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Abstract. Brown carbon (BrC) is an organic carbon component with noticeable absorption in the ultraviolet and short visible
wavelengths, which influences the global radiative balance. However, assessing BrC radiative effects remains a challenging
task owing to the scarcity of direct BrC observations and the uncertainties regarding their chemical and optical properties. This
study proposes an efficient method for estimating BrC radiative effects based on the available observational data. The light-
absorbing properties of BrC obtained from acthalometer measurements and an optical separation method were combined with
simulated BrC optical properties to determine the mass concentrations. An optical closure study was conducted to constrain
the total and other acrosol contents. Subsequently, we estimated the acrosol optical properties and concentrations. Such a state-
of-the-art combination of measurements and numerical models provides primary variables for simulating radiative transfer to
estimate BrC radiative effects. We used observations conducted over four months (from July 1 to November 18, 2021) in
Nanjing (a megacity in East China) as an example. During the observational period, BrC absorption constituted 8.7-34.1% of
the total aerosol absorption at 370 nm. In the atmosphere, BrC plays a warming role, with its average instantaneous radiative
forcing (RF) and standard deviation of 4.0 +2.3 W m'2 corresponding to 15 +4.2% of the black carbon (BC) RF. At the surface,
the BrC-induced actinic flux (AF) attenuation was comparable to that caused by BC, accounting for over 55% of the BC effects
in the UV range and almost 20% in the visible range. The photosynthetically active radiation (PAR) attenuated by BrC was
approximately 33.5 + 9.4% of that attenuated by BC. Furthermore, we quantified the influences of several BC and BrC
microphysical and optical properties on their radiative effects. These findings provide valuable insights for understanding BrC
radiative effects; moreover, they highlight the importance of and necessity for improved observation and modeling of BrC
properties.

1 Introduction

Carbonaceous aerosol is a major component of atmospheric aerosol that directly and indirectly influences the radiative budget
of the Earth (Bond et al., 2006; Laskin et al., 2015). Carbonaceous aerosol includes organic carbon (OC) and black carbon
(BC). Because of its strong light absorption in the visible and near-infrared regions, BC plays a crucial role as a climate
warming agent (Moosmiiller et al., 2011; Bond et al., 2013). Conversely, although OC is primarily thought to scatter aerosol
and cool the atmosphere, recent studies have indicated that a collection of OC compounds also possesses non-negligible light

absorption (Alexander et al., 2008; Laskin et al., 2015). This subset of OC, also known as brown carbon (BrC), absorbs
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ultraviolet (UV) and shortwave visible light, with its absorption diminishing as the wavelength increases (Chen and Bond,
2010; Kirchstetter and Thatcher, 2012). Therefore, BrC exhibits a significantly higher absorption Angstrém exponent (AAE)
than BC (Lack and Langridge, 2013; Mohr et al., 2013). Previous studies have shown that BrC could contribute up to 10% to
carbonaceous aerosol absorption at visible wavelengths and up to 20-50% at shorter wavelengths (Chen et al., 2020; Zhang et
al., 2020; Pani et al., 2021). This substantial contribution leads to notable direct radiative effects (DREs) at the top of the
atmosphere (TOA), with a global average value ranging from 0.1 to 0.6 W-m™ (Feng et al., 2013; Huang et al., 2018; Jo et al.,
2016; Kirillova et al., 2014). The DREs offset the cooling effects deriving from scattering-dominant aerosol to varying extents
(Liu et al., 2014; Zhang et al., 2017b, 2021b). Lin et al. (2014) reported that the BrC DREs could be 27% to 70% of those
attributed to BC. Although BrC has recently attracted significant interest, our understanding of this carbonaceous component

and its effects remains relatively limited, with significant uncertainties.

Currently, materials such as humic-like substances, polycyclic aromatic hydrocarbons, and lignin are all considered as BrC.
Diversity in the chemical nature and microphysical properties of the BrC components introduces substantial variations in their
content and optical properties (Andreae and Gelencser, 2006). Even in well-controlled chamber experiments, BrC light
absorption is influenced by various factors (Chen and Bond, 2010; Cai et al., 2020; Zhong and Jang, 2014; Liu et al., 2016),
such as combustion conditions (e.g., burning temperature), atmospheric acidity, NOx concentrations, and relative humidity.
Liu et al. (2019) measured the optical properties of atmospheric water-soluble BrC in eastern China and reported BrC
absorption coefficients of 9.4 Mm™! at a wavelength of 365 nm, i.e., much smaller than those observed in Beijing (14.0 Mm™)
or Xi’an (19.6 Mm ™) (Yan et al., 2015; Li et al., 2020). Choudhary et al. (2021) investigated BrC deriving from the burning
of paddy and wheat residues in the source region of the Indo-Gangetic Plain, obtaining absorption coefficients at 405 nm of
134.8 Mm™! and 47.1 Mm'!, respectively. Paraskevopoulou et al. (2023) indicated that BrC absorption coefficients under
intense residential wood burning conditions in Southeastern Europe could vary by a factor of 1.6 because of solvent differences.

