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Abstract. Black carbon (BC) Js one of the most important short lived, climate forcers, and, atmospheric motions play, an

important role in determining its, mass concentrations of pollutants. Here an intensive observation was launched in a typical

river-valley city _to investigate relationships between atmospheric motions and BC aerosols. Equivalent BC (eBC) source

apportionment was based on an,aethalometer model with the site-dependent absorption Angstrém exponents (AAEs) and the |

mass absorption cross-sections (MACs) yetrieved using a positive matrix factorization (PMF) model based on observed ||
chemical components (i.e. EC, POC, K/, Mg, Al, Si, S, Cl, Ca, VV, Mn, Fe, Ni, Cu, As, Se, Br, Sr, Pb, Ga, and Zn),and,primary /
absorption coefficients at selected wavelengths from, A = 370 tq,880nm, The derived AAEs from 370 to 880nm were 1.07 for

diesel vehicular emissions, 2.13 for biomass burning, 1.74 for coal combustion, and 1.78 for mineral dust. The mean values for,

eBCrossit and eBChiomass Were 2.46 pg mand 1.17 pug m respectively. Wind run distances and the vector displacements of the

/[MJ!%T: data

ME& T : has a strong light absorption ability. It ...s one of the
most important short livedfe...climate forcers, and which can
warm the climateand is known as the second strongest light-
absorbing substance in the atmosphere after
COs2....aA...mospheric motions plays...an important role in
determining itsthe ambient...mass concentrations of
pollutants. Here The relationship between atmospheric

motion and BC aerosols is complex, and detailed

investigation of the impact of different scales of motion on

BC is still insufficient. Thus, .

MIF& T : conducted using the. ..aethalometer model with the
site-dependent absorption Angstréim exponents (AAEs) and
the mass absorption cross-sections (MACs) which were )

(MBT: the
(BETHER: Lir

MIER T : different ...avelengths from(i.e....A = 370 to, 47
520, 590, 660, or...880nm)

[WJI%T: optical data
(W7 of

MIE& T : Based on the data of actual ...w...nd run distances
and the vector displacements of the wind in 24 h,...were used

to construct aa L.
(WR7:A )

MER T : showed that ...our featured ...tmospheric motions
categories were identified (i.e. ...ocal-scale dominantce...
local-scale strong and regional-scale weak, local-scale weak
and regional-scale strong and regional-scale dominantce...
were identified at the sampling site... A further analysis of
under the four motion categories showed that the ...C
pollution was found to be more likely to happen ...hen the
influence of local-scale motions outweighed thoseat...of
regional-scale motions. The trajectory ...c

0,

;/;/:}_/;/;/;/

wind in 24 h,were used to construct a,self-organizing map, from which four atmospheric motions categories were identified

(BB T : HYSPLIT

(ocal-scale dominant, local-scale strong and regional-scale weak, local-scale weak and regional-scale strong and regional-scale

scale motions. CJuster analysis for the back trajectories of air mass calculated by Hybrid Single-Particle Lagrangian Integrated

Trajectory model, at the study site, indicated that the, directions of air flow can have different jmpacts_for, different scales of,

motion. The direct radiative effects (DRE) of source-specific eBCs were lower when the influence of regional-scale motions

outweighed that of the local ones. However, due to chemical aging of the particles during transport,—the DRE efficiencies

. . . . . . . MIER T : air mass...directions of air flow can have different
dominang), BC pollution was found to be more likely when the influence of local-scale motions outweighed those, of regional- % could post divergent ...mpacts for under. .. different scales of

under yegional scale motions were ~1.5 times higher than those under more Jocal jnfluences, The finding that the DRE

ested significant.,consequences in,regions downwind of pollution

sources and,emphasizesthe importance of regionally transported BC for, potential climatic effects,

[ M T : is study revealed

(BB T .t

[)H]IJK%T: that

( Mg T : highlights
ME& T : and its potentially enhanced...potential climatic
effects are worthy of attention

an

(MBT:s

atmospheric...motion. The direct radiative effects (DRE) of
source-specific eBCs were lower when the influence of
regional-scale motions outweighed that of the local ones.
However, due to chemical aging of the particles during

ME& T : the disproportional change between BC mass
concentration and its DRE. T

MIB& T : was enhanced...during the regional transport
suggested significant which could lead to
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1 Introduction

absorption capacity and can cause hieating of the atmosphere, In fact, BC is widely recognized as_one of the most important

MIB& T : commonly...produced by the incomplete
Black carbon (BC) is,produced by the incomplete combustion of biomass and fossil fuels. The BC aerosol, has a strong Ii% combustion of biomass and fossil fuels. The BC

short-lived climate forcers, (IPCC, 2021), Due to this high light-absorbing ability, BC has_the, potential to perturb the yadiative

balance between_the earth and atmosphere,and in so doing cause in the, in climate to change and drive ,ecosystems away from

aerosollt...has a strong light absorption capacity and can
cause ability likely toto ...eating of the atmosphere.,...In fact,
BC is which has been ...idely recognized as one of the most
important short-lived life ...limate forcers which can warm

their natural states (Schroter et all., 2005). Those changes ultimately will affect biodiversity and could threaten humans’ food

security {Ochoa-Hueso et al., 2017; Shindell et al., 2012). Besides heating the atmosphere directly, BC also is jmportant for,

the climate
MIFR T : the second strongest light-absorbing substance in
the atmosphere after CO2 (Bond et al., 2013)

nucleating clouds, and that is another way in which the particles can cause,indirect climatic effects (Jacobson, 2002). A5 BC is

heterogeneously distributed in the atmosphere,its climatic effects are, highly variable and dependent,on its distribution in the

atmosphere, both horizontally and vertically; its radiative properties and how they are affected by of chemical processing; and
its lifetime (IPCC, 2021).

The radiative efficiency of BC can vary due to differences in,emission sources and atmospheric aging processes (Bond et al.,

2013; He et al., 2015; Cappa et al., 2012). Indeed,BC from different sources can vary inJight absorbing abilities (Cheng et al.,

2011) which can affect the, radiative forcing of climate, In addition to _the effects of the,sources, regional transport canjmpact

the light-absorbing ability through chemical processing or,aging, (Zhang et al., 2019). After BC particles are emitted, they can

stay in the atmosphere for days or a few weeks (IPCC, 2021). During transport, fresh BC can gxperience a series of physical

and chemical changes, for instance, mixing with other substances that can alter,its microphysical and,optical properties (Kahnert

and KanngielZr, 2020). The aging processes can pe even faster in polluted regions (Peng et al., 2016), and as a result, the light-

absorbing ability of BC_can be strongly affected. Indeed, the light.absorption ability of BC after aging can be as much as 2.4
times that of, fresh particles (Peng et al., 2016).

JThe, concentrations of BC are controlled by, local emissions, and regional transport, but, meteorological conditions also are

important because they affect both transport and removal, Normally, local emissions in urban areas, are predictable fo some

degree pecause those emission sources are mainly anthropogenic and the concentrations of pollutants follow,the diurnal patterns

MIBR T : its ...igh light-absorbing ability, BC has the
considerable...potential to perturb the cause radiative
perturbation in the ...adiative balance between the earth and
atmosphere....and in so doing cause in the The balance is so
important that breaking it will result...in climate to change
drive , leading to further negative changes in the ...cosystems
away from their natural states (Schroter et all., 2005). Those
changes ultimately will affect biodiversity and could threaten
threaten ...umans’ food security and biodiversity .

MER T : also an ...mportant for cloud...nucleating clouds,
and that is another way in which the particles can
causenucleus leading to...indirect climatic effects after being
activated ...Jacobson, 2002). Aslthough

[WJ!%T: Thus, BC is also known as
[ MIE& T : ashort-lived climate pollutant,
(MR T:but

MIER T : is...highly variable and dependent depending ...n its
distribution in the atmosphere, both horizontally and
vertically; its radiative properties and how they are affected
by of chemical processing; and its lifetime radiative
efficiency and lifetime

MIB& T : may be variable because of ...ifferences

(WET:A

)

driven by anthropogenic activities, By contrast, meteorological conditions and regional transport are governed by multiple,

scales of motion which result, in,distinct meteorological impacts on ambient pollutant levels(Levy et al., 2010, Dutton, 1976).

A commonly accepted classification of the scale of motion is based on horizontal distance and time scales. Typically, the time

scale of local-scale motions varies from hours to days and the spatial,scale,ranges from 107 to 10° m (Oke et al., 2002; Seinfeld

and Pandis, 2006). The local scales of motion arejnainly controlled by local factors such as the roughness of the earth’s surface,

orography, land breeze/sea breeze circulation, etc. (Hewitson and Crane, 2006; IPCC, 2021). L arger scale of motions ar

associated with a mesoscale or synoptic scale weather systems, which on the one hand can_transport pollutants but,on the other

[ BERT - is
MIBE T : the...local emissions sources...and regional
(MRBT:a

&{ MIE& T : in urban areas ...ecause those emission sources (—}

can,disperse them (Kalthoff et al., 2000; Zhang et al., 2012).

The relationships between atmospheric motions and pollutant concentrations are, complex. Atmospheric motions determine,

Where and how extensive the pollution,impacts are, but of course the rates of pollutant emissions, especially local ones, are

\( MMEE T : is...associated with a mesoscale or synoptic sca[—}_ ~

the Pearl River Delta, while meso/local scale motions led to PM2s pollution in an,inland area. Levy et al. (2010) showed that

MR T : diffuse
important, too (Dutton, 1976). Liao et al., (2020) found that synoptic-scale flow led to an enhanced PM. s in a coastal area of [ — - - - ]
MER T - ion is...complex. Atmospheric motions determlﬁ

the concentrations of NOy and SO were higher under the dominance of smaller-scale motions than under larger scale motions.
2

[)H]IJK%T: Llocal

)

(WBT:y )

MIER T : s...in a...distinct meteorological impacts on amﬁ
[ ME& T : (it is atmosphere phenomena) ]
ME& T : is ...ainly controlled by local factors such as the(ﬁ
MIB& T : aerosol concentration ]

e

WRT:A .

MIBE T : decides ]
MIBR T : ...impacts arecould be... but of course the rates{"ﬁ
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However, few studies have touched on the impacts of different scales of motion on BC and their effects on,radiative efficiency M T - its...radiative efficiency even though the effects
even though the effects could cause yapid climatic effects due to the patchy and constantly changing distributions (IPCC, 2021). géteﬁ;"?éi‘f;'e?d to ...apid climatic effects due to the
Topography also plays an important role in air pollution (Zhao et al., 2015). River-valley topography js complicated, and it can/{ MEET:The ..r [—}
have a considerable influence on air pollution and synoptic patterns_of flow (Green et al., 2016; Carvalho et al., 2006). The [)H]IJI%T: of the river-valley city ]
pollution levels at cities in,river-valleys are not only, influenced by general atmospheric dynamicsbut also strongly impacted [WJI‘%T: which has ]
by the local-scale of dynamics (Brulfert et al., 2006). Surface albedo and surface roughness are affected by the the complex ERT - of the...river-valleys city ...re not .

