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Abstract. Effective density is one of the most important physmralperties of atmospheric particlésis closely linked to
particle chemical composition and morphology, and caquriovide special information on particle emissions and aging

processedn this study, sizeesolved particle effective density was measwvétl a combined DMACPMA-CPC systenin

autumn 201%s part othe Multiphase chemistry experiment in Fogs and Aerosols in the North China Plain (NICPAAN [— %) in autumn 2019.

a new developed flexible Gaussian fit algorithm, frequent%737 %) bimodal distribution of particle effective density is
identified, with a lowdensity mode (named swtensity mode) accounting f@2 %-27 % of total observed particle¥he
prevalence of the suilensity mode is closely related to fresh black carbon @@3¥sionsThegeometric meafor the main
density mode”([ ; ) increases from.18%6.10 g cm® (50 nm) to 1.3%.12 g cnm® (300 nm) due to larger fraction of high
density components and more significant restructuring effect at large particle sizes, but decrea3@&8fidgii g cn® (50

nm) to 0.620.12 g cn® (300 nm)for the subdensity mode” ™ 5 ) which could bemainly ascribed to the agglomerate effect

of BC."Iy and’[; show similar diurnal cycles with peaks in the early afternoon, mainly attributed to the increasing
mass fraction of high material density components associated with segaetosol production, especially of secondary
inorganic aerosol (SIA). To investigate the impact of chemical composition, bulk particle effective density was calculated
based on measured chemical composition{ ) and compared with the averageeetive density at 300 nm[ 7 ).

The best agreement between the two densities is achieved when assuming a BC effective density of 0 Blegparticle

effective density is highly dependent on SIA and BC mass fractions. The influence of B@ effective density is even
1
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stronger than SIA, implying the importance and necessity of including BC in the estimate of effective density for ambient

particles.

1 Introduction

Atmospheric aerosol has a significant impact on air quality, climate change and publiqbeakbry and Pope, 1994;
IPCC, 2007; Laden et al., 2000; Sulet 2020) This is determined by a combination of various particle physical and chemical
propertis . Density, as one of important physical propertie
chemical and dynamic properti¢Bitas et al., 2018; Nosko and Olofsson, 2017; Park et al., 20G&yves as a link between
particle mass and mobility siz&cMurry et al., 2002; Schmid et al., 200@nd is usually used to infer particle morphology,
chemical composition, and associated atmospheric processes such as emission §Ateggien et al., 2015; Levy et al.,
2013; Olfet et al., 2007; Olfert et al., 2017; Park et al., 2003; Wang et al., 2018; Wu et al., 2019; Zhang et alQRDL)
to the inability to directly measure the density of atmospheric particles, effective density is usually applied pracieaisol
research.

s of aerosol

The effective density is closely linked to particle chemical composition and morphology. It is generally observed within the

range of 1.061.81 g cn? in the ambient atmosphef€ha and Olofsson, 2018; Geller et al., 2006; Hu et al., 2012; Lely et
2014; Lin et al., 2018; Rissler et al., 2014; Zamora et al., 2af9hich high values are attributed to the dominant of
ammonium sulfate (NF.SQs), ammonium nitrate (NENOs) and metal¢Zhai et al., 2017; Zhang et al., 2016a) contrast,
the dfective density of black carbon (BC) or organic aerosol (OA) dominated particles is relative{ihaivet al., 2017)
While the effective densities of inorganic components are well recognized ghigrelarge uncertainties in the effective
densities of both BC and O@.i et al., 2016; Malloy et al., 2009; Zhang et al., 2008xding to significant variations in the
effective densities of ambient bulk particles.

The variability of OA density primarily riginates from the diversity of organic species, formation mechanisms and aging
processes. For instance, the effective density of secondary organic aerosol (SOA) oxidateexjileme, terpenes and
cycloalkenes was estimated to be around 1.10-¢fomthose generated with inorganic seeds but around 1.40°gvittmout
seedgBahreini et al., 2005Malloy et al., (2009)etermined effective densities of 1.24 gtamd 1.35 g cm for SOA from
ozonolysis ofU-pinene and photoxidation ofm-xylene, respetively. An increase of 19 in effective density caused by
oxidative aging process was also observed for §&#orge and Abbatt, 201Q)ittle information is found for effective density
of primary organic aerosol (POA), but its value is usually lower thahof SOA due to closely related to fresh emissions
(Nakao et al., 2011)Generally, a simplified average value around 4.2 g cn? is commonly applied for ambient OA in
numerous studies (e.gallquist et al., 2009; Hu et al., 2012; Levy et al.12pD

A more dramatic variation is observed for the effective density of BC, ranging from 0.10 to 1.8Q@agels et al., 2009;
Peng et al., 2016Yhe lower end of the range is generally found for freshly emitted BC, owing to the presenceglieioal
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morphology. For exampl&hang et al., (2008pund that soot particles generated under incomplete combustion condition
70 could have an effective density as low as 0.10 and 0.56°§arparticle size at 360 nm and 50 nm, respectively. Soot particles
emitted from car brake materials, representing a typical tredfate source, were also found to be at a low effective density
of 0.75 g cn? (Nakao et al., 2011; Nosko and Olofsson, 20THe effective density increases immediately with aging, as a
more compact morphology of BC is formé@hazi and Olfert, 2013; Pagels et al., 200@yr instance, a-30 folds increment
was found for the effective density of coated soot particles compared to fresh ones, attributed to the morphology compaction
75 verified by transmission electron microscopy (TEM) techni@iieang et al., 2008)