These results confirm that significant uncertainties regarding BrC chemicals and their optical properties remain.

Considerable attention has been devoted to estimating the global radiative effects of BrC by using numerical models (Feng et
al., 2013; Wang et al., 2014, 2018b). These simulations mostly assume that a specific fraction of organic aerosol is BrC and
use the measured minimum or maximum BrC absorption properties to perform radiative parameterization (Feng et al., 2013;
Lin et al., 2014). For instance, Feng et al. (2013) assumed that 66% of primary organic aerosol from biofuels or biomass are
BrC and absorptive, whereas Lin et al. (2014) assumed that all primary organic aerosol from biofuel and biomass sources are
BrC, as well as secondary organic aerosol produced by biogenic and anthropogenic emissions. Chemical transport and radiative
transfer models have been used to simulate global or regional distributions of BrC, and to quantify its radiative effects, both
of which show significant differences, primarily because of limited constraints on BrC properties (Jo et al., 2016; Wang et al.,
2014; Yan et al., 2018). However, direct large-scale and long-term observations of BrC are scarce. Zeng et al. (2020) addressed

this issue by estimating the BrC DRE based on direct BrC observations collected from aircraft flights near pole-to-pole latitudes.
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These authors discovered that BrC absorption contributes 7 to 48% of the TOA clear-sky instantaneous forcing by all
absorptive carbonaceous aerosol. Although this methodology has significant potential, such direct atmospheric BrC

observations are not sufficient (Saleh, 2020).

In summary, current BrC DRE estimations are based either on numerical modeling predictions based on specific assumptions
or well-planned and equipped field campaign measurements. Given the scarcity of and challenges associated with in situ BrC
observations, the current study proposed a simplified but observation-constrained model to quantify BrC radiative effects.
Radiative forcing (RF, only direct radiative forcing) and influences on the photosynthetically active radiation (PAR) and actinic
flux (AF) were considered and discussed. To reach this objective, we combined the readily available atmospheric and aerosol
observations and fundamental numerical optical simulations, and we used observations conducted over four months in Nanjing

as an example for evaluating BrC radiative effects relative to those of BC.

2 Sampling sites and observations

This study provides a general observation-constrained method for estimating BrC radiative effects by utilizing easily accessible
conventional observations. First, aerosol properties from ground-based measurements were obtained, including light
absorption coefficients (4bs, in a unit of Mm') from a multi-wavelength aethalometer, light scattering coefficients (Sca, in a
unit of Mm') from a nephelometer, retrieved aerosol optical depth (AOD) from a Sun-photometer and the PMio mass
concentration (Mpy,10, in a unit of pg m) from an aerosol particle size distribution sampler. A multi-wavelength acthalometer
(Model AE-33, Magee Scientific Corporation, California, USA) with a time resolution of 5 min continuously measured the
aerosol Abs at wavelengths of 370, 470, 520, 590, 660, 880, and 950 nm. The light absorption coefficients were obtained from
the measured attenuation coefficients Abs,ry by correcting the effects deriving from filter loading and multiple scattering
using Eq. (1) (Schmid et al., 2006):

Abs
Abs, = —22°ATN 1
A (Cref+Cscat) R ’ ( )

where R is the function for filter-loading correction, and C,., y is the multiple scattering correction factor (set to 4.26) following
Coen et al. (2010). C,.4; represents the aerosol scattering correction, which is calculated using the Sca and scattering
Angstrom exponents at three wavelengths (450, 525, and 635 nm) obtained from an integrating nephelometer (Aurora™ 3000,
Ecotech, Australia) following Arnott et al. (2005). The measured Sca values with a time resolution of 1 min were adjusted for
hygroscopic growth when RH > 50% (Zhang et al., 2015). A Sun/sky radiometer (CE318-T Photometer, CIMEL Electronique,
France) was employed to obtain the retrieved AOD from ultraviolet to near-infrared wavelengths centered at 440, 500, 670,