- onlyis...influenced by general atmospheric dynamics
topography of river-valley regions, and those physical factors can affect,circulation and cause changes in pollutant mass | and ...but also strongly impacted by the local- .
concentrations (Wei et al., 2020). Mountains also significantly affect pollution, and once pollutants are generated or transported | E& T : T...e complex topography of river-valley regions,
) i i o . . . i i and those physical factors can affect has uneven surface With
into the river-valley regions, their dispersal can be impeded by, the blocking effect of the mountains, Instead of being dispersed, the uneven solar radiation due to different albedo and surface
they, can, be carried by the airflows pver the mountains to,converge at the bottom of the valley and increase the,pollutants along I’ggglh:;;se' (i)tfis easy to form...resulting in varieda different
the river (Zhao et al., 2015). In this way, pollutants can accumulate in valleys and spread throughout the area, thereby, [WJ!‘%T' bt it ... ]
aggravating pollution. In addition, temperature inversiong,commonly formgn fiver-valleys during the winter, and that, too, can [WJI‘%T: whichcan plays an important role in ]
aggravate pollution problems (Glojek et al., 2022 and Bei et al., 2016). MIER T : O...ce pollutants are generated produced [—}

JThus, we focused our,study on the impacts of different scales of motion on source-specific equivalent BCs (eBCs), and we g’:{)"?&g?ﬁgﬁf;;g E?cr)irfsa?nesdlspersed them due to.. M
evaluated yadiative effects of eBCs over a river-valley city. The primary objectives of this study were: (1) to quantify the [WJ%T and ]
contributions of fossil fuel combustion and biomass burning to eBC concentrations, (2) to investigate the impacts of different [M‘J%T i ]
Scales of motion on the source-specific eBC, and (3) to estimate the radiative effects and the radiative efficiency of the source- [WJ%T then the pollutants ]
specific eBC under different atmospheric motion_scenarios, The, study provides insights into the influence of the specified (M‘J%T could ]
atmospheric motions on BC and highlights the effects of those motions on the radiative efficiency and potential climatic effects MIER T : over...ver the mountains to the river-valley terrﬁ
MIE& T : accelerate...pollutants along the river (Zhao et al.,

of the regionally transported BC.

2015). In this way, pollutants can accumulate in valleys and
spread throughout The valley not only performs as a drain for
pollutants but also acts as a way for pollutants to enter ..~

2 Methodology

(BT

in winter ]

2.1 Research site

BT :

ed...in winter ...n the areas with ...iver-valley [—}

(BT

Mountains significantly affect pollution, since ttﬁ .

Baoji is a typical river-valley city, located at the furthest west of the Guanzhong Plain, at,an altitude, from 45Q,to 800 m a.s.l.

MERT

are ...ocused ourkeen on studying

MERT :

fascinated to ...tudy on the impacts of different [—}

M7 :

their ]

with large opening to east. The Qinling peaks and the flat Weihe Plain are,the main landforms of Baoji, The main peak of the

(WRT:

the eBC contributions from fossil fuel combustiﬁ

Qinling Mountains is 3,767 m a.s.l. and it is the highest mountain in the eastern part of mainland China. This terrain causes

W7

featured ...cales of motion on the source—specifi[—i

divergent flow at local scales, which can jmpact, pollution levels (Wei et al., 2020). Baoji also is, an important railway

W7

with...an altitude varying...from 450 m a.s.I.. ﬁ

intersection in China, connecting six railways to the north-west and southwest China. Pollutant levels can be high and pollutants

(mRT:

Guanzhong Plain is surrounded by mountains tﬁ

are not easy to be dispersed in the city due to its special topographic conditions, dense population_(fotal population of 0.341

M7 :

of air movement ...hich can produce

(Figure S1), Baoji has a complex topography and often suffering from severe pollution in winter, It is surrounded by mountains
tothe south, west and north, with the Weihe River as the central axis extending eastward. The shape can be viewed as a funnel, [

M7 :

Mountains significantly affect pollution, since ttﬁ .

million, with 63.5% population living in the downtown aera and population density of 6003 people per km? in 2019

MIER T : also...an important railway intersection in Chin(ﬂ

(http://tjj.shaanxi.gov.cn/upload/2021/zk/indexch.htm and https://data.chinabaogao.com/hgshj/2021/042053X932021.html), [WJI‘%T'/ ]
and impacts from major highway and railway networks, [“&ET#&&Q: B ]
[ MIE& T -, itis not easy to disperse pollutants ]
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The sampling site was on the rooftop of a puilding at Baoji University of Arts and Sciences (3421’ 16.8” N, 10792’ 59.6"

E, 569 m a.s.l.) surrounded by commercial and residential buildings, highways, and a river, there were,no major industrial

emission sources nearby. The main sources of BC in Baoji were the domestic fuel (coal and biomass) burning as well as the

motor vehicle emissions (Zhou et al., 2018; Xiao et al., 2014), Open fire also can, be,sources, for, BC, but there were limited fire,

Jound scattered around the site (Figure S2). The meteorological conditions at Baoji for the four,seasons are listed in Table S1,

and the wind roses for the, different seasons are shown, in Figure S3(data are, from the Meteorological Institute of Shaanxi

Province),

2.2 Sampling and laboratory measurements

£BC and the absorption coefficients (bans) at 370, 470, 520, 590, 660, 880, and 950 nm wavelength were measured using an

AE33 aethalometer (Magee Scientific, Berkeley, CA, USA) equipped with,a PMzs cut-off inlet (SCC 1.829, BGI Inc. USA) “

that had,a time resolution of 1 min. A Nafion® dryer (MD-700-24S-3; Perma Pure, Inc., Lakewood, NJ, USA) with a flow rate

of 5 L min™ was used to dry the PM. s before the measurement. Briefly, the particles were dried by the Nafion® dryer before |

being measured with the AE33 aethalometer, and the deposited particles were irradiated by light-emitting diodes at seven
wavelengths of light-emitting diodes (A = 370, 470, 520, 590,660, 880, and 950 nm), and the light attenuation was detected.
The non-linear loading issue for filter-based absorption measurement was accounted for in the AE33 py a technique, called

dual-spot compensation. The quartz filter (PN8060) matrix scattering effect was corrected by using a factor of 1.39,
details of AE33 measurement techniques can be found in Drinovec et al. (2015).

The scattering coefficient (bsca) at a single (525) nm wavelength was measured with the use of 2 nephelometer (Aurora-1000,
Ecotech, USA) that had a time resolution of 5 min, The nephelometer and aethalometer, operated simultaneously and used, the

same PM s cyclone and Nafion® dryer. The calibration was conducted based on the user guide with,  calibration gas R-134,,

Zero calibrations were, conducted every other day by using clean air without particles. The ambient air was_drawn,in through a |

heated inlet with a flow rate of 5 L min. The relative humidity remained lower than 60%.

PM,s samples were collected for every 24 hours (h) from 10 a.m. local time to the 10 a.m. the next day from 16 November
2018 to 21t December 2018 with, two sets of mini-volume samplers (Airmetrics, USA) , one using quartz fiber filters (QM/A;

Whatman, Middlesex, UK) and the other with Teflon® filters (Pall Corporation, USA), both with a flow rate of 5 L min.

Those samples were kept in a refrigerator at 4 <C before analysis. The mass concentration of K* in the PM_ s quartz sample was

extracted in a separate 15 mL vials containing 10 mL distilled deionized water (18.2 MQ resistivity). The vials were placed in

an ultrasonic water bath and shaken with a mechanical shaker for 1 h to extract the ions and determined by a Metrohm 940

Professional IC Vario (Metrohm AG., Herisau, Switzerland) with Metrosep C6-150/4.0 column (1.7 mmol/L nitric acid+1.7

mmol/L dipicolinic acid as the eluent) for cation analysis. A group of elements (i.e. Mg, Al, Si, S, CI, Ca, V, Mn, Fe, Ni, Cu,

As, Se, Br, Sr, Pb, Ga, and Zn) on the Teflon® filters was were determined by energy-dispersive x-ray fluorescence (ED-XRF)
spectrometry (Epsilon 4 ED-XRF, PANalytical B.V., Netherlands). The X-rays were generated,from a gadolinium anode on a

(MR s )
MER T : the...uilding at Baoji University of Arts and

Sciences building at Baoji University ...3421’ 18.4...6.8"
N, 1078...2" 34.7

MBRT :and ...
[ MR T : and
( M8 7 - spots could
MEET: an...emission
(BT : of
(BT HR: Rl
(
(

river, there weres

BETHER: FREER
BETHER: FRHEER
BRETHR

MIB& T : spots ...ound scattered around the site (Figure S2).
The meteorological conditions at Baoji for the fourof

different...seasons are listed in Table S1, and the wind roses
for theof...different seasons are showned

MERT :is
BETHER: FRHER

L F L T

MR T : Equivalent BC (

[
W
[
[M%T
\(
(

)MIJI%T_ via...a PMzs cut-off inlet (SCC 1.829, BGI Inc.
USA) that hadwith

(M7 :5

ME& T : with ...even wavelengths of light-emitting diodes (A
=370, 470, 520, 590,660, 880, and 950 nm), and the light
attenuation was detected. The non-linear loading issue for
filter-based absorption measurement was accounted for in the
AE33 is solved ...y a technique in AE33 )

MR T: 2.4, s

MER T : by ... nephelometer (Aurora-1000, Ecotech, USA)
that had with ... time resolution of 5 min during the study
period... The nephelometer and aethalometerlt...operated
simultaneously and used with AE33 using...the same PMzs
cyclone and Nafion® dryer. A single wavelength (525nm)

was used to measure the scattering coefficient. .

MR T : of ...as conducted based on the user guide withqﬁﬁ

)
)
)
)
)
E

\“\ [}HHJI%T:Wilh ]
\ [WJF&T: (xxx) ]

MERT: The...Zz...ro calibrations were was...conducteﬁ .

side-window X-ray tube. A spectrum of the ratio of X-ray and photon energy was obtained after 24 minutes of analysis for

each sample_with each energy peak_characteristic of, a specific element, and the peak areas were proportional tq, the

concentrations of the elements. Quality control,was conducted on a daily basis with test standard sample,

4

MER T : E...ements (i.e. Mg, Al, Si, S, Cl, Ca, V, Mn, Fﬁ
MIER T : ing sample PAT-3195 ]

MER T : by...two sets of mini-volume samplers (Airmetr{ﬁ
[Mljl%%?’: with an lonPac CS12A column (20m methane [—i
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Organic carbon (OC) and elemental carbon (EC) in each sample were determined with the use of 2 DRI Model 2001
Thermal/Optical Carbon Analyzer (Atmoslytic Inc., Calabasas, CA, USA). The thermal/optical reflectance (TOR) method and
IMPROVE_A protocol were used for analysis. A punch of a quartz filter sample was heated at specific,temperatures to obtain
data for four OC fractions and three EC fractions. Total OC was calculated by summing all OC fractions and the, pyrolyzed
carbon_(OP) produced. Total EC was calculated by summing all EC fractions minus the OP, Detailed methods and quality
assurance/quality control processes were described in Cao et al., (2003). Primary organic carbon (POC) was estimated by using
the minimum R-squared (MRS) method, which is based on using eBC as a tracer,(Text S1). The method uses the minimum R?

between OC and eBC to indicate where the ratio for which secondary OC and eBC are independent. A detailed description of
the MRS method can be found jn Wu et al., (2016).