Currentl, there exists several techniques for the measurement of particle effective density. One commonly used metht(

measure particle mobility size and mass simultaneously based on differential mobility analyzer (DMA) coupled with
centrifugal particle mass atyzer (CPMA) or aerosol particle mass analyzer (ARGBller et al., 2006; McMurry et al., 2002;
Rissler et al., 2014; Wang et al., 2018nd calculate the effective density assuming a spherical morphology. Another
80 alternative technique is based on tekationship between aerodynamic diameter and mobility diameter, measured by scanning
mobility particle sizerelectrical lowpressure impactor (SMPEBLPI) or DMA-micro-orifice uniform depositimpactor (DMA
MOUDI) (Kelly and McMurry, 1992; Nosko and OlofssoP017) Techniques such as connecting a mass spectrometer in
series with a DMA are also applied in field studies as well as laboratory experiments, which can directly provide particle
chemical composition information in addition to effective den@percer et al., 2007; Zhang et al., 2016&nong the above

85 approaches, the first onméssvolume based methdds the most widely used in ambient measuremg@®esg et al., 2021)

Measured effective densities of ambient particles with a certain dianseteifyupresent as a broad frequency distribution. [- 2

To quantify the average and diversity of the measured effective densiBesisaiarbased unimodal fit is commonly used.
However, a bimodal effective density distribution with a second density mode ingcatrdensity below 1.00 g cfrare
sometimes observed when the air is strongly affected by primary emigtiens et al., 2013; Ma et al., 2020The

90 contribution of the second density mode can reach as high #s(B2ssler et al., 2014)it was suggeed that the second
density mode is dominated by soot and can be used to infer the contribution of fresh emission as well as the morphology of
freshly emitted particle¢Kuwata et al., 2009)To date, only a few works performed a bimodal fit on measuffedtiek
density distribution, resulting in scarce information of the second density mode for ambient particles. In atotistydies
reported values of effective density by taking the peak of the distrib{Meret al., 2017; Qiao et al., 2018yhich hides the

95 information of variability of the density distribution.

In this study, sizeesolved effective density of ambient particles was measured with a-DRMA-CPC system during

Multiphase chemistry experiment in Fogs and Aerosols in the North Claiim(FIcFAN). A new developed flexible Gaussian
fit approach is applied to separate two different density modes, and a comprehensive information of each density nmode is give
to fully characterize variations of effective density for ambient particlesh&umore, measured effective density is compared

100 with thecalculated one to investigate the connections between particle effective density and chemical composition.
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2 Experiments
2.1 Sampling site and instrumentation

Observation of particle effective density, chemical composition and number size distribution were perform&8 from
October tal November of 201@t Gucheng3 9 A0 9 6 N ) insldé thefEdolbgicaland Agricultural Meteorological Test
Station of the Chiiese Academy of Meteorological Sciences in Hebei province in China. This site is located to the southwest

of Beijing (~100 km) and northeast of Baodirtebei Provincg~35 km) As shown in Fig. S1, the green area in the right [— It

panel is farmland and thaeifit yellow areas are scattered villages. The sampling site (red circle in Fig.sttiounded by

agricultural fields (mainly for corn cultivation) angl~ 15 km away from the No.107 Nation&lay. There is no significant

emission sources suchlasge factories and power plants within 20 km. The main anthropogenic sources are biomass and coal

combustion for domestic heating and cookiag,well agraffic in the country roads connecting villages. It should be noted

thatthe heating season in Chinarmally starts from 15 November to 15 March of the following year, which is not covered

by our sampling period. Besides, the temperature durinpé@surement period varies from 0 to 2§Fig..S2).,The emission [ (7)) [

from heating is therefore cemlered to be limitedVloreover, source apportionment results also imply that the sampling site is[- % : highway. The

not significantly affected by coal combustion during the observation period3®igAs shown inFig. SL, one of the prevailing

winds at the site is from southwest with relatwieigh wind speed, possibly indicatittie influence ofegional transport frm

southernHebei ProvinceOverall, the samplingiteis influenced by both local emissions from nearby villages and regional

transport, and can well represent the average pollution congititire rural arean the North China Plain (NCP) (Li et al., [— % in

2021a). (- =:of

During the observation, all aerosol instrurteewere settled inside an-@onditioned container with a constant temperature

around 24C. The schematic of our measurement settings is showfignS3. Ambient particles were sampled with a BM [— %, S1

inlet and then passed through a 1.2 m long Nafion dryer and a 0.4 m long silica gel drying tube in series to reduiee the relat
humidity (RH) to < 30%. A constant flowrate of 16.7 L mirin the main inlet line were maintained by a mass flow controller
and an extra pump to ensure an accurateffsize of the inletThere could be some possible influences from thesprapling

treatment of ambient aerosols. One is the drying process in the sampling line since the evaporation of particle water content

may affect its morphology. To date, only a few studies have investigated the influence of drying process on the particle

effective density. Pagels et al. (2009) found that the influence of drying from RH%ft8®% % could be negligible for 150
nmsoot particles coated with (NFSO.. Yuan et al. (2020) concluded that the effective density of 240 nm BC patrticles coated
with NH4NO; respectively decreased by and 18% for thickly and thinly coated particles when dry the particles from RH

of 70% to5 %. According to these studigbe influence ofhe drying process on our effective density measurement is assumed

to be negligible. Another possible influencing factor is the particle losses in the sampling line. Particles with sigéroamgin