870, and 940 nm.
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Nanjing, a megacity located in the Yangtze River Delta (YRD) region of China, is characterized by rapid growth and a dense
population (Ding et al., 2013). Recent observational studies revealed the non-negligible light absorption of BrC in Nanjing
and its remarkable influence on climate change. The acthalometer, nephelometer, and Sun/sky radiometer observations were
conducted at the SORPES station (118°57°10°” E and 32°07°14° N), located at the Xianlin campus of Nanjing University in
the western suburbs region, which is impacted heavily by human activity (Ding et al., 2013, 2016; Wang et al., 2018a). The
Mppy10 Were obtained from the China National Urban Air Quality Real-time Publishing Platform
(http://113.108.142.147:20035/emcpublish/), and hourly results were adopted at the closest national monitoring station to the
SORPES (Xianlin University Town, 118°54°45” E and 32°06°10” N). The sampling period was from 1 June 2021 to November
18, 2021 (local time).

Figure 1 shows the temporal variations in the major parameters during the observational period, including Mpy,4, Abs, Sca,
and AOD. These observations were employed to determine the BrC concentrations and optical properties. As shown in Fig. 1,
the statistical observations describe different aerosol properties. Note that AOD characterizes the accumulated aerosol
extinction of the column, and the other variables represent the aerosol properties at the surface. The hourly mean Mp,,,, values
are shown in Fig. 1(a), with daily mean values varying from 10 to 80 pg m. The Abs and Sca reveal the ability of aerosol to
absorb and scatter light, with daily mean values varying from 38 to 228 Mm™! at 525 nm and from 4 to 52 Mm! at 520 nm,
respectively. The AOD describe the aerosol attenuation effects on light, with daily mean values varying from 0.1 to 1.2 at

520 nm.
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Figure 1. Time series of (a) PM,, (b) Sca at 525 nm, (c) Abs and (d) AOD at 520 nm during the observations. The boxes in (a), (b),
and (c) indicate the 25% and 75% quantile of daily observation data, and the tentacle whiskers indicate 5% and 95%. The line near
the middle of each box indicates the median of the sample, and the red diamond symbol in the box indicates the mean value of the
data within a day.

3. Extraction of BrC and non-BrC aerosol properties

The observations discussed above were used to constrain the background aerosol properties and distinguish BrC and BC
components. To evaluate the radiative effects of BrC in the atmosphere, a combination of observations and well-accepted
microphysical and optical characteristics were adopted (Fig. 2). First, acrosol properties, including Mpy,, ,, Abs, Sca,and AOD
were obtained from direct observations corresponding to the red part of Fig. 2. The mass absorption cross section (MAC),
mass extinction cross section (MEC), single scattering albedo (SSA), and asymmetry factor (ASY) for each aerosol type
derived from the modeled aerosol optical properties, which are illustrated in green (Fig. 2). The measured and simulated aerosol
properties were combined using an optical closure study to partition the various aerosol properties, namely AOD, ASY, and
SSA. With the derived aerosol properties, the radiative transfer model (Library for Radiative Transfer Model, LibRadTran

Model) could be used to determine the BrC radiative effects and their contributions to the relative carbonaceous aerosol effects.
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Figure 2. Flowchart of estimation of BrC radiative effect. The part with purple background corresponds to the direct observations
used, which are detailed in Sections 2 and 3.1. The optical closure part, which uses the direct observations to separate the properties
of each type of aerosol (i.e., AOD, SSA, ASY, surrounded by the yellow dotted line), is illustrated by the part with blue background.
The bottom yellow part indicates the output for radiative estimations. We adopted a three-component aerosol model (BrC, BC, and
pure light-scattering components, i.e., LSC). More details are available in Section. 3.2. After clarifying the properties of each type
of aerosol (i.e., AOD, SSA, ASY), the LibRadTran Model is used to estimate the BC and BrC radiative effects.

3.1 Extraction of BrC absorption

The optical properties of BrC, particularly absorption, are pivotal factors for estimating radiative forcing (Lu et al., 2015; Saleh
et al., 2015). Initially, we extracted the absorptions of BC and BrC from the AE-33 observations following the absorption
Angstrom exponent (AAE) segregation method (Lack and Langridge, 2013; Mohr et al., 2013; Shen et al., 2017), which
considers the distinct absorption spectral dependence of BC and BrC. Simplistically, the AAE deriving from the AE-33

measurements can be conceptualized as the average of BC and BrC absorption, in the form

Absy 4
_ln(Abslz)