Data for, NOx, wind speed, and direction at 12 ground monitoring sites were downloaded from
http://sthjt.shaanxi.gov.cn/hx_html/zdjkgy/index.html. The wind data at 100 meters (m) above the ground and the planetary

boundary layer height were downloaded from https://rda.ucar.edu/datasets/ds633.0. The data used for the HYSPLIT air mass

trajectory analyses was downloaded from Global Data Assimilation System and it had, a resolution of 1<<1<{GDAS,

https://www.ready.noaa.gov/gdasl.php), The data and main parameters used in trajectory model are listed in Table S2,

2.3 Optical source apportionment

The positive matrix factorization (PMF) model that was used for the optical source apportionment in this study. PMF solves
chemical mass balance by decomposing the observational data into different source profiles and contribution matrices as

follows:
Xy= Yo gufi+ey (€]

where X;; denotes the input data matrix; p is the number of sources selected in the model; g;, denotes the contribution of the
k' factor to the i" input data; f; represents the k™ factor’s profile of the j" species; and e;; represents the residual. Both g and
fi are non-negative. The uncertainties of each species and bans(X) were calculated by the equation recommended in EPA
PMF5.0,user guideline(Norris et al, 2014) as follows:

Unc = \/(error fraction x concentration(or ligth absorption coef ficient))? + (0.5 x MDL)?
Unc =2 x MDL ®3

where MDL is the minimum detection limit of the method. When the concentration of a species was higher than the MDL then<

(MK : by

[MIJI%%T: different

[MIJB%T: produced

[WJI%T: pyrolyzed carbon (OP)

MR T : method

MERT -1t

BETHR: ERE SR

WERT : of

WY :is

MIER T : referred to

MERT: The

MER T : with

MET:,

=
»
»

MIBE T : HYSPLIT

MER T : were
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equation (2) was used otherwise equation (3) was used. In equation (2), for calculating the uncertainty of a chemical species, [}mﬂ){g?’; E
the error fraction was multiplied the concentration of the species. For calculating the uncertainty of optical data, the error
fractions were multiplied by the light absorption coefficients.
Chemical species data (EC, POC, K7, Mg, Al, Si, S, Cl, Ca, V. Mn, Fe, Ni, Cu, As, Se, Br, Sr, Pb, Ga and Zn) and the primary (RETHR: L
absorption (Pabs) data at A=370nm.470nm,520nm,660nm, and 880nm were used for PMF analysis. The error fraction of offline [WJ%T: put
; . . : :in PMF

measured datawas the difference between multiple measurements of the same sample. The error fraction used for optical data %M‘jﬁ? in

piil tis

[ M7 : the measured values

(N D D D
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was, 10% based on Rajesh and Ramachandran, (2018) ,PMF solves the equation (1) by minimizing the Q value, which is the

sum of the normalized residuals’ squares, as follows,

n n €jj 2
Q=3 Yo|, ] @
where w;; represents the uncertainties of each X;; and Quue/Qexp Was used as the indicators for the factor number determination.«

2.4 eBC source apportionment

The quantities of eBC generated from biomass burning versus fossil fuel combustion were deconvolved, by an aethalometer

model, which, uses Beer-Lambert’s Law to write the absorption, coefficients equations, wavelengths and absorption Angstrém

\
exponents (AAEs) for the, two different BC emission sources (Sandradewi et. al., 2008). This approach is widely used for |

separating BC from two different sources based on optical data (Rajesh et al., 2018; Kant et al., 2019; Panicker et al., 2010).

However, the traditional aethalometer model could be affected, by the light absorbing substances at lower wavelengths such as

dust and secondary formation particles. An improvement tq, the traditional aethalometer model was made, by explicitly

=
5

MIBR T : where MDL is the minimum detection limit of data.
The error fraction of offline measured data is the difference
between the measured values of the same sample. The error
fraction of offline measured data is the difference between the
measured values of the same sample.

MIER T : An error fraction of 0.1 was used for online data
(Rai et al., 2020).

ME T : as follows

considering the interference of the bays at a lower wavelength (370nm) caused by dust and secondary OC. Thus, the calculation
of the absorption and source apportionment was based on, the following equations (Wang et al., 2020):

baps(370) fossil — (370\-A4Epossn 5
babs(880) fossit Goo) ®)
babs(3790piomass _ (ﬂ)—AAEbiomass (6)
baps(880)piomass 880

babs(sso) = babs(880)fossil + babs(880)biomass (7)
babs(370) = babs(370)fossil + babs (370)biomass + babs(370)secondary + babs(370)dust (8)

_ baps(880)fossit
eBCfOSS” - MACpc(880) fossil ©)
_ _babs(880)piomass
eBCbiomass - MACBC(880)piomass (10)

where AAEj 55 and AAEomqss are the AAEs for fossil fuel combustion and biomass burning. These were derived from the

optical source apportionment by using PMF as discussed in section 3.1._Further, bas(370) and bans(880) are the total babs

measured by the AE33 at the wavelengths of 370 nm and 880 nm respectively:, bans(370)1ossit and bans(880)rossit are,the bans caused
by emissions from fossil fuel combustion at those two wavelengths; Dabs(370)biomass @nd bans(880)biomass are the baps caused by
emissions from biomass burning at those two wavelengths; bans(370)dust refers to_the baps contributed by mineral dust at the
wavelength of 370 nm, which was derived from the result of optical source apportionment; Dabs(370)secondary refers to the bans
caused by the secondary aerosols at the wavelength of 370 nm, which was calculated by the minimum R-squared approach with

eBC as a tracer (Text S1, Wang et al., 2019);, eBCrossit and eBChiomass are the eBCs from fossil fuel combustion and biomass

burning; and MACg:(880)ossi aNd MACs(880)piomassare the mass absorption cross-sections of eBCrosit and the mass
absorption cross-section of eBCriomass at the wavelength of 880 nm respectively, which were based on the PMF results for the
optical source apportionments,
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2.5 Indicators for the different scales of motion [ﬂﬂﬂl‘%?' strength

(N

The mathematical definitions of airflow condition proposed by Allwine and Whiteman (1994) were used in this study. The MEX T : ratio ...R) is based on the ratio ofof...L and S which
. . . .. A ) " . indicates the difference between the wind run distance and
definitions quantify the flow features integrally at individual stations. Three variables were quantified, namely the actual wind the actual resultant distance, representing

run distance (S) which is the scalar displacement of the wind in 24 h (i.e. the accumulated distance of the wind), the resultant MR T - To distinguish ...t...e influences of different scales
of atmospheric motions were assessed,

[ BT : featured
MIBE T : height... With less influence from the of...surface

transport distance (L) which is the vector displacement of the wind in 24 h (i.e. the straight,line from the starting point to the
end point), and the recirculation factor (R) is based on the ratio of,L and S which indicates the frequency of the wind veering

aiki

(-

MERT: i
}H]IJI%T: s the recirculation factor ratio at...100 m heightﬁ
}B]IH%T: calculated using Lbj and Sp;

‘;““ {WJI%T' is...strong and regional-scale motions are is

run (24 h), i-t+1 represents the data at the start time, and n is the number of monitoring stations (a total of 12 in this study).

The quantities v and v are the wind vectors. Using, the wind data from the 12 monitoring stations covering Baoji, the L and S

in 24 h. The influences of different scales of atmospheric motions were assessed,based on the method proposed by Levy et al., forces, the indicators at 100 m would be more sensitive to
(2010), and for this, we used wind data at 100 m above the sampling site and the wind data from 12 monitoring stations at [Iajr;r;cales of mtion. The Equations ...quations used (.. ]
ground level (~15m) to indicate the different scales of motions. The winds at the surface monitoring stations were expected to [WJI‘%T bor of ]

number o
be more sensitive to local-scale turbulence and convection than the winds at 100 m, With less influence from the,surface forces, [WJI‘%T with ]
the indicators at 100 m would be more sensitive to larger scales of motion. The gquations used as follows: [WJI‘%T ed ]
1/2 MR T : the ratio ...alculated based onby [—} -
Lnegoy = T[(425 ) + (25 0)’| “” (W7 )
= ik, A LR 73
Supny = ST U + vy )12 12) %ﬁi?ﬁﬁ Pk AR, A B P %
i to

Ruaypj = 1= 13) [ g2 7 : higher ..n the )

{MJ!%T which was....calculated by using the wind data at

where T is the interval of the data (i.e., 60 min), i is the i" the ending time step data, 7 is the integration time period of the wind | 100 m height. The recirculation factor (Re;

values at the 12 different sites at ground level were calculated. L,. and S,. represent, the resultant transport distance and the

=]l

actual wind run distance at the n™ (n = 1 to 12) monitoring station at ground level; R,. is the recirculation factor at the n
9 9 {MIJI%T then winds at each monitoring site would be mamly

controlled by local-scale motion. ... T

MIBR T : of ...inds at each station would not be likely to

monitoring station which is calculated based on, L. and S, L, and Sp; are the resultant transport distance and the actual wind

run distance at 100 m height above the ground. These yepresent the flow characteristics jn higher atmosphere at the study site,

uniform due to differences int...local factors, and that would
so that will

(MBT:ing
[Mljl%?’: of the
{WJ!%T: calculated by using the wind speed and direction

and they were, calculated by using the wind data at 100 m height. The recirculation factor (Ruy, Was calculated for a height of, ff“
100 m,

/

As explained in Levy et al., (2010), if local-scale motions are, strong and regional-scale motions are weak, jfhe variations in

|/

winds at each station would not be likely to be uniform due to differences in,local factors, and that would yesult in a relatively data from the 12 monitoring stations in Baoji

large standard deviations (Rsw) for Rne By contrast, if the local-scale motions areweak and theregional-scale motion is strong, MR T : Otherwise
the wind direction would be likely to be more uniform over a large area, and the Ry; and the R4 should be relatively smaller. \{ MBET: is

MIER T : influence caused by small-scale differences would
be ...eak and theened...,

N

2.6 Self-organizing map

MIER T : one ... type of artificial neural network that i
developed by Kohonen (1990), which i... widely used for
categorizing high-dimensional data into a few major features
(Stauffer et al., 2016 and Pearce et al., 2014). In particular,
this approachlt...is widely used for categorizing different
meteorological patterns (Liao et al., 2020; Han et al., 2020;
Jiang et al., 2017). UnlikeDifferent from the...traditional
dimension reduction methods (e.g., principal component

(MR (78 15 G )

A self-organizing map (SOM) developed by Kohonen (1990) is a type of artificial neural network that i used for<

categorizing high-dimensional data into a few major features (Stauffer et al., 2016 and Pearce et al., 2014). In particular, this
approach, is widely used for categorizing different meteorological patterns (Liao et al., 2020; Han et al., 2020; Jiang et al.,

2017). Unlike, traditional dimension reduction methods (e.g., principal component analysis), SOM, projects high-dimensional

input data by non-linear projection into user-designed lower-dimensions, which are typically, two-dimensional arrays of nodes
7
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(Hewitson and Crane, 2006). The performance of SOM,in classifying climatological data has been shown to be,robust,(Reusch BT : by non-linear projection ...Hewitson and Crane
2006). The performance of SOM Its performance...in
classifying climatological data has been shown to besho

is called the, input layer and it,contains the high dimensional input data. The other layer is the output layer in which the node [WJ!‘%T. result

et al., 2005). Competitive learning algorithms are used to train SOM, andthe architecture of SOM consists of two layers;, one

number is the output cluster number. The working principle of SOM is to converj high dimensional data with, complex MR T is trained by competitive learning algorithm. ..
\

and....T...