50 to500 nm, however, are not very sensitive to the three main loss mechanisms (i.e., diffusion loss, sedimentation loss and




140

145

150

155

160

165

impaction loss) Baron and Willeke, 2001 Furthermore, particle losses mainly affect the absolute particle number

concentration. Its ifluence on the measurement of particle effective density is therefore considered to be negligible

A combined DMACPMA-CPC system was employed to measure thersizelved effective density of particles with

mobility diameter of 50, 100, 150, 220, and 300 nm. Aerosol parfictey passed through a DMA (Model 3081, TSI Inc.) [— %, : were first

operated at aasnple flowrate of 1.0 L mihand a sheath flowrate of 5.0 L riffior size classification. The output semi
monodisperse charged particles were then introduced into a CPMA (Cambustion Ltd.) followed by a CPC (Model 3772, TSI
Inc.) to measure their mass tiisution. It takes about one hour for a complete measurement cycle, in which frequency

distributions of effective density with 228 bins for the 5 selected diameters were obtajiledmeasuremenincertaintyof [— %, : The DMA-CPMA-CPC system were calibrated using
polystyrene latex (PSE)

the DMA-CPMA-CPC systemcould come from two aspectthe size classification ofDMA and the masslassificationof

CPMA. Based on theestusingpolystyrene latex (PSLparticleswith diameters of 30, 220, and 300 nman averagesizing

uncertainty of 2 % was determinefbr our DMA (Fig. $4). This uncertainty is similar tthevalue of+1 % (1 nm) reported

by Mulholland et al(1999)for the size range df00-300nm atanaerosolsheath flow rate ratio of 0.The uncertaintyof the

massclassificationof CPMA is estimatedas1.4 % according tahe results offaylor and Kuyat{1994)and Symonds et al.

(2013). The overallmeasuremenincertainty of thedMA-CPMA-CPC system weralsoevaluatedising PSLparticleswith

diameter of 150, 220, and 300 nm before and after the field campaigmogrtainty within ~ 8 was found by comparing

the measured effectiy&ensiteswith PSL material density (1.05 g ¢in(Fig. S5), [ 3 [1]: S2).

Particle size distribution between-I80 nm was measured by scanning mobility particle sizer (SMPS, Model 3938, TSI[- 3 : density

Inc.). The mass concentrations of a@fractory submicron aerosol (NRM;) composition including OA, nitrate (NO,
sulfate (SG%), ammaium (NHs*) and chloride (C) were acquired using a quadrupole aerosol chemical speciation monitor

(Q-ACSM, Aerodyne Research Inc.) with a tiressolution of 30 min. The setup and calibration procedures followed that

described inNg et al., (2011) Sourceapportionment fofOA was conducted using positive matrix factorization (PMF) [— %, : organics

algorithm, and four factors including one SOA (oxidized OA, OOA) and three POA, i.e., biomass burning OA (BBOA),
cooking OA (COA) and hydrocarbdike OA (HOA) were detemined. BC mass concentration was measured with a 7
wavelength Aethalometer (Model AE33, Magee Scientific) based on the attenuaior880 nm and a corresponding mass
absorption cross section of 7.77 gt (Drinovec et al., 2015)

It should be noted that the effective density and size distribution data presented in our work stat&QOaober tol
November, while chemical data are available betwi8@ctober an®7 October. Effective density characterizatiorSect.

3.1:34 is based on the data covering the entire observation period, and the combined analysis of density and cher(— %:3

composition $ect. 35) only covers the shorter period mentioned above. [— 4

2.2 Calculation of effective density

Jhe masssolume based method wagpdied in our study. Particle effective density can be calculated as: “ [_ 2

" _ (1) [ H : 01
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wherem is the particle mass measured by CPNDA is the particle mobility size measured by DMA. It can be speculated

that} err IS equal to the material density for compact spherical particles, ydaile smaller than the material density for ron

spherical, iregular particles or spherical but porous particles.

In contrast to previous studies mostly using unimodal Gaussian fit to process raw data-@ENBCPC measurements,

a flexible Gaussian fit algorithm with either uror bimodal combined with correspding classification standard was

developed in our study to better characterize the frequency distribution of particle effective density. The algoriths include

two steps.

The first step is to remove doubly charged particles. It is shown that doubly chargekts is ubiquitous and unavoidable

for DMA based mobilityselected method, especially for particle size over 10qRFark et al., 2003)Nonetheless, doubly

charged particles can be cleanly separated from singly charged particles with the sante sizebifter penetrating through

CPMA (McMurry et al., 2002) The theoretical masses of doubly charged particles for the five selected mobility sizes were
estimated based on the Boltzmann equilibrium charge distrib(Fiachs, 1963; Wiedensohler, 19&8) listed in Table S1.

For instance, doubly charged particles present-édtdhigher mass value than the singly charged particles with DMA selected

size of 300 nm. For each acquired particle mass distribution, the mode of doubly charged particléscareleddor the

following analysis. Note that other multiply charged particles are not considered here since their mass is beyond the CPMA

mass setting range.

