bikkina et al., 2020), and Kochi (Boreddy et al., 2022) in India, based
443 on previous studies where BrC samples were extracted in methanol. In this study, BrC was extracted using ACN. The datapoint for
444 BC is shown as a reference.

445 Beyond the direct radiative effects, the impacts of d-BrC on atmospheric thermodynamics, including evaporation,
446 convection, and cloud formation, also remain uncertain. Recent studies have shown contradicting conclusions for
447 effects of Houston’s polluted airmass on invigoration or suppression of cloud condensation nuclei (Al-Jabri et al.,
448 2025; Thompson et al., 2025). Measurements from TRACER have revealed that ship emission particles are less
449 hygroscopic than the surrounding marine background aerosol, reducing their ability to activate as cloud condensation
450  nuclei by 69% (Thompson et al., 2025). Our radiative energy balance calculations for d-BrC point towards suppression
451 of convection, with boundary layer heating (+1.46 W m) triggering a thermodynamic stabilization of the column.

452 Further investigations are necessary to constrain d-BrC’s role in aerosol-convection interactions.

453 4. Conclusions

454 In conclusion, our results provide observational evidence for the presence of d-BrC aerosols in a coastal urban region
455 in Southeast Texas. In-situ photoacoustic measurements showed that more than 80% of aerosol light absorption at blue

456  and near-infrared wavelengths was attributable to non-BC absorption, while single-particle STEM-EELS identified
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457 refractory strongly absorbing organic particles with optical properties consistent with d-BrC. Radiative transfer
458  modeling showed that the light absorption and the potential abundance of d-BrC make it a more potent climate forcing
459 agent than recognized in studies that neglect insoluble organic absorption (Bond et al., 2013). These observations and
460 calculations collectively provide evidence for d-BrC aerosols as a climate-relevant concern not only in wildfire plumes
461  but also in the urban atmosphere. Further, light absorption contribution from d-BrC has been underrepresented and
462 attributed to BC in current measurements and models (Saleh et al., 2014), leading to underestimation in BrC radiative

463 impacts.

464 Our direct observation of anthropogenic d-BrC with strong near-infrared absorption challenges this assumption,
465 particularly in the context of recent observations highlighting the physical complexity of carbonaceous particles in
466 urban environments. Recent analyses from the TRACER campaign have demonstrated that BC and other carbonaceous
467 aerosols in the Houston urban plume exist in internally mixed states driven by intersecting marine and industrial air
468  masses (Farley et al., 2024; Thompson et al., 2025). This internal mixing, particularly with secondary aerosols,
469 enhances the mass absorption efficiency of BC, with the exact enhancement depending on coating morphology and
470 refractive indices, which cannot be captured by a fixed AAE (Cheng et al., 2026). Because urban d-BrC and heavily
471 coated, internally mixed BC share overlapping optical properties, standard optical differentiation methods are
472 insufficient. This underscores the critical need to extend previous aerosol classification studies through particle-
473 resolved optical characterizations, such as STEM-EELS utilized in this study, to accurately apportion light absorption

474 in mixed urban environments.

475 However, several limitations should be considered when interpreting the results of this study. First, the non-BC
476 absorption inferred from the difference between total and BC absorption should not be interpreted exclusively as d-
477  BrC absorption. Other light-absorbing non-BC components may also contribute to the residual absorption. Moreover,
478 the estimated BC absorption depends on theoretical MAC, absorption enhancement factor, and AAE, with the
479  uncertainties of these parameters propagating directly into the inferred non-BC absorption. Second, detailed particle-
480  scale STEM-EELS characterization was conducted on a limited number of representative particles relative to the
481 heterogeneous ambient aerosol population. Therefore, the measured particles may not fully capture the urban d-BrC
482 abundance and diversity of composition and optical properties. In addition, the aerosols were sampled on filters and