AAE = )

in()
By assuming that the absorption at longer wavelengths (880 nm was specifically considered here) is attributed solely to BC
(Virkkula et al., 2015) and a constant BC AAE of 1 (i.e., AAEg. = 1) (Lack and Cappa, 2010; Liakakou et al., 2020; Kaskaoutis
etal., 2021; Zhang et al., 2021a), BC absorption at shorter wavelengths (Abs, p) can be derived at 880 nm (Absggq pc, Which
equals Absgg, directly from AE-33), as follows:

Abs; pe = Absggy X (*’Aﬂ)AAEBC 3)

Then, the BrC absorption coefficients (Abs; g,¢) are obtained as the result of the absorption coefficients measured by the
aethalometer (Abs;) minus the light absorption coefficients of BC (Abs; g¢), at a reference wavelength (A):

Abs; pyc = Abs; — Abs; p¢ . 4)

Following this segregation, Fig. 3 shows the time series of the daily average absorption coefficients of BrC and BC at 370 nm
( Abss4 prc and Abss,q pc) during the observation period, along with the fraction of BrC absorption to total aerosol absorption
(P370) at the same wavelength. The daily mean Abss;o ¢ varied from 1.1 to 13.0 Mm™, with a mean value of 4.4 Mm',
which falls in the same order of magnitude but is lower than that reported in Beijing (Du et al., 2014; Yan et al., 2015; Cheng
et al., 2016) and Xi’an (Yuan et al., 2016a; Zhu et al., 2021). The variation of BrC absorption was similar to that exhibited by
BC at shorter wavelengths. Abs;;q g, showed slight seasonal variations, with a higher average value in autumn (4.9 Mm™)

than in summer (2.8 Mm™).
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Figure 3. Variations of daily average (a) Abs37( pc and Abs37g p,-c and (b) P37 during the measured period.

Overall, BrC aerosol accounted for 8.7 to 34.1% of the total carbonaceous aerosol absorption at 370 nm, which was similar to
the monthly mean fractions from eight sites reported by Wang et al. (2016). The mean P;,, in summer and autumn were 16
and 23%, respectively. The P;,, in summer was lower than that reported in Xi’an (23.8%), but higher than the 11.7% reported
in the Pearl River Delta region (Yuan et al., 2016a; Shen et al., 2017). The P;,, tends to be higher in more polluted urban areas,
such as Xianghe (China) and Mexico City, which has BrC absorption fractions of 30 to 40% at 400 nm (Barnard et al., 2008;
Yang et al., 2009). Compared with the results obtained by Wang et al. (2018) in Nanjing (mean Abs3q prc and P35 of 5.9
Mm™ and 19.6% in summer, respectively), our data showed lower Abss;q gr¢ and higher Py;4 grc. Almost all Py, could reach
percentages up to 20% in October and November, which should be considered when the subsequent radiative effects are

estimated.

3.2 Aerosol optical properties

Although the conventional in situ measurements provided some of the overall aerosol optical properties and contents, that is,
mass concentration (M), AOD, Abs, and Sca, those of each aerosol component are required to investigate their corresponding
contributions. We assigned the known total aerosol properties to BrC using the above parameters in conjunction with an optical
closure study. First, acrosol light absorption was assumed to be attributed solely to absorptive carbonaceous aerosol (BC and
BrC) because the dust contribution was much less in Nanjing over the study period (Feng et al., 2023). Second, in addition to
BrC and BC, the remaining scattering-dominant aerosol (e.g., mainly sulfate and nitrate at our observation site) possessed
similar optical properties and were, therefore, treated together as a non-absorbing type. Accordingly, we adopted a three-

component aerosol model (BrC, BC, and pure light-scattering components, i.e., LSC) that was assumed to be externally mixed
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(Yuan et al., 2016b). The absorption characteristics of BrC and BC were determined based on the observations described in

Section 3.1, and their mass concentrations were calculated using Mie numerical simulations (Bohren and Huffman, 1983).