The second step is to determine the number of modes and perforroahiniodal Gaussian fit. For each effective density

distribution, a bimodal Gaussian fit (Eq. 2 Whode= 2) Was firstly implemented. If the heigltof the mode located at lower

density mode exceeds% of that of the other mode, the fitting terminated. Otherwise, a unimodal Gaussian fit (Eq. 2 with

Nmode= 1) was performed.

Q

B CAgp— 0 %)

where,f is the frequency distribution of effective density; is the effective density of each measured bin and is equally

spaced in logarithm scalBlnodeis the number of modes used in the'ff; ; is the geometric mean effective density of mode

i; ais the height at["  of modei; ,, is the standard deviation of modéhe uncertainty oéach individualGaussian fit could

be estimated based on thariation ofthe fitted” ™ ; in each modet the 99% confidence levelAnd the overalluncertainty

is estimated by averaging the uncertainties of all theafhigch gives averagavithin 2.5% and 70% for” ™ and” " j [ (7)) 2

at the five measured sizegspectively. Tis uncertaing range is similar to the measurement uncertaitiggussedn Sect.

2.1

The bulk particle effective density (

) was also calculated with the aerosol chemical composition measured by

ACSM based on Eq. 3, assuming that ambient particles were sethp§NH4).SQs, NHsNOs, ammonium chloride (NCI),

OA and BC.

B —*& ®3)
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wherefn, represents the mass fraction of chemical companenis the assumed effective density of chemical compoinent
Densities 0{NH4)2SQy, NHsNO3, NH4Cl are 1.76, 1.73 and 1.58cm?, respectively. The density of OA usually ranges from

1.20 to 1.6Qy cm® (Dinar et al., 2006; Kostenidou et al., 200Zrpin and Lim, 2001)In this study a fixed value of 1.30

cm® was usedn the calculation. A sensitivity test regarding the uncertainties associated with the range of OA density was
conducted. Considering the large range of observed BC effectiveydfhsi®1.80g cn®), a sensitivity analysis was applied

to identify the optimal value of BC effective density. More discussio@arand BC effective density can be foundSact. [— 3,: OM

35 [— 4

For the comparison with , we also estimated the averagffective density based on the measured frequency
distribution of effective density as:

fc M—

Th — @

where; is the measured frequency distribution of effective density.

2.3 Calculation of fractal dimension

With the identification of sulilensity mode in Sect 2.2, the geometric mean of the measured mass distribution of the sub
density modeq ) can be used tcharacterize the massobility relationship in the size range of-300 nm. The relationship
could be expressed as (Park et al., 2003)
& 0Q (5)
whereC is a contant andDy is the fractal dimension, which reflects the morphology of parti@esaries from 1 to 3,
increasing as particle morphology becomes less fractal and with the value of 3 for spherical particle. By fittawgd dme
at the five measured particle siz€andDs can be determined. The measurement cycles containing lesd #iaes with

identified subdensity mode were excluded in the calculation to ensure the accuracy.

3 Results and discussion
3.1Sizeresolved particle effective densities

Figure 1 depicts the statistical results after averaging all effective densitputisns for 50, 100, 150, 220 and 300 nm
particle sizesBased on the flexible Gaussian fit, a considerable amoun®{87 %) of bimodal distribution condition
occurred for all size particle$he first peak is found to be located below 0.90 ¢ camdthe second is higher than 1.20 g-.cm
3, For a compositional mixed compact spherical particle, particle density speculated from the material density of each individua
component is supposed to be higher than 1.20-¢(tiva lowest material densigmong all components is 1.20 g &nvia et
al., 2017; Xie et al., 2017However, a lowdensity mode with peak density less tHa@0g cm?® usually exists for freshly
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emitted particles, indicating the presence of particles with highly agglomerated os powgohologyPark et al., 2003; Rissler
etal.,2013) Therefore, the two density modede msisteyrd erde fier rtehd st o tluadw eafrfee dteifiened as:
density mode, implying parti cl-cerdsréfeasmdouetattvelychigh effectvedersity aggr egated; (2) fAmain
mode with a dense or compact particle structure.
As listed in Table 1, the occurrence frequencies of thedsualsity mode are 7%, 87 %, 86%, 77 %, and 81% for particle
diameters of 50, 100, 150, 220, &3@0 nm, respectively. These frequencies are significantly higher than those reported in
Levy et al., (2013which only reach up to 3% for 150 nm particles in an inneity in Houston. It is also different from
another study conducted in suburban envirentrof Nanjing, ChingMa et al., 2017)where they observed a dominant
unimodal distribution of effective density with only < ¥ occurrence with bimodal distributio@n the other hand, a low

effective density mode (density < 1.20 g-#nexists or evelominates in the measurements near emission spwhih is [— %,: (Nosko and Olofsson, 2017; Olfert and Rogak, 2019; P.}
ascribed to freshly emittquarticlesand noruniformly mixed particlegNosko and Olofsson, 2017; Olfert and Rogak, 2019; [et a. 2‘003) I ]
Park et al., 2003). Numerous studies have found low effective demdifreshly emitted BCwith a minimum of 0.1@ cn - : f);::r::lm?:ably high occurrence ]
¢ (Pagels et al 2009. While the density 0DA is usuallyassumeds 1.21.3 g cn®® in most casesHallquist et al., 2009

somestudies havéoundit couldbe as low as 0:6.1 g cn®(Nakao et al., 2011; Li et al., 20160 eluciate the role of these