483  TEM grids. Particle collection, drying, storage, and subsequent sample treatments can alter the particle morphology
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484 and composition, potentially causing differences between the measured particles and their original atmospheric state.
485  Third, the diurnal aerosol absorption pattern does not permit definitive source apportionment of the observed d-BrC.
486 Contributions from other sources such as long-range transport of biomass burning emissions cannot be excluded. More
487 detailed source apportionment measurements like chemical tracers and concurrent measurements of air mass history
488  would be required to quantitatively distinguish local from transported contributions. Fourth, in the surface dimming
489 and boundary layer heating modeling, we used the mass concentration of OC4, or ELVOC, detected using thermal
490 optical carbon analysis, as a proxy for the ambient TRACER d-BrC mass concentration. However, not all extremely
491 low volatile BrC particles are d-BrC particles, as demonstrated by Particle 3 in Figs. 4g-i. Consequently, the modelled
492  d-BrC climatic significance would potentially be overestimated. This urges for more comprehensive measurements
493 capable of directly quantifying the mass, number concentration, size distribution, and optical properties of d-BrC to
494 reduce this uncertainty. Fifth, the radiative transfer calculations involve several simplifying assumptions. Although
495  the reported PBL height at the TRACER site varied from approximately 500 to 2000 m, the aerosols were assumed to
496 be homogeneously distributed within a 1-km PBL. The calculations also rely on assumed particle size distributions,
497 densities, and external mixing between d-BrC and BC. Variations in the vertical aerosol distribution, particle size,
498  mixing state, and hygroscopic growth could therefore modify the calculated surface dimming and atmospheric heating.
499 Finally, our observations were limited to August 2022 as a single coastal industrial site. Seasonal changes in emission
500 sources, atmospheric processing, meteorology, and particle optical properties were not captured. Multi-season and
501 multi-site observations are needed to determine the broader prevalence of urban d-BrC and to constrain its

502 representation in regional and global climate models.

503 Despite these caveats, the results highlight a potentially important and previously underrepresented source of light
504 absorption in urban atmospheres. The resemblance in the absorption strength, wavelength dependency, and single
505 scattering albedo of d-BrC and BC complicates their differentiation in in-situ and remote sensing measurements (Bond
506 et al., 2013; Chakrabarty et al., 2023), highlighting the importance of comprehensively understanding the absorption,
507 physicochemical properties, and formation conditions of d-BrC in both wildfire and urban settings. Future studies
508 combining direct measurements of d-BrC abundance and composition with source-specific tracers, multi-season
509 observations, and vertically resolved aerosol measurements are needed to determine the prevalence, sources,

510 atmospheric evolution, and geographical distributions of urban d-BrC. Incorporating these constraints into aerosol-
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511 climate models (Navinya et al., 2024) will be essential for accurately assessing the broader contribution of urban d-

512 BrC to associated atmospheric heating, surface dimming, and radiative forcing at the regional and global scales.
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513

Appendix A: Instrument Setup at AMF1 of TRACER Field Campaign.

Field Instrument Setup and Offline Analyses
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Figure Al. The schematic illustration of the instrument setup for real-time in-situ aerosol light absorption measurements and for
aerosol sample collection with their associated offline analyses. Ambient aerosols were sampled through a PM2s cyclone inlet and
sent through a diffusion dryer to remove excess water content. The time-resolved aerosol collector (TRAC) and the integrated
photoacoustic nephelometers (IPNs) shared a common sampling line after a diffusion dryer. A 47-mm polytetrafluoroethylene
(PTFE)-membrane filter and a 47-mm quartz-fiber filter are in separate parallel sampling lines from the TRAC and IPN. No
diffusion dryer was deployed for the Teflon filters because of their waterproof nature; another diffusion dryer was attached before
the quartz filters to prevent water content from damaging the filters.
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521 Appendix B: Electron Microscopy Analyses