The BrC size distribution reported by Kirchstetter et al. (2004) was adopted in the Mie numerical simulations, i.e., a lognormal
size distribution with a mean radius of 80 nm and standard deviation of 1.4. The density of BrC was set to 1.2 g-cm™ (Lin et
al., 2014). The real part of the BrC refractive index (RI) was set to 1.55, based on Chen and Bond (2010). However, the
reported BrC RI imaginary part (kg,) exhibited a sharp increase toward shorter wavelengths, with different studies obtaining
significant differences (Andreae and Gelencser, 2006). Figure 4 shows the BrC RI at wavelengths between 300 and 800 nm,
retrieved from either in sifu or laboratory observations (Alexander et al., 2008; Chakrabarty et al., 2010; Chen and Bond, 2010;
Kirchstetter and Thatcher, 2012; Hoffer et al., 2016; Liu et al., 2016; Shamjad et al., 2016; Zhang et al., 2017a). The kg,
values of Alexander et al. (2008) and Chakrabarty et al. (2010) are for individual amorphous carbon spheres produced from
East Asia—Pacific outflow and chamber studies, respectively. Liu et al. (2016) obtained the kg, during a biomass-burning
event in Colorado, USA, and Shamjad et al. (2016) sampled atmospheric BrC from Kanpur, India. The kg, in Kanpur
(average kg, of 0.037) was found to absorb fourfold more at a wavelength of 405 nm than that in the USA (average kg,
value 0f 0.009). Among the k.., the group reported by Shamjad et al. (2016) was considered to have moderate values. Overall,
the uncertainty of the real part of the BrC RI was less than that of the imaginary parts, showing differences of over an order of
magnitude. Therefore, selecting a suitable set of RI is crucial to represent the optical properties of BrC, which significantly
influenced our optical closure. To better restore the real situation of BrC in the atmosphere, we adopted the kg, linearly
extrapolated from the investigation by Shamjad et al. (2016) in an urban Indian city, Kanpur (i.e., 0.041i at 370 nm, 0.026i at
470 nm, 0.018i at 520 nm, 0.0105i at 590 nm, and 0.004i at 660 nm).
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Figure 4. Real (a) and imaginary parts (b) of the BrC aerosol Rls. The sample case of Chen and Bond (2010) shown here is for
methanol-soluble OAK_L_360 emitted from solid fuel pyrolysis. We derived the kg, based on ’:1—:, where p is the density of BrC,

1.65 g-cm™>. The legend is abbreviated as a combination of the first two letters of the first author's name and the year each study
was published.

We utilized the BC and sulfate (scattering-dominant) size distributions (with mean radiuses of 35 and 69.5 nm and standard
deviations of 1.7 and 2.03, respectively) from the Optical Properties of Aerosols and Clouds (OPAC) database (Hess et al.,
1998; Chen et al., 2023). The densities of BC and scattering aerosol were assumed at 1.8 and 1.7 g-cm™, respectively. The Rls
of BC and sulfate aerosol at 550 nm were reported as 1.80-0.54i and 1.50-10"7i (Cheng et al., 2006; Ma et al., 2011; Yuan et
al., 2016b), respectively, with minimal variation of the imaginary part of RI across wavelengths. Subsequently, the Mie theory
was applied to obtain the average optical properties of BrC, BC, and the pure-scattering components, respectively, which

included their MAC, MEC, SSA, and ASY under the assumption of homogeneous spherical particles.

Based on the segregated Abs of light absorptive carbon aerosol (LAC, i.e., BC and BrC) in Section 3.1 and the simulated

optical properties in Section 3.2, the mass concentration of BrC (Mg, ) can be estimated as

Abs) Brc
Mg, c = —==, (5)
MAC) prc

where A is set to be 520 nm unless indicated otherwise. My can be given the same values as the corresponding values for the
BC. This study assumed that the mass concentration of PM,, is the sum of all aerosol mass concentrations; therefore, the mass
concentration of pure light-scattering aerosol (M, ¢.) can be determined using Eq. (6).

Mysc = Mpy,, — Mprc — Mpc . (6)

Thus far, the M values of all aerosol species on the surface have been obtained. Daily AOD observations were used to
determine the mass concentration distributions in the vertical direction. A uniformly distributed and constant aerosol
concentration was assumed for all layers within the height of the aerosol boundary layer (H) (Yan et al., 2015). Given that
AOD,,;; was measured by a Sun-sky radiometer under actual atmospheric background, where the absorption by light-absorbing
particles could be enhanced because of water uptake during the aging process, a factor of hygroscopicity (Kappa factor, f)
corresponding to atmospheric relative humidity was implemented to account for the enhancement (Kirillova et al., 2014). The