two componentén the subdensity modgwe further analyze the correlation betwetie number fraction of the stdensity [— %, in our study indicates a frequent influence of local ]
mode Fsuy) and the mass fractions BE andOA. As seen itFig. $-S7, the mass fraction of BC showignificantcorrelation [— %,: emission. Meanwhile ]

with Fsupat 150, 220 and300 nm R? = 0.46-0.57), whereas barely no correlation is observed bet@#eandFsu, (R? = 0.02
0.09) implyingthat the sullensity mode ahese three sizeduld be mainly attributed to freshly emitted BC and the quantity

of the subdensity mode is closely related to the variation of BC mass fradiowever, Fsu, at 56100 nm showdittl e

correlationwith either BC orOA mass fraction, which coulde explained by the difference betweba PM; bulk chemical

composition andhe chemical composition of particlesnalller than 100 nmin addtion, the discrepancy in observed

frequencies of the sutbensity mode with other studies can be explained, to some extent, by different thresholds used in the
studies to identify bimodal distribution of effective density. In our study, we aim at identifyingpees bimodal cases as
possible with a low threshold of% as mentioned in Sect. 2.2.
JThe mean (min., max.) valuesBfupare 27% (4%, 88%), 22% (5%, 63%), 23% (6%, 64%), 23% (9%, 85%), 25% i- %, : On the basis of bimodal Gaussian fit, the number fractio

the subdensity mode particle${) can be determined.
<

(5 %, 78%) for 50, 100, 150, 220 and 300 nm particle size, respectively (Table 1), showing no obvious trend with parti
size. The rests in our study are lower than those 5192 %, with most cases exceeding % in traffic emission influenced
sites(Geller et al., 2006; Rissler et al., 20143 the number fraction of the sdbnsity mode is tightly related to the influence
of fresh BC emission source&Seller et al., 2006; Levy et al., 2014; Ma et al., 2020krestingly,when we classify the

measured particle number size distribution according to the measugead use the 25and 7% percentiles ofFsupat each

measured particle size as threshald,found a more prominent Aitken mode with higRem, (Fsu,> 75" Fsu) (Fig. SB). The

initial burst of Aitkenmode particles may be attributable to the enhanced traffic related emissions (Xie et al., 2017). Previous

studies showed th#teeffective density of 50 nm traffiemitted particles could be below 1.0 g&(@lfert et al., 2007; Park

8
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et al., 2003; Momenimovahed and Olfert, 2015). Therefore, the observed higher Aitken mode in our study may stem from the

higher contribution of traffic emission, and subsequently lead to an increase of patrticles indeasiybmode. This finding

also provides a good support for the connections betwggand fresh emission sources

During the entire campaign, tigeometric meaifor the maindensity mode”([ ; ) vary from 0.94 to 1.42, 1.01 to 1.47,
1.09t01.48, 1.160 1.59, 1.22 to 1.73 g chrfor particles at 50, 100, 150, 220 and 300 nm respectively, and for tuessity
mode ([ ) vary from 0.74 to 1.20, 0.59 to 1.25, 0.55 to 1.14, 0.36 to 0.99, 0.34 to 1.08, gempectively. Although the

temporal variations are similar for the five measured sizes, densities of particles at 50 and 100 nm show greateitivaniability

larger one (Fig..S9). (- »:s3

"I's  exhibits an evident ascending trend with particle size (Fig. 2), similar to the pattern reported in Spéngttai
al., 2015) This is probably affected by two aspects. One is the increase of the proportion-dehgity compoents with
increasing particle size, from OA dominant to secondary inorganic aerosol (SIA) dominant. Althougissized chemical
composition was not measured in this study, it can be inferredlfr@tal., (2021bYhat the mass fraction of SIA increased
from 49% (49%) to 55% (61%) with particle size increasing from 150 to 300 nm in autumn (winter) in the NCP. The other
is the collapse and restructuring effect occurred for-sontaining particles during agimgocesse¢Ghazi and Olfert, 2013;
Pagels et al., 2009)eading to a more spherieliite or more dense morphology of large particles.

However,”[ ; decreases from 0.89 g &ito 0.62 g crt¥ as particle size increases from 50 to 300 nm. This can be ascribed
to the agglomerate effect that fresh soot particles with larger sizes are more agglomerated and hence have a larger fractal
dimension and lower effective density. This has been confirmétEM images for diesel engine exhaust parti¢Rark et
al., 2003)and trafficrelated environmental samplgRissler et al., 2014Figure 2 also shows the results for fresh soot from
previous studies. All the reported densities of freshly emittedctestirom diesel combustion, aircraft, and other burning
sources show decreasing trends with particle size, but with much steeper slopes than our results. This is becausslafter emitt
into the atmosphere, fresh soot is rapidly coated (#tH4).SQs, NH4sNOs and OA (Kuwata et al., 2009)leading to an
increasind' [ 5 and less pronounced decline trend compared with observations for primary s@ifeeset al., 2007;
Tavakoli and Olfert, 2014; Ubogu et al., 2018)

Most previous studies did not differate the two modes and reported either an overall increfisiwy et al., 2014; Ma
et al., 2020; Yin et al., 2018y decreasing trendSeller et al., 2006; Qiao et al., 2018)" [ with particle size. A unimodal
distribution implies an assumptiofian internal mixing of particles, which is not true since most surface atmosphere is affected
by fresh emissions. Therefore, the feature of thedaiisity mode may be missed if a unimodal fit is used. As shown in Fig.