correlations,into lower dimensions via geometrical relationships (Ramachandran et al., 2019). After the initial random weights |

are generated, the input data are, compared with each weight, and the best match is defined as winning. The winning node and \
the neighboring nodes close to the winning node will learn from the same inputs and the associated weights are updated. After
Jmultiple iterations, the network to settles into stable zones of, features and the weights. More detailed working principles of
SOM can be found Kangas and Kohonen, (1996),and Kohonen,et al., (1996),

[&ET%ﬁ Tk 10 B, TSI HHERE
(RBTHER: 716 10 B, FHYG: AhEE
(

MIER T : which
‘&ET#&?& AR 10 B, FHEIS: B3RE

Lomparison between the input data and each weight js made by applying Euclidean distances, the best match is defined by the
following equation:

(M T se

B T : non-linear and...complex correlations of high
dimensional data

(BRBTHER: T4 10 5, FhHYi6: aRR
RETHA

Il — el = mindllx — |l N (14)

where x is the input data, ynjs the best matched weight, ynis the weights connected with the i node. [WJ}%T: every
The weights are updated by following equation: [W“%T: will be
[MIH%T: every
M+ D),= gy ()t b (OIx 0= e (D) (15) (wBETHR: Tk 10 6, Tt GIwE
(BETHR: 74 10 B, FHEin: A
where the jn, (¢ + 1), is the i weight at t+1 time, jn; (£)is the i weight at t time, the A (£),is the neighborhood kernel defined {&ETﬁ'ﬁ: TR 10 B, PG A3RE
over the lattice points at t time, and ¢ is the winning node location. , BRETHRA: 7 10 B, FHEe: Azl
BETHR
SOM was used,to categorize the daily atmospheric motions during, the study period and to explore the influences of different AER T - will be ...pdated. After iterating over ...ultiple

[WJ!‘%T: with their

WETHEN: F: 10 B, FHgit: qa)ikE

BETHER

MBET:The ..c

WETHER: Fh: 10 8, FHPiE: Az

BETHR

BETHER

BWETHER

BETHER

BETHR

BETHR

BETHER

MIB& T : Therefore, ...OM was usedconducted...to categ(—i

(MB7:T

MIBR T : e determination,...the K-means cluster method \(ﬂ

MIER T : T...e model were presentedwas elaborated

\[ MIER T : includes ...ncluded aerosol parameters, includi
( MB2 T : contain

scales of motion on source-specific eBC. Hourly averages of, three sets of data (Rsw, Lbj, and Spj) were input into SOM.

Determining the size of the output map is crucial for SOM (Chang et al 2020 and Liu et al., 2021). To reduce the subjectivity,

the K-means cluster method was used for the decision-making regarding size. The similarity of each item of the input data

relative to the pode was measured using Euclidean distance. The iteration number was set to 2000. For each input data item, \

\\
the node closest to it would,“win out”. The reference vectors of the winning node and their neighborhood nodes were updated |

and adjusted towards the data. The “Kohonen” package in R language (Wehrens and Kruisselbrink, 2019) was used to develop
the SOM model in this study.

2.7 Estimations of direct radiative effects and heating rate

The Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model was used to estimate the direct radiative effects
(DRE) induced by source-specific eBC. The model has been used in many studies to calculate the DRE caused by aerosols and
BC (Pathak et al., 2010; Rajesh et al., 2018; Zhao et al., 2019). SBDART calculated DRE based on several well-tested physical
models. Details regarding the model were presented, in Ricchiazzi et al., (1998). The important input data jncluded aerosol
parameters, including,aerosol optical depth (AOD), single scattering albedo (SSA), asymmetric factor (AF) and extinction

1111MljLJLWWWLLQLWWLQL

(-

efficiency, surface albedo, and atmospheric profile.

h
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The agrosol parameters used in this study were derived by the Optical Property of Aerosol and Cloud (OPAC) model (Hess et
al., 1998) based on the number concentrations of aerosol components. As the study was conducted in an urban region, the urban

aerosol profile was used in OPAC, and it included,soot (eBC), water-soluble matter (WS) and water-insoluble matter (WIS).

particle.cm;®) in OPAC, The number concentrations of WS and WIS were adjusted until the modeled SSA and bass at 500nm

in OPAC were close (£=5%, see Figure S4) to those values calculated with data from the nephelometer and AE33 (bex(520) =

bscat(525) + babs(520), SSA= bscat(525)/bext(520)). The DRE of source-specific eBC at the top of atmosphere (TOA) and surface
atmosphere (SUF) yvere calculated from the difference between the DREs with or without the number concentrations of the
source-specific eBC under clear-sky conditions.

DREepc = (F L =F Dwith enc — (16)
(a5

where DRE g is the DRE of source-specific eBC, Fl and F T are the downward and upward flux, DRE,p¢ a1y is the DRE of

(Fl_F T)withouteﬂ‘c

DRE,pc,arm = DREpcroa — DREepc sur

the source-specific eBC for, the atmospheric column, that is, the DRE at the top of the atmosphere (DRE,p r04) Minus that at

the surface (DRE,pc syr)-

3 Results and discussion
3.1 Calculation of eBCrossit and eBChiomass

The PMF model was used for the optical source apportionment, and those results were used to obtain the site-specific AAEs

and MACs, which in turn were used to calculate the source-specific eBC with the improved aethalometer model, For every

solution, PMF was run,20 times. The Quue/Qexp ratios from the 2-,to 7-factor, solutions were, examined, and the values of a 4-

factor, solution yvere found most stable compared with others because the Quue/Qexp Values did not drop appreciably after the

addition of, one more factor (Figure S5). Based on these results, the, 4-factors solution was determined to be the most

interpretable. Two diagnostic methods, Bootstrap (BS) and Displacement (DISP) (Norris et al, 2014; Brown et al. 2015) were

used tp validate, the robustness and stability of the results, The BS method was, used to assess the random errors and partially
™

assess the effects of rotational ambiguity while DISP was,used to evaluate, rotational ambiguity errors. The  results of the BS

and DISP analyses showed that there was no swap for the 4-factor,solution (Table S3). The modelled primary baps(A) were well
correlated (r = 0.95.-0.96, slope = 0.90~0.95, p < 0.01, Figure ,S6) with their observed counterparts, which suggested that the
modelling performance of PMF5.0 was good. The factor profiles obtained from the PMF are shown in Figure 1.

The first factor (PC1) had was featured with high loadings of EC (52%), POC (49%), and V (49%) and moderate loadings of
Mn (33%), Ni (40%), Cu (37%), and Zn (44%). This factor source contributed 27% to 44% of the primary bass(A). Of the species
with high loadings on PC1, EC has been found to be associated with vehicular emissions due to incomplete fuel combustion

(Cao et al., 2013). V and Ni are commonly detected in the particles emitted by diesel-powered vehicles (Lin et al., 2015 and

Zhao et al., 2021). Mn compounds are commonly used as an antiknock additive for unleaded gasoline to raise octane numbers,

and protect the engine (Lewis et al., 2003; Geivanidis et al., 2003); and,Cu and Zn are emitted by the combustion of lubricating,
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oils and from the wear of motor vehicle,parts (i.e., brakes and tires) (Thorpe and Harrison, 2008; Song et al., 2006). In addition,

the EC associated with this factor was found well correlated (r = 0.83, p < 0.01, Figure S7) with the daily averaged NOywhich
is @ commonly used tracer of vehicular emissions in the urban areas (Zotter et al., 2017). Recent research on the source

contributions of BC emissions has shown that most,of BC associated with,transportation was emitted by on-road diesel vehicles
in China (Xu et al., 2021). From these results, PC1,was identified as diesel yehicular,emissions. The MAC of this factor (MAC
(880)dieser) Was 6.7 m? g*. The estimated AAE of this factor (AAEgiesel) was 1.07 (Figure S8), which is comparable with the
AAE values of vehicle emissions (0.8~1.1) reported in previous studies (Zotter et al., 2017; Kirchstetter et al., 2004).

The second factor (PC2) was characterized by the high loadings of K* (51%), Cl (79%), and Br (52%) and moderate amounts
of EC (26%), POC (28%), and Pb (30%).
et al., 2012; Zhang et al., 2015), and hjigh loadings of Cl also can be taken as a signal of biomass burning (Yao et al., 2002;
Manousakas et al., 2017). Previous studies_showed, that a large guantity, of Br was found in biomass burning aerosols was

Of these, K* is,a widely recognized tracers for the,biomass burning emissions (Urban

s

caused by emissions of, CHsBr emission during combustion (Man®and Andreae, 1994; Artaxo et al.,1998). Particulate matter

emitted from biomass burning typically has substantial amounts of OC and EC,(Song et al, 2006), and,Pb also has been,observed

(MET:ing )
(MET: S5 )

ME& T : data...which is a commonly used tracer of vehicular
emissions in the urban areas (Zotter et al., 2017). According
to ...r...cent research on the source contributions of BC
emissions has shown that most, the majority...of BC
associated with from. . .transportation was emitted by on-road
diesel vehicles in China (Xu et al., 2021). From these results,
PC10wing to those results above, this factor...was identified

diesel vehicular L.
(MET e )
(RETHR: iis )

MIER T : one of the... widely recognized tracers for the
emissions of...hiomass burning emissions (Urban et al.,
Zhang et al., 2015), and h. H...gh loadings of Cl also can be
taken as a signal of biomass burning (Yao et al., 2002;
Manousakas et al., 2017). Previous studies showed repor{™ "

(MR T :ies )

in biomass-burning aerosols (Amato et al., 2016). Thus, PC2 was identified as emissions from biomass burning. The

/|
contribution of this factor to primary ba,s(370) was as high as 50%, but only 33% to primary ba,s(880), and that was likely //

caused by the prown carbon which is a typically found in biomass-burning aerosols (Washenfelder et al., 2015: Yan et al., /
2015), .The MAC of this factor (MAC (880)biomass) Was 9.5 m? g2, The AAE of this factor (AAEbiomass) Was 2.13 (Figure S8),
which is consistent with the wide range of AAEs reported for biomass-burning (1.2~3.5) (Sandradewi et al., 2008; Helin et al.,
2018; Zotter et al., 2017).

The third factor (PC3) had significant loadings of S (64%), Se (98%), As (51%), and Pb (53%) and moderate loadings of Ga
(42%)—all of these elements are commonly, associated with coal combustion (Hsu et al., 2016; Tan et al., 2017). For instance

coal combustion has gradually become, the main source of Pb in PM, s after China began to phase out Pb-containing gasoline, \\
(Xu et al. 2012). Thus, PC3 was assigned to coal combustion. The MAC of this factor (MAC (880)cea)) Was 7.5 m? g*. This \
factor contributed 17%-19% primary bans(A), and its derived AAEcoa Was 1.74 (Figure S8) which is close to the AAE found for, )
coal-chunks (Sun et al., 2017). \

The last factor (PC4) was most heavily loaded with, Al (68%), Si (76%), Ca (65%), Fe (51%), and Sr (71%). .These elements
are typical crustal elements, and they are abundant,in mineral dust (Tao et al., 2016; Tao et al., 2017). Minor amounts of EC in

crustal dust could be from other EC that had deposited on the ground and later yesuspended together with the dust by natural

or artificial disturbances (e.g., wind and traffic flow).,This factor only contributed ~4% of the primary baps(}). The estimated
AAEqs Was 1.78 (Figure S8) which is close to the AAE of mineral dust reported in previous studies (AAEazo-950 = 1.82, Yang
etal., 2009).