H is given by Eq. (7):
AOD 41

b o ™

" Fx(MpcXMECRc+MprcXMECErc+MLscXMECLSC)

where AOD,;; and MECs are from 520 nm. The H and M values of BC, BrC, and LSC are shown in Fig. 5. The H has mean

values of 2.4 and 1.4 km during the summer and autumn, respectively. Higher aerosol boundary heights during summer create
favorable conditions for aerosol diffusion. Slight seasonal fluctuations occurred in Mg , with average values of 2.6 and 3.1
pg'm? recorded during the summer and autumn, respectively. Conversely, Mg, exhibited a relatively higher difference

between seasons, with average values of 2.2 and 3.4 pg-m™ observed during summer and autumn, respectively. Furthermore,
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M, s exhibited considerable seasonal variation, as shown in Fig. 6b, with average concentrations of 33.3 and 48.6 pg-m
during summer and autumn, respectively. The seasonal variations in aerosol concentrations could be partially ascribed to the

significant role of abundant summer rainfall in wet aerosol removal.
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Figure 5. Aerosol optical closure results of the observation period, where (a) illustrates the mass concentrations of BrC, BC (left Y-
axis) and LSC (right Y-axis); (b) illustrates the height of the aerosol diffusion boundary, and the dotted grey line represents the
division between summer and autumn.

Finally, the optical properties of each aerosol species (BC, BrC, and LSC) were determined for further radiative estimations.
Taking BrC as an example, the AOD (AODg,) can be calculated using Eq. (8), and its SSA and ASY were adopted from the
Mie simulation:

AODg,c = H X Mg,c X MECg, (. (8)

BC and LSC were assigned similarly to the corresponding values of AOD, SSA, and ASY. To validate the mass concentration
segregation result, the calculated total aerosol scattering coefficients (Sca.,;) were obtained using Eq. (9) and then compared
with the observed Sca (Sca,,) to examine the relative errors in the concentration closure experiment. The Sca, Abs, and MSC
in Eq. (9) were 525 nm:

Scaq = Mge X MSCge + Mg, X MSCgpc + Mygc X MSCpgc. 9

The consistency between the Sca.,; and Sca,,¢ results indicated the feasibility of the optical closure study results (Fig. 6).

10
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Figure 6. Comparison of observed Sca (Sca,;;) and calculated Sca (Sca.,;), the red line is the 20% relative error line.

4 BrC radiative effects

Based on the BrC, BC, and remaining aerosol properties from the coupling of observations and modeling, the LibRadTran was
used to calculate the BrC radiative effects (Mayer and Kylling, 2005; Ma et al., 2019). LibRadTran was performed three times
for aerosol scenarios with all aerosols, without BrC, and without BC, and the differences were used to determine the
contributions of BrC or BC. Specifically, we used the one-dimensional discrete ordinate radiative transfer (DISORT) model
as the radiative transfer solver, and the solar spectrum ranging between 300 and 2500 nm was divided into seven spectral bands
centered at 370, 470, 520, 590, 660, and 950 nm, following Lu et al. (2020). The average aerosol optical properties, namely
AOD, SSA, and ASY of each band were obtained from our optical closure study and were used to estimate the radiative effects.
The spectral surface albedo followed that in Liao et al. (1999), and a solar zenith angle of 60° was used. To examine the aerosol
radiative effects, a vertical aerosol distribution must be specified to clarify the aerosol profiles (Yu et al., 2017; Lu et al., 2020).

All aerosols were assumed to be uniformly distributed vertically within the aerosol diffusion height H.

Figure 7 shows the daily average BrC and BC RF estimations at the bottom of the atmosphere (BOA), at TOA, and in the
atmosphere (AT). The RF within wavelengths 300-700 nm and 300-2500 nm are illustrated in the left and right panels,
respectively. In the wavelength range 300-700 nm, the daily mean BC RF at the BOA varied from -3.9 to -36.0 W m?, with
mean values of -17.0 = 8.3 W m, and the daily BrC RF varied from -1.5 to -15.4 W m, with mean values of -5.6 = 3.1 W m’
2. In the AT, the daily mean BC and BrC RF varied from 4.2 to 40.0 W m and from 0.8 to 9.1 W m, with mean values of
18.5+9.2 and 3.2 + 1.8 W m™2, respectively. The BC and BrC RFs at the TOA were estimated at 1.5+ 0.9 and -2.4+ 1.2 W
m2, respectively. In the wavelength range 3002500 nm, the daily mean BC and BrC RF at the BOA ranged from -5.8 to -
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RF relative to BC RF (RRF) in the wavelength range 3002500 nm at the BOA was 27.7 + 7.7%, and in the AT it was 15.0 +
4.2%. The RRF at the BOA was 34.2 + 9.6% and in the AT it was 18.1 + 5.1% when considering the UV-VIS range (300—

, Tespectively, with mean values of -25.2 + 12.3 and -6.8 = 3.7 W m. The values in the AT
respectively, with mean values of 27.6 + 13.7 and 4.0 £ 2.3 W m™. The
respectively. Accordingly, the fractional BrC

700 nm). These values fall within the range of reported values in China, with the average values ranging from 15% to 26%

(Huang et al., 2018; Li et al., 2020).
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Figure 7. Daily BrC and BC RFs at the BOA, the TOA, and in the AT integrated in the wavelength range 300—700 nm are shown in
(a), (b), and (c), respectively. Daily fractional BrC RF relative to BC RF (RRF) is shown in (d). Corresponding results integrated in
the wavelength range 300-2500 nm are shown in (e)—(h).