2, only a slightly monotonically imeasing trend of the average effective densify{ ) with particle size are observed (grey
dotted line in Fig. 2). Therefore, salensity modes need to be isolated to reflect the detailed features of effective density of
ambient particlesFurthermore, bimodal fits can also provide additional information on the mixing state of fresh and aged
particles.



315 In addition to the size dependence’ Bf;  and”[ ; , G of different effective density modes also varies with particle
size. The man i of the mairdensity mode are similar for particles in the size range of 50 to 150 nm (~0.053), and gradually
increases to 0.067 at 300 nm (Table 1). The nieainthe subdensity mode demonstrates the highest value (~0.215) at 300
nm, and decreases t®.044 at 50 nm. Since particles usually appear as more dense morphology in tdems#nmode
(Rissler et al., 2014}he variation ofi probably originates from the differences in particle chemical composition. For the sub

320 density mode, soot is theaim component of particles (approximately ove?8Kuwata et al., 2009)t has been found that
the morphology of freshly emitted soot is more cHiia at large particle sizes than at small sizes (Park et al., 2003)Ve
therefore speculate thate chairlike morphology enables a higher degree of morphological variation of larger particles,
resulting in a broader stdensity distribution.

3.2Evolutions of dfective densty with meteorology conditions

325 Weather conditions play a crucial rolethe formation, aging and emission transportat@@raerosol.and may therefore

affect thedistribution, composition, mixing stand consequenthalsothe effective density of ambient aerosdks seen in

Fig. 2, the pollution level at the sampling site is sensitivth®variations of wind speed and directidaring the observation

period Low PMy 7 concentratios wereusually presentedith strong northerly winds while higRMo.z concentratios were

associated witlealm winds or southwest winds.

330 Figure 3and Fig. S1&hows the avera(" ™ ; ,”"  _andFswat each specific wind speed and directi@bvious high

valuesof’ " _and"” j _appear with wind direction of southwest and wind speed >s2. fihis pattern clearly indicates

the influence of regional transport from southern Hdétrevince, an area greatly affected by emissions from industrial and

residentials sources (Huang et al., 2019; Li et al., 2017). Air masses from this direction may bring pollutants witft sufficie

aging process, leading to changes in particle chemical csittgpgoand morphology, and consequently an increase in the

335 fraction of particles closer to spherical with higher effective dens#iesordingly, Fsu,alsoshowsdistinctly low valuegFig.

3cand Fig. S1P It is worth mentioning the”™ ; _and”™ ; _do not show any obvioudifference for wind direction of

northwest This implies thathe influence of the traffic emission at No.107 National Wayich isapproximate 5 km away

from the sampling sitéFig. S1) on our measurements is somehow limit& also noticed that an increasing tren” ™ j

is presented with increasing wind speed (Fig. S11). This increase could be interpreted by the antagonism betgeeh well

340 particles from longrange transport and fresh patrticles from local emissldigh wind speeds usually accompanied witne

long-range transpodf particles withsufficient agingand consequelythigh effective densitywhile low wind speedjenerally

implieshighercontributionof local fresh emissias resulting in more patrticlesith non-spherical morphology.

3.3 Effective density atdifferent pollution level [— : polluted and clean conditions

Given that the particle effective density varies dramatically with tifig £9), the entire sampling period is classified into [— 2 S3

345 twogpollution leves to elucidate the evolution of effective densifider differenpollution conditiors. As mentioned in Sect. [— %,: groups according to the volume
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2.1, particle massoncentratioglata only coverapart of the sampling period, and thus £Molume concentratiopalculated

the obtainedPMo.z may be overestimated

The size dependence’df ;  and"[  follows the similar pattern under all conditiorsd. S13).

group, but it is opposétfor particles at 15300 nm.

[— % of PMo7 (i) @
based orBEMPSmeasuremen(size range of 1:300nm) is appliedto separate theampling periodnto two groups: a more
polluted group witlPMozv ol ume concent r atéico®pandajessivleiedgtoup @arespodding tBivo; [— 2 (i)
vol ume concentr atdcneint showdwe mentiohed that i thresimold of PMolume concentration is [- % clean
comparable to PMmass concentration f 6 0° (R& g09Tnslope = B4, Fig. S12). The difference mainlgtemsfrom the
size truncation of SMPS, as well #% timedependent and sizependent variations dhe particle effective density
(Morawska et al., 1999Sinceparticles are assumed to be spherical (i.e., fraatension = ) in the calculation oPMg 7,
The average effective density distributions of the two groups are depickd. jh and the statistics of tHd ;  and [— %:3
"I'r , as well agsuwand occurrence frequency of the slénsity mode are given in Table’Z. ;  in themorepolluted
group for each particle size is 0:08L1 g cn? lower than that in thiess pollutedgroup. In contrast, the difference’df [— % clean
is insignificant with the maximum discrepancy of 0.03 g*wmhich is only onethird of the maximum discrepanéyr " [
[— :S4
It can be noted from Table 2 thad,n varies with pollution levels. In thess pollutedgroup, Fsus mainly distributes over a [— % clean
small range of 2%-26 %, with little size dependence; while in therepolluted groupFsugradually decreases from 42
at 50 nm to 186 at 300 nm. This is consistent with the observations conductRisbler et al(2014)in Copenhagen, which
showed a decrease around%0n the number fraction of fresh soot particles (equivaleRtdoin our study) from 75 nm to
350 nm under heavily polluted condition. Since the integrated area of tiesslty mode at each particle size are stable in
themorepolluted group, the sizdependence &suis mainly driven by the increase in the integrated area of the desisity
mode with particle size. As a restHtunfor particles at 500 nm is higher in theiorepolluted group thagheless polluted [— %, clean
Similarly, the occurrence frequency of the slénsity mode decreases with particle size (with an exception of 50 nm) in
the morepolluted group: 726, 95%, 89 %, 63%, and 57 at 50, 100, 150, 220 and 300 nm, respectively. In contrast, the
[— % clean