As elaborated above, the PM»s EC pover Baoji was mainly from diesel vehicular emissions, biomass burning, and coal

combustion. The emissions can be further grouped, into those from biomass burning and fossil fuel combustion (the sum of

diesel vehicular emissions and coal combustion). Thus, the AAEfessii (1.26) and MAC (880)sossit (7.1 m? g*) were calculated
was the mass-weighted averages (relative to the total EC) of, AAEcea (MAC (880)coa) and AAEiese (MAC (880)dieser), (Table

S4). The hourly mass concentrations of eBCrossit and eBChiomass were then calculated using the ‘aethalometer model’ (Egs. 5—
10

MIE& T : amount...of Br was found in biomass burning
aerosols was caused by emissions of because of the...CH3sBr
emission during combustion (Man©&and Andreae, 1994;
Avrtaxo et al.,1998). Particulate matter emitted from biomass
burning typically has substantial amounts of OC and EC are
commonly found in particulate matter emitted from biomass
burning as major substances...(Song et al, 2006), and....Pb
has been was also...observed in biomass-burning aerosols
(Amato et al., 2016). Thus, PC2 was identified as emissions
from biomass burning. The contribution of this factor to ()

(M7 : that ]
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[ﬂﬂ'ﬂ%?’: Wang et al., 2019 ]
MIER T : ... the contribution of this factor to primary [—}
(BETHR: FRhEs (4%

MIBR T : presented ...ignificant loadings of S (64%), Se [—i

MIER T : fell in ...he wide range of biomass-burning

\ [ BB T: tobe ]

MIE& T : As ...hina began to phase out Pb-containing

-

(BT : of )
(BETHR: R )

ME T : is dominated by the contributions of...Al (68%)ﬁ
(BETHR: Fxiher )

MEE T : in PM2s ...ver Baoji was mainly from diesel [—i
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10). The results showed that eBCrossit and eBCriomass Were only weakly correlated (r = 0.3, Figure S9), indicating a reasonably /{ MIB& T : barely shared a ...orrelation

good separation, and furthermore, fheir diel, variations showed, different patterns, (Figure 2).

The mean values of eBCrossit and eBCriomass Were 2.46 ug m= and 1.17 pg m, respectively. The averaged total eBC mass

concentration (+standard deviation) was 3.63+2.73pg m , and the eBC ranged from varying from 0.39 to 12.73 ug m™ during

the study period, The averaged mass concentration was comparable to that in Lanzhou,another river valley city in China, that

was sampled in the same season (5.1 2.1, Zhao et al.,2019). The lowest value is comparable to other river valley regions such
as in Retje in India (Glojek et al., 2022) or,in Urumgi River Valley in China (Zhang et al., 2020), however even the highest

concentration was much lower than that in other,urban regions (Table S5).

JThe diel, variations of eBCrossil (Figure 2a) showed a bimodal pattern with two peaks at 9 a.m. and 7 p.m_local time. which are
typical_ peak commuting hours, indicating that there were, strong influences from, traffic emissions. Due to the reduced traffic
flow from 1 a.m. to 5 a.m., eBCrossii decreased slowly. After 5 a.m. passenger vehicles were allowed on the highways in and
near Baoji, and eBCrossit Started to rise, probably in response to the increased traffic emissions. As the morning commuter traffic
increased, eBCrossil reached its first peak at 9 a.m. From_then until, 11 a.m., eBCrossit declined only slightly because the wind
speeds decreased (Figure 2c), which offset the effects of the decreases, in traffic, From 11 a.m. to 3 p.m., the increases in the
height of the,planetary boundary layer,(PBLH) (Figure 2d) led to a rapid decrease in,eBCrossil. Later the PBLH decreased rapidly,
resulting in conditions unfavorable for dispersion, and then eBCrossit rose quickly to the, second peak at 7 p.m. After passing the
evening,peak. in traffic, the eBCrossidecreased, dramatically, , \‘\

\
\

In contrast, the diel, variation of eBChiomass (Figure 2b) showed greater jnfluences from meteorological conditions during the \

daytime, and eBChriomass Showed Jower concentrations during the day compared with the,night. After 6 p.m., increased biomass \ \\

burning from cooking and residential heating, let to the emission of, more eBChiomass and the stable PBLH hindered the dispersion

of eBChiomass;_these two factors caused the, eBChiomass 10 reach its peak at 8 p.m. At night, the downslope winds from the

mountains converged in the valley at night time (Oke et al., 2002) and turned,easterly, where the land altitude is lower than at

Baoji (Zhao et al., 2015). This led to t relatively strong winds, (Figure 2¢) favored dispersion and caused the measured eBChpiomass
pollutant levels to decrease.

3.2 The influence of regional and local atmospheric motion on eBCrossil

and eBChbiomass

The K-means results showed that the four-category, solution was, appropriate for interpretation as explained above (see also
Figure S10). Thus a 2x2 map size was used for the self organizing map (SOM), The four featured atmospheric motion
categories given by SOM (Figure S11) were identified as follows (feature values are in Table 1):

1. Local-scale dominance (LD);, This category featured, high Ry and Rsw. As described in section 2.5, high Rswa indicates

greater divergence of R at the,12 stations due to the strong influence of local-scale turbulence and convection. Ly and Sp;

were shorter than 130km implying stagnation (Allwine and Whiteman, 1994).
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[)H]IH%T: p<0.01,

\ MER T : S6...9), indicating a reasonably good separation, and

furthermore, .

MIBR T : T...eir dieldiurnal...variations showed ...differ
patternsvaried, however
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MER T : to...another river valley city in China, that was
sampled in the same season (5.1 2.1, Zhao et al.,2019). The
lowest value is comparable to other river valley regions such
as in Retje in India (Glojek et al., 2022) orand
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MIE& T : were ...re typical peak commuting peak ...ours,
indicating that there were in cities, indicating a

(MR

MIBR T of...traffic emissions. Due to the reduced traffic
flow from 1 a.m. to 5 a.m., eBCrossil decreased slowly. After 5
a.m. passenger vehicles were allowed on the highways in and
near Baoji, and eBCrossil Started to rise, probably in response
to the increased traffic emissions. perhaps owing to pollutant
transport from nearby highways. ...s the morning commuter
traffic increased peak led to increased vehicles on the road in
the city... eBCrossil reached its first peak at 9 a.m. From then 9
m....untilto...11 a.m., eBCrossit Only ...eclined only slightly
because the reduced ...ind speeds decreased (Figure 2c),
which offset the effects of the decreasesdecline...in traffic
flow... From 11 a.m. to 3 p.m., the increases in the height of
thed...planetary boundary layerr height...(PBLH) (Figure 2d)
led to a rapid decrease inof .
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MIER T : s...ecreased rapidlyhrank fast... resulting in
conditions unfavorable for dispersion, and then eBCrossil rose
quickly to therising and the evening traffic peak, coupled with
the undesirable dispersion conditions, helped eBCrossil
skyrocket to its...second peak at 7 p.m. After passing the( )
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MIB& T - more ...nfluences from meteorological conditions
during the daytime, and eBChiomass showed demonstrating™
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MERT : average Lvj = 70.9 km, Spj = 107.8 km, Ryj = 0.35,
Rsta = 0.25.

MEE T : s...high Rej and Rsw. As described in section 2.5,
high Rsw indicates greater divergence of R at thein
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2. Local-scale strong and regional-scale weak (LSRW):, For this group, Ly and Sp; were longer than those for, LD, and, R

BT : average Lvj = 106.9 km, Spj = 164.8 km, Ryj=0.33,
Rsta = 0.23.

MEE T : In these circumstances. .. Lvj and Svj were longer

than those forunder...LD, and.

was slightly lower than that in LD.

3. Local-scale weak and regional-scale strong (LWRS): As the values suggest, both Ry; and Rsw Were lower than those in LD

and LSRW, especially, Ry;. This suggests the winds veered less frequently and the differences of R found in 12 stations { @HO@ZOT: average Lpj =159 km, Sbj = 183.4 km, Rj=0.13, R }

were smaller than ,in, the two situations above. This situation shows that the influence of the regional-scale motion was [ W T - particularly the ]

greater than that for the, previous two categories. [ MERT - for ]
4. Regional-scale dominance (RD);, In this category, wind direction at the study site was nearly uniform (extremely low Ry;) “ﬁﬁﬂ%iﬁ: Ao o ]

suggesting good ventilation (Allwine and Whiteman, 1994). The differences among, R found at the, 12 stations were even [ MR T : compared with that in the ]

. ) . ) . . . MBR T : average Lvj =235.6km, Spj = 246.4 km, Ryj= 0.05,
smaller than for the LWRS group, implying a strong, increased influence of regional-scale motions. Indeed, the influence Rsta = 0.18.
of regional-scale motions far putweighed the local ones for, this category, and therefore, this group, was considered to be MHE& T : of...R found at thein...12 stations were even

smaller than for the LWRS group, implying a
strongfurther...increased influence of regional-scale
motions. Indeed, tT...e influence of regional-scale motions

dominated by strong regional-scale motions.

As shown,in Table 1, the SOM classified, 40% of cases were classified as LD, 29% were classified into RD, 17% and 14% far outweighs ...utweighed the local ones forin. .this
were assigned into LSRW and LWRS respectively, These results indicate that most winter days_in Baoji were strongly, category, and t. T...erefore, this groupone (..
. ) . . ) 3 ) | MIBX T : Presented...in Table 1, t...he SOM classifiedhe
influenced by local-scale motions, Under LD, the average mass concentration of eBCrossit (3.08 +2.07 pg m™) and eBChiomass SOM Tesult showed that...40% of cases were classified
(1.52 %1.19 ug m3) were the highest among all four atmospheric categories noted above and over half (60% for eBChiomass and LD, 29% were classified into RD, 17% and 14% were

. : o i " . assigned into LSRW and LWRS respectively, ... These
55% for eBCrossit) Of the high values (75" to 100™ percentile) were found in, this category (Figure 3). Jn addition, as shown in results indicate that suggesting ...ost winter days in Baoji

were strongly greatly...influenced by local-scale motions in
Baoji...

BT - under

Figure 3, the vast majority of the high values are located in the zone indicating air stagnation (Sw;< 130km, shaded yellow).