BrC has strong absorption in the UV and shorter spectral regions, which efficiently reduce the AF and, thereby, affect
atmospheric photochemistry and tropospheric ozone production (Jacobson, 1998; Mohr et al., 2013). Figure 8a and 8b show
that both BC and BrC decreased the AF in the UV range (300—400 nm) and visible range (400—700 nm), consistent with the
results of an investigation conducted in Guangzhou (Li et al., 2020). In the UV range, we estimated the BC-induced and BrC-
induced AF at -1.7x10'5 £ 0.7x10' and -9.2x10'* £+ 4.8%10" photons s ! cm 2
X105 £ 4.9%10" and -2.0x10" £+ 1.2x10'5 photons s ! cm™
to that caused by BC (RAF) were significant at 57.0 = 15.5% in the UV range and 18.4 + 5.3% in the visible range (Fig. 8c).
12
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These findings suggest that BrC substantially affects atmospheric photochemistry. The impacts of BrC and BC on AF were
investigated on November 10, 2021, with considerable RAF in the UV (300400 nm) and visible (400-700 nm) ranges.
Figure 8d shows the BrC-induced and BC-induced AF in the vertical direction, with both exhibiting decreasing trends from
the surface upward. The BrC-induced AF changed from negative to positive at a certain height. The BC-induced AF was

always positive from the surface upward. These differences are relevant to their differences in absorptive capacity.
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Figure 8. Daily average AF induced by BrC and BC (a) in the UV wavelength range (300—400 nm), and (b) in the visible wavelength
range (400-700 nm). Accordingly, (c) illustrates the BrC-induced AF relative to BC-induced AF in the two wavelength ranges. (d)
Vertical profile of BrC-induced and BC-induced AF at wavelengths of 370, 470, 520, 590, and 660 nm. Here, the height is normalized.

The impact of BrC-induced AF in the UV range (300-400 nm) was more significant than that in the visible range (400—
700 nm). Therefore, BrC absorption could lead to a general reduction in NO2 photolysis rates, resulting in a maximum decrease
in surface Os concentrations (Jo et al., 2016). This factor is particularly relevant for areas with substantial biomass burning and
biofuel emissions, where BrC could significantly affect the air quality and climate. Another concern is the potential impact of
BrC on the photosynthetically active radiation (PAR) used in the photosynthesis process, which refers to a spectral range of
solar radiation of 400-700 nm. Figure 9 shows the PAR induced by both BrC and BC aecrosol at the surface. During the
observation period, the direct attenuation of PAR induced by BrC and BC was estimated at -4.9 2.7 and -15.1 £ 7.4 W m?,

respectively, which slowed down plant photosynthesis rates and reduced vegetation productivity. Figure 9b shows the
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proportion of PAR induced by BrC relative to that induced by BC (RPAR), with an average and standard deviation value of

33.5 + 9.4%. These findings highlight the significant impact of BrC on vegetation and its potential role in the environment.
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Figure 9. Daily average (a) BrC-induced PAR and BC-induced PAR, and (b) fractional BrC-induced PAR relative to BC-induced
PAR.
Based on the daily results for RRF, RAF, and RPAR, we investigated their corresponding monthly averages at the BOA
330 (Fig. 10), finding that RAF is higher than other ratios. In addition, RRF, RAF, and RPAR were somewhat larger in autumn
than in summer, related to the seasonal differences in BrC absorption and aerosol diffusion height.
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Figure 10. BrC radiative effects relative to those of BC. RF results are integrated in the wavelength range 300-2500 nm, and the AF
results are integrated in the wavelength range 300400 nm.

5 Discussion

As discussed above, numerous assumptions and simplifications of BC and BrC were made to segregate their radiative indices,
and several major uncertain factors were considered for further investigation. For example, the assumption of AAEg. = 1 was
challenged because of BC complex microphysical properties (Liu et al., 2018), and could directly influence the segregation of
BrC. We assumed that all aerosol components were homogeneous spherical, whereas BC particles are widely known to have
complex chain-like aggregation structures. Further, as shown in Fig. 4, BrC imaginary parts of refractive indices kg, showed
variations over an order of magnitude, which could clearly influence its optical properties. Therefore, the three factors were
taken as an example to investigate their influences on estimations of BrC radiative effects. It should be noted that numerous
other variables with uncertainties to different degrees, such as aerosol mixing states (internal or external mixing), vertical

distributions, and the like were not discussed in this study.