variation with particle size in thess pollutecgroup is no more than 1%. One possible explanation is that the-gdebsity
mode inherently diminishes due to higher aging degrelarfger particles undéhemorepolluted conditionXie et al., (2017)

found that the effective density distribution was more inclined to a unimodal distribution for particles at 220 nm than 40 nm

during episodes atPW o | ume concent rimiHemes, thadeauveace prébabditynof bimodal distribution

was expected to be higher for smaller particles with respect to large particles, similar to the results in this stunyalAdditi

it is difficult to identify the subdensity mode as it fisl below the threshold defined in Sect. 2.2 due to the increasing

contribution of the makdensity mode for larger particles, which consequently reduces the corresponding occurrence

frequency of the subensity mode.
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34 Diurnal variations of effective density [— %:3

Figure5 describes the diurnal cycle bF ;  and”[ ; at the five measured particles siz&s.; increases in the [— 4

morning and gradually decreases in the late afternoon and early evening for all particle sizes. The upward tendency in the
morning and early afternoon is associated with the increasing intensity of secondary aerosol production, resuiting i

increment of high material density components, such as SIA and OOA mass fraction, especialN©f (fif)..S14). Besides, [— %:S5
with the increase in the fraction of internally mixed particles and coating thickBessg et al., 2012; Ma et al., 2012)
particles gradually approach spheritiké morphology(Ghazi and Olfert, 2013; Pagels et al., 200®)ich also leads to the
increase of [ ; . Inthe late afternoori[ ;  starts to decline, attributed to elevated mass fractions of BC and HQA (
S14) due to enhanced emissions from traffic, biomass burning, and cooking identified by PMF. [— %: S5
The diurnal cycle of [ ; is similartothatof [ ;  for each particleige, with a daily maximum observed in the early
afternoon and a relatively low level in the night. One difference between the two modes’ [S thatirops more rapidly
before sunset comparedwitfi;, , especial ly f or [Thsishecaupeahe sulensity emedeic@orel 50 nm) .
directly related with freshly emitted particles than the ntnsity mode.
The diurnal cycle oFswis different from the pattern 8fT ;  and” [ . As shown irFig. 5f, Fsunexhibits insignificant [— 2 4f
daily variability for particles at 5000 nm, while double peaks are observed in the morning and evening for particles at 150
300 nm associated with large amount of fresh BC emissions. The mirfiqsfor particles at 15800 nm is generally found
during the midafternoon, e.g. 1% at 14:00 for 300 nm. This is consistent with the pattern of the occurrence frequency of the
subdensity mode, which drops remarkably during 1218000 €ig.,S15). The drop of bottFsswand occurrence frequency [— %:S6
could ke explained by the transition of particles from the-dehsity mode to the maitiensity mode associated with aging
processes.
As shown inFig. 5, D shows a distinct diurnal variation. There are two decreasing trends: from 06:00 to 11:00, and fro(— 2:5
17:00to 19:00, corresponding to the morning and evening rushing hourdDyfiliing into the range of particles from vehicle
emissions (2.22.84) reported in previous studies (Wu et al., 2019, Olfert et al., 2007; Park et al., 2003). The rapid increase
in Dr from 2.62 (11:00) to 2.86 (13:00) at noon could be attributed to photochemical aging, resulting in more compact particles
(Ghazi and Olfert, 2093 During early afternoon (14:606:00), there is n®; values due to a sharp reduction in occurrence
frequerty of the sukdensity modeRig.,S15) as discussed above; gradually increases from 2.51 at 19:00 to 2.81 at 24:00, [— %: S6
probably associated with aging processes during the mightworth noting that the increase ratelafdiffers between noon
and nigh, being ~0.12 f at noopwhich is twice of the nightime increaserate (0.06 H). .To minimize the influence of [— EY R
pollution level on théransiting particles from fractal to compact morpholdbg, variationof D; underthe more polluted and [— R
theless polluted periodwas further examineseparatelyAs shown inFig. S16, similar diurnal variatios wereobserved at % : It indicates
two different pollution levels, with a highdd; increase rate at nodhannighttime (Table 3, implying that photochemical
aging processt noonis very efficient in transiting particles from fractal to compact morpholdgyhould bepointedout that [— % In addition,Dy stays at around 2.8
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there is nd; dataduring 12:00-17:0Qunderthe morepolluted conditionlikely due to the transition of the sutensity mode [— %, -05

particles to the makdensity mode associated with active aging procesSe®n thatD; of the more polluted period is

consistently 0.2 higher tharthe less polluted condition (FigS16 and aerosohging process at noon is very actittee D¢

increase rate from 11:00 to 13:00derthemore polluted conditiois calculatedy assuning a D; of 3.0 at 1300.