One, difference that the 75™ to 100", percentile eBChiomass tended to cluster at Ry; < 0.2, indicates that under LD circumstances,

pollutants were, likely coming from the same directions as where the main pollution sources were agglomerated, but,eBCrossi

MBET: The
MIBE T : Oneis

in contrast, evidently originated from more scattered locations (Rpj = 0.4). Under LSRW, the averaged mass concentrations of

B Crossit and eBChiomass Were 2.79 #1.73 ug m3and 1.06 +0.83 ug m respectively (Table 1), which were both lower than those

for the LD situation. When the regional scale of motion became stronger (i.e., LWRS and RD), the average mass concentration
of eBCrossit (2.15 £1.62 pg m and 1.69 +1.36 ug m) and eBChiomass (0.86 +1.58 pg m and 0.93 +0.72 pg m3) were lower,
presumably because strong winds cause the pollutants to mix with cleaner, air. Interestingly, 19% of the total 75" to 100"

MERT -, which
MR T : pollution was

percentile eBChiomass Was found under RD, and 55% of that was when ventilation was,good, (Syj = 250km, Ry < 0.2, Figure 3,

MR 7 : By contrast, ...BCrossi ... in contrast, evidently
originated may come

the site. [M’J%T: under
[ MBS T : encourages
(MBRT:r
MIE& T : it under...good ventilation

MIB& T -, which...implyies
1.00 pg m and 0.58 +0.53 pg m) under RD. Meanwhile, the average mass concentrations of both types of eBC decreased [WJI‘%T: was

shaded grey). These findings, imply, that the high mass concentrations of eBChriomass Were carried by regional-scale airflow to

Figure 4 portrays the mass concentrations of eBCrossit and eBChiomass during the daytime and night time respectively under the

four,atmospheric motion categories specified earlier. As shown in Figure 4 (a) and (c), the mean values of both types of source-

specific eBCs during daytime were the highest (3.02 +2.12 pg m* and 1.15 +0.8 pg m®) under LD and the lowest (1.36

when the influences of the regional scale of atmospheric motion getting were stronger. This suggests that eBC pollution was MIBR T : featured...atmospheric motion categories specified

earlier. As shown in Figure 4 (a) and (c), the mean values of
both types of source-specific eBCs during daytime were {

//

// [WJF%T: higher
N 3 . . . . ) . /)

(1.76 £1.33 pg m®) under LD were also the highest during the night. However, unlike eBCrossii, the mass concentrations of /] [WJ%T: “nhanced

eBChiomass did not decrease when, the influence of regional-scale atmospheric motions was stronger, (Figure S12). The mean / [&ET%?&: e 8o
12

apt to accumulated under the dominance of local-scale motions and dispersed, under the dominance of regional-scale motions

/

during the daytime. Similar to the variations in the daytime, the mean values of eBCrossil (3.00 £2.04 ug m-3) and eBChiomass
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value of eBCpiomass Under RD was the second highest (1.17 £0.73 pg m™), The nocturnal PBHL which was higher than 100m /[ MK T: Given... Tt
(MET:s9

(Figure S13) for the,RD group, and therefore, the high nocturnal £BCriomass may have been,caused by, the eBCpiomass transported

to the site from upwind regions,

3.3 Impacts of air mass directions

Atmospheric motions can not only cause the dispersal, of pollution,but also bring, polluted air,to the site from distant sources,

Indeed, ajr mass movements can mean the difference between no pollution and severe pollution at a receptor site. To examine

the impacts caused by air masses from different directions, the hourly 24h-back trajectories were calculated at 100 m above the
Text S2). Then the
trajectories were clustered by using anangle-based distance statistics method,(Text S2) to show the general directional features.

ground using the Hybrid Single-Particle Lagrangian Integrated Trajectory model (Draxler and Hess, 1998

This method determines the direction from which the air masses reach the site and has been widely used for air mass trajectory

clustersA, detailed method description can be found in Sirois and Bottenheim (1995), .Three air-mass trajectory clusters were

identified (Figure S14), A5% of total trajectories associated with Cluster No.1, which originated from the north. Cluster No.2

accounted for 36% of the trajectories, and those were from the east direction while Cluster No.3 composed 19% of the total

trajectories and displayed prigins from southwest,

Hourly trajectories were assigned into the four featured atmospheric motions. The varying concentrations of the source-specific
eBCs associated with different clusters indicate the divergent impacts of air mass direction on the pollution level at the sampling
site. As shown jn Table 1, LD was mainly connected with the air masses from Cluster No.2 (52%) and Cluster No.1 (45%).
The average mass concentrations of eBCrossit and €BChiomass associated with Cluster No.1 were 2.82 +1.59 pg m and 1.34 +
1.07 pg m. In comparison, Cluster No.2 was associated with a higher mean eBCrossit (3.2 =1.73 pg m®) and the highest mean
eBChiomass (1.72 £1.29 ug m3) of the three clusters. This could be attributed to more intensive emissions jn the eastern parts of
J5%, of the Baoji, is this
(http://tjj.baocji.gov.cn/art/2020/10/15/art 9233 1216737.html, accessed on 25 September,2021, in Chinese). Several highways
and railways are located in the south and southwest of Baoji, but the population is sparse with only ~4% of the total population

Baoji because total population of Jocated in area

\
Jesiding in those, areas. Thus, Cluster No.3 was associated with the highest mean eBCrossii cOncentration (3.64 +0.67 ug m™) \\

but the lowest mean eBChiomass (0.67 £0.87 ug m3). It is important to point out, however, that only 3% of the total trajectories \\

came from this cluster. \

Under LSRW, 56% of the trajectories were from Cluster No.1, 33% from Cluster No.2, and 11% from Cluster No.3. Although

the total averaged mass concentrations (Table 1) of two types of eBC generally showed that,the regional-scale motions favore:

dissipation of eBC compared with, LD, the eBCrossii (3.43 +1.17 ug m) associated with Cluster No.2 and eBChiomass associated

with Cluster No.3. (1 £0.64 ug m™) were higher by 0.23 ug m™ and 0.33pg m™ respectively relative to the LD case. The rise \

ME& T : under...RD group, and therefore, the high nocturnal
high of ...BCbiomass may have beencould be

BT : transported

BETHR: FREETR

MIBE T : to the site

MER T : influences ...he dispersalion...of pollution at a
site...but also bringcan transport...polluted air mass...to the
site from distant sourcesfar away... Indeed, aA...r mass
movements can from different directions could

MIER T : the...ngle-based distance statistics method angll
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(MK T : Wang et al. (2018)

WER T : Finally, ...t

(MR T: 10

BN IENEsNILN]

MIER T : with ...5% of total trajectories associated with
Cluster No.1, which originated from the north. Cluster No.2
accounted for 36% of the trajectories, and those were
classified as Cluster No.2 ...rom the east direction while
Cluster No.3 composed consisted of ...9% of the total
trajectories and displayed an ...rigins from southwestly
direction...

i

MIE& T : presented ...n Table 1, LD was mainly connected
with the air masses from Cluster No.2 (52%) and Cluster
No.1 (45%). The average mass concentrations of eBCrossil and
eBChiomass associated with Cluster No.1 were 2.82 +1.59 ug
m- and 1.34 +1.07 ug m=. In comparison, Cluster No.2 was
associated with a higher mean eBCrossit (3.2 £1.73 pg m)
and the highest mean eBCoiomass (1.72 +1.29 ug m®) of
among ...

MIER T : at ...n the eastern parts of Baoji because the majority
of the population of Baoji (~...5%)...of the total population
of Baoji)...is distributed .

MIE& T : 1/9/...2021, in Chinese). Several highways and
railways are located in the south and southwest of Baoji, but
the although ...opulation is sparse with only ~4% of the total
population of Baoji ...esiding in thoseis...areas. Thus,
No.3 was associated with the highest mean eBCrossil
concentration (3.64 +0.67 ug m) but the lowest mean
€BCbiomass (0.67 0.87 pg m3). Nonetheless, ...i... is
important to point out, however,worth noticing

of eBCrossit associated with Cluster No.2 was possibly caused by the enhanced regional influence of pollutants brought from

ETCEEE )

adjacent regions. According to previous studies (Wang et al., 2016; Xu et al., 2016), severe BC pollution in winter is caused

by fossil fuel combustion in Xi’an which is to the east of Baoji, Studies also have reported that high EC emitted from biomass

burning was found to have originated from Sichuan Province (Wu et al., 2020; Cai et al., 2018; Huang et al., 2020) which is,to /

the southwest of Baoji. Combined with the phenomenon that the mass concentration of €BChriomass associated with Cluster No.3

13

MIBE T - generally...the regional-scale motions
favoreds...dissipation of eBC compared with those
under...LD, the eBCrossit (3.43 +£1.17 pg m) associated with
Cluster No.2 and eBCriomass associated with Cluster No.3. (1
+0.64 pg m®) were higher rose ...y 0.23 ug m and 0.33pg
m respectively relative to the LD case. The rise of eBCrossil
associated with Cluster No.2 was possibly plausibly ...at{f‘f
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rose with yegional scales of motion, it is reasonable to conclude,that the increase 0f eBChiomass associated with Cluster No.3 was

likely influenced by pollution transport from the southwest.

ME& T : the enhancement of a ...egional scales of motion, it

is reasonable to conclude believe...that the increase rise ...f
eBChiomass associated with Cluster No.3 was likely influenced
by pollution transport from the region to the )

Under LWRS, 42% of the trajectories were from Cluster No.1., 36% from Cluster No.3, and 22% from Cluster No.2. With,
stronger regional scales of motion, the mean values of B Crossit and eBChiomass associated with all clusters were lower than those

under LD, except for £BChiomass associated with Cluster 3 which jncreased by 0.52 pg m3. As mentioned before, this increase

could have been gcaused by regional transport.

ME& T : a...stronger regional scales of motion, the mean
values of eBCrossit and eBChiomass associated with all clusters
were lower than those under LD, except for the ...BCbiomass
associated with Cluster 3 which was further ...ncreased by
0.52 pg m. As mentioned before, this increase rise ...ould

have been be )

In the last category (RD), 41% of the trajectories were from Cluster No.1., 39% from Cluster No.3, and 20% from Cluster No.2.

Similar to the results for, LWRS, the average mass concentration of eBCrossit and €BChiomass associated with Cluster No.1 wer

only 35% and 48% of the respective values for,LD, The average mass concentrations of eBCiossit and eB Chiomass 8ssociated with f
Cluster No.2 were 32% and 51% of the eBCrossit and eBChiomass under LD. As for Cluster No.3, the average mass concentration /
of eBCrossit associated with this cluster was also the lowest of allclusters, However, interestingly, the mean value of eBCpiomass

associated with Cluster No.3 was highest compared with other categories of,Cluster No.3, Under strong,influences of a regional

scale of motions, the value of eBChriomass Was 1.9 times as high as that under LD.