Figure 11 shows the differences of BC and BrC radiative effects caused by the three factors, i.e., BC AAE (from the original
1.0 to the current 0.8), BC particle geometries (from the original sphere to fractal aggregate), and BrC absorptivity (from
relatively weak to moderate absorption). The bars in the figure indicate corresponding relative changes compared with the
results of our default setups. For BC AAE, a relatively smaller AAEg- of 0.8 was selected for correspondence between the BC
value and the size distribution considered in our study (Liu et al., 2018). For BC particle non-sphericity, the fractal aggregate
was a widely used numerical model, whereas the calculation of optical properties was significantly more challenging. We
considered the optical properties of aggregates with a fractal dimension of 1.8 from the existing database developed by Liu et
al. (2019). For uncertainties regarding BrC absorptivity, we considered a group of BrC refractive indices with slightly stronger
absorptivity, reported by Kirchstetter et al. (2004). For all three examples, only the aforementioned factors were changed for
estimations of radiative effects, and all other assumptions and procedures remained the same. The BC AAE assumption showed
influences on BC radiative effects with relative differences of approximately 10%, but much stronger influences on BrC
radiative effects, i.e., ~40%. This result was ascribed to smaller BC AEE causing weaker BC absorption in shorter wavelengths,
leading to smaller radiative effects. However, larger BrC absorption coefficients and amounts during the segregation could
cause larger BrC radiative effects. The assumption regarding BC spherical particles showed minor influences on BrC radiative
effects, with the relative differences being less than 5%, but much stronger influences on BC radiative effects, particularly on
the RF(TOA) with an average deviation of almost 50%, caused mainly by weaker scattering owing to BC non-sphericity (Li
et al., 2016). In other words, the assumption regarding spherical BC led to overestimation of BC scattering, increasing the
upward radiation reaching the TOA. However, the influence of BC non-sphericity on BrC/BC segregation was lower and the

BrC radiative effects change was less than 5%. The right panel shows the influences deriving from uncertainties of the
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absorptivity of BrC. Except the RF (TOA) with a relatively larger difference of 62%, the rest of the BrC radiative effects

(average absolute values) were all below 30%, and, as expected, all the differences were close to zero.
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Figurell. Relative variations of BC (charcoal grey bar) and BrC (orange bar) radiative effects caused by changes in their
microphysical or optical properties. Three independent changes (listed in the top of this panel) are made with respect to BC AAE,
BC particle geometries, and BrC absorptivity, and the bars indicate the corresponding relative changes compared with the results
with our detailed setups.

6 Conclusions and future work

In this study, we proposed an observation-constrained and efficient approach for estimating BrC radiative effects. A state-of-
the-art combination of measurements and numerical models provided primary variables for radiative transfer simulations to
estimate BrC radiative effects. The light-absorbing properties of BrC obtained from aethalometer measurements and an optical
separation method were combined with the simulated BrC optical properties to determine the mass concentrations. Optical
closure was performed to obtain the concentrations and optical information for BrC, BC, and non-absorbing aerosol. The AOD
and mass concentration of PMio were used to constrain the total and other aerosol contents. Subsequently, radiative transfer
simulations were employed to estimate BrC radiative effects, and observations over four months in Nanjing were used as an
example to quantify the radiative effects of BrC. During the observational period, the absorption of BrC and BC at 370 nm
was in the same order of magnitude, and the ratios ranged from 8.7% to 34.1%, aligning with values reported in previous

studies. The BrC-induced instantaneous RF accounted for approximately 27.7 + 7.7% of that caused by BC at the surface and
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15.0 +4.2% in the atmosphere. The strong absorption of BrC in the near-ultraviolet and visible regions significantly weakened
the PAR and AF at the surface, underscoring its non-negligible contribution to the climate. These findings provide valuable
insights for understanding BrC radiative effects and indicate the importance and necessity of improving the observation and

modeling of BrC properties.

Overall, this study explored an observation-constrained and efficient approach to quantify BrC radiative effects. To derive a
more general algorithm, we strove to segregate the BrC component by employing existing/general observations and
assumptions; however, significant room for improvement of the method remains. For example, new species based on more
chemical observations could be considered to increase the extinction closure of particulate matter. Further, significant

uncertainties remain for aerosol mixing states and vertical distributions.
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