522 In this study, 18 grids (>12000 particles) were analyzed under room temperature (293K) and near-vacuum condition
523 (2x10 — 3x10° Torr) using the computer-controlled FEI Quanta digital field emission gun environmental scanning
524  electron microscopy coupled with an energy dispersive X-ray spectrometer (CCSEM-EDX), operated at 20 kV voltage
525 and 480 pA current. The near-vacuum condition in CCSEM evaporates and removes the volatile to semi-volatile
526 organic compounds. SEM images of particle morphology upon deposition were obtained by observing the particles
527 after tilting the substrates by 75° from horizontal plain. The chemical compositions of the sampled particles were
528 analyzed using CCSEM-EDX, which measured the relatively weighted elemental percentages of C, N, O, Na, Mg, Al,
529 Si, P, S, CL, K, Ca, Mn, Fe, Cu, and Zn and the aera-equivalent diameters for each particle. The ultrathin carbon film
530 renders low background carbon signal, enabling the automated CCSEM-EDX analysis in identifying deposited
531 particles and scanning for their detailed elemental compositions (Laskin et al., 2003b). Based on the elemental
532 spectrum for each particle scanned, the CCSEM classified the particles into “Na-rich” (sea salt), “Na-rich/Sulfate”
533 (inorganic sulfates), “Sulfate”, “Carbonaceous”, “Dust”, and “Other” categories. Within the sodium-containing
534 particles ([Na > 0]), those that contain more sodium than any other detectable metals and sulfur ([Na] > [S]) are “Na-
535 rich” particles. If the sodium content in the particles is less than sulfur ([Na] < [S]) but still more than the other
536 detectable metals, they are classified as “Na-rich/Sulfate”. The “Dust” particles have more detectable metals, such as
537 aluminum, silicone, calcium, iron, manganese, and zinc, than sodium (sum[Al, Si, Ca, Fe, Mn, Zn] > [Na]). The
538 “carbonaceous” and “sulfate” particles belong to sodium-free particles ([Na] = 0). If the particles only contain carbon
539 (C), nitrogen (N), and oxygen (O) elements, it is considered as “Carbonaceous”. If, in addition to C, N, and O, the
540  particles only contain S, they are categorized as “Sulfates”. All remaining particles that do not fit into any specitied
541 categories are assigned to the “Other” group (Fig. B1). The carbonaceous particles were dominant (40.1%) for most

542 particle sizes, and Na-rich and sulfate-rich particles also account for large fractions (22.6% and 23.5%, respectively).

543 An environmental transmission electron microscopy (ETEM) was also used to examine the particles samples with
544 stepped heating from room temperature (20 °C) to 150 °C under low pressure (Fig. B2), equivalent to ~140 to ~465 °C
545 under standard atmospheric conditions. Temperatures in a vacuum can be converted to equivalent temperatures under

546 atmospheric pressure according to the Clausius-Clapeyron equation (Donahue et al., 2006).
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547 Figure B1. (a) Size-resolved aerosol chemical compositions from CCSEM, plotted as the normalized lognormal size distributions
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548 (dN/dlog(dp)) against the area equivalent particle diameter in um. (b, ¢) Tilted scanning electron microscopy (SEM) image showing
549 abundant ELVOC particles that retained dome-shaped morphology without evaporation under vacuum conditions in the SEM.
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550 Figure B2. Images of the TRACER ELVOC particles at room temperature (20°C), 100°C, and 1
551 condition in the environmental transmission electron microscopy (ETEM). The particles exhibited no obvious evaporation or
552 morphological changes until the temperature reached 150°C.
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Appendix C: EELS Scanned Particles
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Figure C1. (a) The STEM image of an aggregated soot BC particle sampled in TRACER campaign, with its single-particle
elemental composition scan showing the distribution of (b) carbon and (c¢) oxygen within the particle. (d) The real (e1) and
imaginary (&2) part of the dielectric function of the aggregated soot BC particle, determined using low-loss EELS, plotted against
electron energy-loss level ranging from 1 to 4 eV. (e) The real (n) and imaginary (k) part of the complex refractive index of the
aggregated soot BC particle, derived from their dielectric function, plotted against optical wavelength ranging from 300 to 1200
nm.
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Data Availability

All data are available in the main text or the Appendices. Data used in this study from the TRACER campaign for
various instruments is available to download from the DOE ARM’s Data Discovery website

(https://adc.arm.gov/discovery#/).
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