MIB& T - ame as...LWRS, the average mass concentration of
eBCrossit and eBCriomass associated with Cluster No.1
werewas...only 35% and 48% of the respective values
forunder...LD respectively... The average mass

of eBCrossit and eBChiomass associated with Cluster No.2 were
was ...2% and 51% of the eBCrossit and €BChiomass under LD.
As for Cluster No.3, the average mass concentration of
eBCrossil associated with this cluster Cluster No.3 ...as also
the lowest of among ...II ...lusterscircumstances... However,
interestingly, the mean value of eBCbhiomass associated with
Cluster No.3 was highest compared with other categories of
the concentration associated with...Cluster No.3 under other

3.4 Radiative effects categories... Under a ...tronger )

[WJ%T: was ]
Figure 5a shows the DREs at top of the atmosphere (DREcsc, Toa), surface (DREeac, sur), and the whole atmosphere (DREegc, [M’J%T: was ]
atm) Of @BCrossit and €BChiomass. The DREesc, Toa and DREesc, sur 0f eBC were 13 W m? and -22.9 W m?, which were Jower [)yy”}gj; } ]
than that reported in Lanzhou (21.8 W m and -47.5 W m for DREegc, Toa and DREsc, sur) & Which is another a river valley [MJ!%T: which is also ]
city in China (Zhao et al., 2019). This.could be due to fact thatthe eBC mass concentration in Baojiwas lower thanjn Lanzhou [WJ!‘%TI cloud ]
(Table S5). As for the DREggc, Toa and DREcsc, sur_per an unit mass of BC, ,the results of the, two studies were comparable. [WJ%T: because ]
The DRE¢sc, Ton Of eBCrossit (DREcacossit, Toa) and eBChiomass (DREcachionass, Toa) Were 9.4 £7.5 W m?2 and 3.6 +£3.4 W m?2 MER T - is...as lower than that —

MIB& T : For a unit of BC ...he DREegc, Toa and DREesc, su
per an unit mass of BC, in

indicating a warming effect at the top of the atmosphere. The DREesc, sur Of €BCrossit, (DREcaciossii, sur) and £BChiomas
(DRE-egchiomass, sur) Were -16.5 +£13.5 W m2 and -6.4 6.2 W m showing a cooling effect at the surface. The DREegc, atm Of ~
eBCrossit (DREeacrossil, ATm) and €BCopiomass (DREeschiomass, aTm) Were 25.9 +20.8 W m2and 10 £9.5 W m in the atmosphere,

indicating a heating effect.

Figure 5 also shows the DREegc, atm Of the source-specific eBC for different atmospheric, motions. In general, the changes of

MIER T : those...two studies were comparable. The DREesc,
Toa 0Of €BCrossit (DREebcfossil, Toa) and €BChiomass

(DREeschiomass, Toa) Were 9.4 +7.5 W m2 and 3.6 +£3.4 W m?
indicating a warming effect at the top of the atmosphere. The
DREegcfossil, sUF (...REesc, sur Of eBCrossil). . .(DREescfossil, SUF)
and DREegcbiomass, suF (DREesc, sur Of ... BChiomass) )

WETHR: ERBER ]

DREcesc, am are in accordance with those of the eBC mass concentrations, The DREesctossit, atv Under LD was the largest with ™ [

a mean value of 30.4 =23 W m?, followed by, LSRW (28.7 +20.7 W m?). As the mass concentration of eBCrossit Was low
/A

when regional scales of motion were stronger, the DREegc, atm Uunder LWRS and RD also were lower compared with those /

/
under L D or LSRW. By contrast, the DREesc, atm Of eBChiomass under LSRW was the highest (11.5 +11.8 W m™), but, it is //

/
/
/

only 0.3 W m2higher than that under LD, When the regional scale of motions became stronger, the DREegcbiomass, arm declined

as expected due to the lower, eBCpiomass mass concentrations (Figure 4c). The DREegc, atm Of €BChiomass under LWRS and RD

were 8.6 +£8.5 W m?2and 7.9 +7.4 W m? respectively.

Although DREesc, atm declined with increased influences from the regional scale of motion, the DREesc, atm efficiency

7 MB& T : under ...ifferent featured ...tmosphericre...motions.

In general, the changes of DREesc, aTm are in accordance with
those of the eBC mass concentrations of eBC... The
DREescfossil, arm Under LD was the largest with a mean value
of 30.4 £23 W m?, followed by DREescfossil, ATM
under...LSRW (28.7 £20.7 W m?). As the mass
concentration of eBCrossil Was low when ered...by a

stronger ...egional scales of motion were stronger, the
DREesc, atv under LWRS and RD were ...Iso were lower
compared with those under in ...D and ...r LSRW. By
contrast, the DREesc, aTm 0f €BChiomass under LSRW was the
highest (11.5 £11.8 W m?), but though. ..t is only 0.3 W

BRETHR: Fi )

(DREcesc, atm per mass concentration) was found to increase with greater yegional-scale motion. Furthermore, the DRE [
efficiencies of both types of eBC under LD and LSRW were comparable, around 10 W m (Table 2). In contrast, the efficiencies |~

ME& T : the enhancement of ...egional-scale motion.
Furthermore, tT...e calculation showed that ...RE

—
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varied more when the yegional-scale motions were stronger. Under LWRS, the efficiencies of eBCrossit and eBChiomass Were 13.5 [M’J%T: so under a stronger influence of ]

+ 6.7,and 14.7 £ 8.1 (W m?)/(ug m®) respectively. Under RD, the efficiencies were even higher, 15.6 £ 8.9 (W m?)/(ug m" MERT : (W m?)/(ug m?)...and 14.7 & 8.1 (W m2)/(ug m?)
3 ) 3 . . . respectively. Under RD, the efficiencies were even higher,

) for eBCossiand 15.5 + 8.4 (W m?)/(ug m™) for eBCpiomass, Which are > 1.5 times those recorded under LD. The higher eBC which were 3
efficiencies,may have been caused by, the increases in the BC,MAC,during the regional transport. Studies have confirmed that [MIJ}%T: 6.7 ]

MIB& T : respectively... which are > over ....5 times those
recorded under LD. The higher eBC efficienciesThis...may
have been caused by could be attributed to...the increases in
the BC the enhanced...MAC of BC...during the regional
transport. Studies have confirmed that the aging processes in
the atmosphere can would...enhance the light-absorbing

- . . . . i . i i . ability of BC (Chen et al., 2017; Shen et al., 2014), and
conditions, the transported BC reached a receptor site with a higher light-absorbing ability which led to a higher DRE efficiency regional transport can provide sufficient time for BC aging
(Shiraiwa, et al. 2007; Cho et al., 2021). Therefore, the
nonlinear disproportional...change between mass

valley city in our study where,dispersion was weak, (Zhao et al., 2015; Wang et al., 2013), and DRE efficiency was very likely caused by the strong
regional-scale motions that dispersed blew away the ...resh
BC from local emissions but also in the meantime ...roug" ")

the aging processes in the atmosphere_can,enhance the light-absorbing ability of BC (Chen et al., 2017; Shen et al., 2014), and | -

regional transport can provide sufficient time for BC aging (Shiraiwa, et al. 2007; Cho et al., 2021). Therefore, the_nonlinear,
change between mass concentration and DRE efficiency was very likely caused by the strong regional-scale motions that

dispersed fresh BC from local emissions but also prought,aged BC to the area from the upwind regions. As a result, under these

of BC at the sampling site, This strongly implies regionally transported BC can greatly,perturb,climate, particularly at the river-

4 Conclusions [#ET#&@Q: ﬂt/f ]
(RETHER: T )
This study derived site-specific AAEs using 2 PMF model for which, chemical and optical data collected from a river-valley MIER T : when regional scale motion is strong... This
. . . . e . strongly implies regionally transported BC can
city during winter were used as the inputs. Based on the calculated, AAES, source-specific eBCs (i.€., eBCrossit and eBChiomass) a...reatlyer...perturbation...to regional ...limate caused by
were then apportioned using an, aethalometer model. Finally, the impacts of different scales of, atmospheric motions on the regionally transported BC... particularly in ...t the river-
city in our study where due to weak...dispersion was
mass concentrations of the source-specific eBCs and the induced DRESs were investigated. Four sources of eBC were identified; weakconditions...(Zhao et al., 2015; Wang et al., 2013).
. . . . . . . . indicating a potentially enhanced climatic effect. .
which are diesel vehicular emissions, biomass burning, coal combustion, and mineral dust. The derived AAEs were 1.07 for gap y e
i . L . . i K MR T : the... PMF model for whichwith...chemical and
diesel vehicular emissions, 2.13 for biomass burning, 1.74 for coal combustion, and 1.78 for mineral dust. The mean values of optical data collected from in ... river-valley city during

winter were used as the inputs. Based on the calculatedWith
those...AAEs, source-specific eBCs (i.e., eBCrossit and

o o . . . . . eBCriomass) Were then apportioned using anthe...aethalometer
The self-organizing map indicated that there were four types of atmospheric motions during the sampling period that affected, model. Finally, the impacts of different scales
offeatured...atmospheric motions on the mass concentrations
of the source-specific eBCs and the induced DREs were ()
days. The eBCrossit and eBChiomass Under those identified,atmospheric motions showed that over half of.the.75" to 100™ percentile [ WA T : that is

€BCrossit and eBChiomass Were 2.46 pg m3and 1.17 pg m™, respectively.

the mass concentrations of source-specific eBCs, Of these, the local-scale motions were the main influence on most winter

values for the entire data set were found in LD _group (60% for eBCpiomass and 55% for eBCressir). This illustrates that the BC M T : During the sampling period, ...the mass

concentrations of source-specific eBCs were influenced
MR T: featured

MER T : (60% for eBChiomass and 55% for eBCrossil) ...f ...the
high values (...5 to 100" percentile values for the entir

pollution was more_severe under the, influences of, local-scale motion outweighed, jegional-scale motions. However, even

T

though yegional-scale motions were associated with lower,eBCs, 19% of the high values of eBCpiomass Values occurred under

RD, especially when there was good ventilation, Furthermore, the air masses from different directions also had jmpacts on the

source-specific eBCs that varied relative to the different atmospheric motions. eBCrossit most likely accumulated under the, BT : in general ...as more severe under the likely to

happen when the...influences offrom...local-scale motio
MBR T : from

MER T : the ...egional-scale motions. However, even though
although ...egional-scale motions were associated with

Jnfluence of strong local-scale motions, but, éBChiomass 21S0_was found to be increased with the enhanced regional scale of

motions when the air masses from the southwest; this indicates that there were impacts from yegional transport.

el ]

Similar to the mass concentrations, the DREs of the two types of eBC were both lower when the regional scale of motions were

MIBR T : a...stronger ...nfluence of strong local-scale
motions, but by contrast besides accumulating under a st

MIE& T : regional transport.i

MIB& T : ndicating an evident

study showed that different scales of air motions affected the mass concentrations of source-specific eBCs and their DRE B T - outweighed ...he local ones. However, the changes
of ...n mass concentrations and DREs were not

greater than the local ones. However, the changes jn mass concentrations and DREs were not proportionate, because the

regional-scale of motions carried the fresh BC away from the local site but brought, the aged BCs to the site from the upwind

regions. As a result, the DRE efficiency of eBC was ~1.5 times higher when the regional scale of motion was stronger. This
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efficiencies. More specifically our study, highlights importance of regional transport for the BC radiative forcing and shows

how the gnhancement of BC radiative effects caused by aging, during regional transport, could have especially significant

implications for sites in river valleys. The relationships between BC and atmospheric scales of motion should be evaluated for

other environments besides river valley cities because quantitative information on the relative importance of locally emitted

versus regionally transported materials will be useful for developing pollution controls and for predicting future changes in

climate.
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Table 1. The mass concentration of eBC from fossil fuel combustion (eBCrossit) and eBC from biomass burning (eBChriomass) associated with different clusters

under four featured atmospheric motions

Motion category Local scale dominance (LD) (40%)

Local scale strong and regional scale weak (LSRW) (17%)

L, = 70.9 km, S, = 107.8 km,
R, =035 R, =025

L,;=106.9 km, S, = 164.8 km,
R,=033,R,,=0.23

Cluster 1 Cluster 2 Cluster 3 Total average Cluster 1 Cluster 2 Cluster 3 a\%;ale
Trajectory percentage (%) 45 52 3 100 56 33 11 100
eBCyi (Lg m'3) 2.82°+159" 3.2+173 3.64+0.67 3.08+2.07 2.42 +£1.00 343+1.17 2.89+1.00 2.79+1.73
eBC, ;0 mass(ig m-%) 1344107 1.72+129 0.67+0.87 1.52+1.19 1.0 +0.85 117+0.84 1.00+0.64 1.06=+0.83

Lpj—resultant transport distance, Spi—actual wind run distance at 100 m, Ry —recirculation factor at 100 m, Rsiw—standard deviation for

recirculation factor. a and b: Mean #Standard deviation.

Table 1 (continued)

Motion catedor Local scale weak and regional scale strong (LWRS)
Motion category
(14%)

Regional scale dominance (RD) (29%)

LS =159 km, S5 =183.4 km,

L, =2356 km, S, = 246.4 km,

R,=0.13,R,;;=0.20 R,=0.05R;=0.18
Cluster 1 Cluster2  Cluster 3  Total average Cluster1  Cluster2  Cluster 3  Total average
Trajectory percentage (%) 42 22 36 100 41 20 39 100
eBCyir (Mg m°) 1.32° +0.67° 2024073 3164119 2.15+162 1.00 +0.64 1.02+0.88 2.75+1.26 1.69 +1.36
€BCpj (g m-°) 0.67 +0.49 0.73+0.47 1.19+0.60 0.86+0.58  0.64+0.63 0.87 +£0.69 1.26 +£0.68 0.93 +0.72

Lpj—resultant transport distance, Spi—actual wind run distance at 100 m, Ry —recirculation factor at 100 m, Rsi—standard

deviation for recirculation factor. a and b: Mean *Standard deviation.
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880 Table 2. Direct radiative forcing efficiencies for equivalent black carbon (eBC) from fossil fuel combustion (eBCrossi) and the eBC from biomass burning [ﬂyjpgj’; T ]
881 (eBCriomass) under four atmospheric motion categories, MIB& T : he DREegc, atm efficiencies of the eBC from fossil

fuel combustion (eBCrossit) and the eBC from biomass burning
(eBChriomass) under the four featured atmospheric motions

Atmospheric motion category DREeBCfossiIZ,ATM efﬁ:iency. DREeBCbioma;s, ATM EffSiCienCy, - [WJ%T a ]

((Wm )(pgm ) ((Wm )(pgm ) WRT ]

(BRI )

| Local scale dominance (LD), 10.22 +4.20 10.3+4.4 [&ET*&?&: B J

| Local scale strong and regional scale weak (LSRW), 10.6 5.7 10.2 £5.8 P&Eﬂ%ﬁ: Lz %
MERT: LD

| Local scale weak and regional scale strong (LWRS), 13.5+6.7 147 8.1 [WJ%T: LSRW }

Regional scale dominance (RD), 15.6 +£8.9 155 +8.4 [WJ%T: LWRS ]

882  aandb: Mean +Standard deviation [M%T: RD }

883 . (BB T: a Mean +Su )
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Figure captions:

Figure 1. Four factors identified by source apportionment. Concentration (ug m) of the chemical species and_primary
absorption (pass), (A) at six wavelengths (A = 370, 470, 520, 590, 660, or 880nm) (M m™) for gach source are shown in grey.

The blue square represents the contribution of each chemical species to the four different factors.

Figure 2. (a) Djel variations of the eBC from fossil fuel combustion (eBCrossi) and, (b) the eBC from biomass burning

(eBChiomass). (c)wind speed (m s*) and (d),planetary boundary layer height (m), The black bars of each hourly-averaged point

show the standard deviation,

Figure 3. (a) The 75" — 100" percentile mass concentrations of the eBC from fossil fuel combustion (eBCrossi) and (b) the eBC |

from biomass burning (eBChriomass) Under local scale dominance (LD, red circle), local scale strong and regional scale weak

(LSRW, green circle), local scale weak regional scale strong (LWRS, purple circle) and regional scale dominance (RD, blue

circle). Sy is actual wind run distance at 100m height, Rp; is the recirculation factor, the grey area indicates good ventilation

(Sbj =>.250km, Ry < 0.2), the yellow area indicates air stagnation (Sy; 130km).,
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Figure 4. Mass concentrations of the eBC from fossil fuel combustion (eBCrossit) and the eBC from biomass burning (€BChriomass)

during daytime (a, ¢) and nighttime (b, d) under local scale dominance (LD); local scale strong and regional scale weak

(LSRW); local scale weak regional strong (LWRS); and regional scale dominance (RD).
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of the eBC from fossil fuel combustion (eBCrossit) and (b) the
eBC from biomass burning (eBChiomass) under local
dominance (LD), local strong and regional weak (LSRW),
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(RD). Syjis actual wind run distance at 100m height, Ry; is the
recirculation factor.
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Figure 5. Direct radiative effect (DRE) of the eBC from fossil fuel combustion (eBCrossit) shaded jn grey and the eBC from

biomass burning (eBCriomass) shaded in, grey yellow (a) in the top atmosphere (TOA), surface (SUF), and the atmosphere

atmospheric column (ATM) and (b) the DREegc atm Of two types of eBC under local dominance (LD) shaded jn light grey

labeled as LD, local strong and regional weak (LSRW) shaded in, light blue labeled ag LSRW, local weak regional strong .
(LWRS) shaded in,light grey labeled with LWRS and regional dominance (RD) shaded in,light blue labeled as RD (c) DRE \

LWRS (shaded in,light grey labeled as, LWRS) and RD (shaded in,light blue labeled with RD),
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MIB& T : (a) The Mmass concentrations of the eBC from (a)
fossil fuel combustion (eBCrossit) and (b) the eBC from
biomass burning (eBCbiomass) during daytime and (c,d)
nighttime under local dominance (LD); local strong and
regional weak (LSRW); local weak regional strong (LWRS);
and regional dominance (RD).
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MIE& T : Direct radiative effect (DRE) of the eBC from fossil
fuel combustion (eBCrossif) and the eBC from biomass burning
(eBChriomass) (a) in the top atmosphere (TOA), surface (SUF),
and in-between the atmosphere (ATM) and (b) the
DREcegc,atm of two types of eBC under local dominance
(LD), local strong and regional weak (LSRW), local weak
regional strong (LWRS) and regional dominance (RD)
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78 Figure 1._Four factors identified by source apportionment. Concentration (ug m™) of the chemical species and primary

79 absorption coefficients (pans) (L) at six wavelengths (A = 370, 470, 520, 590, 660, or 880nm) (M m™) for each source are shown

80 in grey. The blue square represents the contribution of each chemical species to the four different factors,, M T : Four factors identified by source apportionment.
Concentration (ug m) of the chemical species and bas pabs
(M) at six wavelengths (A = 370, 470, 520, 590, 660, or
880nm) (M m) in each source are colored by grey. The blue
square represents the contribution of each chemical species in
the four different factors.
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Figure 2. (a) (a) Diel variations of the eBC from fossil fuel combustion (eBCrossit) and (b) the eBC from biomass burning<—

(eBChiomass). (¢) wind speed (m s*) and (d) planetary boundary layer height (m). The black bars of each hourly-averaged point

show the standard deviation,,
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MIB& T : The diurnal diel variations of the eBC from fossil
fuel combustion (eBCrossil), (b) the eBC from biomass burning
(eBCbiomass), () the wind speed (m s) and (d) the planetary

, the black bar of each hourly-averaged point is the standard
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Figure 3. (a) The 75" — 100™ percentile mass concentrations of the eBC from fossil fuel combustion (eBCrossit) and (b) the eBC<

from biomass burning (eBChriomass) Under local scale dominance (LD, red circle), local scale strong and regional scale weak

(LSRW, green circle), local scale weak regional scale strong (LWRS, purple circle) and regional scale dominance (RD, blue

circle). Sy is actual wind run distance at 100m height, Ry; is the recirculation factor, the grey area indicates good ventilation

(Spi_=_250km, Ry < 0.2), the yellow area indicates air stagnation (Sp; <130km),,
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MR T (a) The 75" — 100" percentile mass concentrations
of the eBC from fossil fuel combustion (eBCrossit) and (b) the
eBC from biomass burning (eBCiomass) under local
dominance (LD, red circle), local strong and regional weak
(LSRW, green circle), local weak regional strong (LWRS,
purple circle) and regional dominance (RD, blue circle). Spjis
actual wind run distance at 100m height, Ry; is the
recirculation factor, the gray areas indicates good ventilation
(Sbj = 250km, Rp; < 0.2), the yellow

area indicates air stagnation (Spj 130km)
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16 Figure 4. Mass concentrations of the eBC from fossil fuel combustion (eBCrossit) and_the eBC from biomass burning (eBChiomass)

17 during daytime (a, ¢) and nighttime (b, d) under local scale dominance (LD); local scale strong and regional scale weak

18 (LSRW); local scale weak regional strong (LWRS); and regional scale dominance (RD).
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MIB& T : The mass concentrations of the eBC from fossil fuel
combustion (eBCrossit) and (b) the eBC from biomass burning
(eBChiomass) during daytime and (c,d) nighttime under local
dominance (LD); local strong and regional weak (LSRW);
local weak regional strong (LWRS); and regional dominance
(RD)....
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Figure 5. Direct radiative effect (DRE) of the eBC from fossil fuel combustion (eBCrossit) shaded in grey and the eBC from

biomass burning (eBCpiomass) shaded in yellow (a) in the top atmosphere (TOA), surface (SUF), and the atmosphere atmospheric

column (ATM) and (b) the DRE¢gc.atm Of two types of eBC under local dominance (LD) shaded in light grey labeled as LD,

local strong and regional weak (LSRW) shaded in light blue labeled as LSRW, local weak regional strong (LWRS) shaded in
light grey labeled with LWRS and regional dominance (RD) shaded in light blue labelled as RD (c) DRE effjciencies of
eBChiomass (shaded in yellow) and eBCrossit (shaded by grey) in TOA, SUF and ATM (d) DRE efficiencies of eBChriomass and
eBCrossit at ATM under LD (shaded in light grey labeled as LD), LSRW (shaded in light blue labeled as LSRW), LWRS (shaded
in light grey labeled as LWRS) and RD (shaded in light blue labeled with RD),,
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MIB& T : Direct radiative effect (DRE) of the eBC from fossil
fuel combustion (eBCrossit) shaded by grey and the eBC from
biomass burning (eBCbiomass) shaded by grey yellow (a) in the
top atmosphere (TOA), surface (SUF), and in-between the
atmosphere (ATM) and (b) the DREesc,atm 0f two types of
eBC under local dominance (LD) shaded by light grey
labelled with LD, local strong and regional weak (LSRW)
shaded by light blue labelled with LSRW, local weak regional
strong (LWRS) shaded by light grey labelled with LWRS and
regional dominance (RD) shaded by light blue labelled with
RD. (c) DRE efficiencies of eBCriomass (shaded by grey
yellow) and eBCrossil (shaded by grey) in TOA, SUF and
ATM (d) DRE efficiencies of eBChiomass and eBCrossit at ATM
under LD (shaded by light grey labelled with LD), LSRW
(shaded by light blue labelled with LSRW), LWRS (shaded
by light grey labelled with LWRS) and RD (shaded by light
blue labelled with RD).
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