35 Influence of chemicalcomposition on effective density [— 4

Chemical composition is one of the key factors affecting particle density. Inorganic components insldgi@; and
(NH4)2S0s have higher density than OA and BC. Therefore, the variation in aerosol chemical composjtiorscare extent,

explain the wide range of observed effective density. Since 300 nm is the closest one to the peak position of particle volume

distribution Fig..S17) among all the five measursizes, the average effective density of particles at 30q 5 )is [— % S7

used to compare with the ACSbtierived bulk effective density’ ( ; ) based on Eg. 3 to understand the connection
between particle effective density and chemical composition.

As mentioned earlier, there exists large variation in BC effective density due to the influence of morphology, but most
studies have ignored the inéince of BC effective density or just used a material density of 1.80°gazrBC (Lee et al.,
2013; Levy et al., 2013; Lin et al., 201&nd assuming a dense spherical BC with density of 1.80 ¢ roay even lead to
~17% overestimation of absorptiomlgancemen{Zhang et al., 2016bYo analysis the influence of BC effective density on
- , a sensitivity test with BC effective density ranging from 0.30 to 1.80%aom a step size of 0.05 g @is performed
in this study The minimum value (80 g cn¥) is the lowest effective density of BC at 300 nm observed in the atmosphere
(Olfert et al., 2017while the maximum (1.80 g cf is the material density of BC. The mean square error (MSE) and R

square R?) betweerd [ ; and” at each BC density step are showrFig. 72 In addition,Fig. 7b shows the [— % 6a

comparison betweehl and” with assumed BC effective density of 0.30, 0.60, 1.00 and 1.80% cm [‘ %:6b

respectively.

We find that” can bedecreased on average by %0if the applied BC effective density changes from 1.80 to 0.30
g cn. In addition, there is 3% of observed [ j with values below 1.20 g cfywhich could only be explained by
low BC effective density. Thereforepplying a proper BC effective density is crucial for accurate estimates of the effective
density of ambient particleAmong all tested values, with assumed BC effective density of 0.60 g&amatches best
with measured [ 5 (R?=0.62 and MSE = 0.014). Well correlation wif of 0.62 (0.61) is found for BC effective
density of 0.30 g cri(or 1.00 g crT¥), but the MSE reaches up to 0.088 (0.048). In contrast, when using a BGreftisstsity
of 1.80 g cr, the derived is much higher than the measurdd;, and there is barely any correlation between

them.Since strong diurnal variation was observed for BC mass frachimn $14) driven bythe changesn primary source

emissions, walsoconducta sensitivity analysiso retrieve BC effective densitipr every 3hour of the dayThe retrieved3C

effective density indeedhowsa diurnal patternKig. S18), with high values in the afternoon and night and relatively low
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values during the morning and evening, which mesetell with the diurnal pattern ofFsu, (Fig. 5). However the range of

the diurnal variation (0.58.64 g cn¥) is relatively smallWhen applying thisliurnal pattern of BC effective density in the

calculationof " . only a marginal increase was found in Ri@f the correlation betwee’ ™ & and” 5 (R

increased from 0.62 to 0.6big. S19, probablydue to the limited amount of data in each time inteavaithe use of bulk

chemical compositiornn the calculationTherefore,a fixed BC effective density of 0.60 g chis usedfor the”

calculation in the following analysis.
Additionally, a sensitivity test for OA density ranging from 1.20 to 1.6ng (Dinar et al., 2006; Kostenidou et al., 2007;

(“=CHm

)

2 : Therefore, a fixed BC effective density of 0.60 gtm
which is only one third of its material density, is preferred for the

h

Turpin and Lim, 2001js conducted as well to evaluate the uncertainties associated with the variability of OA density. As seen

in Fig. S20, the changes in OA density have little influence ory, (difference within 8%) for the test OA density range.

[_

V!

The MSE associated with OA densities is an order of magnitude lower than that with BC densities, and reaches minimum for

OA density of ~1.2€1.30 g cn¥. TheR?at each OA density maintaiasound 0.62. The results suggest insignificant influence
associated with the variation of OA density, in contrast to BC, and the selection of OA density of 1.3% gyspropriate
for the effective density calculation of ambient particles.

As shown inFig. /b, while the majority of data points are clustered near the 1:1 line, there exists some anomalous poi

data sets can eparateihto two groups: (i) a consistent pair with a slope of 1.16Rémd 0,59 for theless pollutecondition

1 6b

:aPM

1 60

and (i) uncorrelated set witR? of 0,19 for the morepolluted conditionig. 8). This implies that [ could be used

as a proxy for bulk effective density undée less polluteccondition but nothe more polluted condition A correlation '
analysis is then conducted to further evaluate the influence of chemical compositiori pr the undegtheless polluted
condition. As shown ifrig. 92, there is an obvious positive correlatié? € 058 and slope = 0.01) betwe&f ; 5 and

SI'A mass fraction, indicating that particle densitiles

(Yin et al., 2015; Zhang et al., 2016&)n the contrary, a notable negative correlation is observed betWeen, ard

BC mass fraction witiR? of 0,68 and slope 0f0.02 Fig..9b). The magnitude of both the correlation coefficient and the slope

for BC is higher than SIA, implying a stronger influence of BC on the effective density compared with SIA. This furthe[_

gm
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[_
[_
[_
[_
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[_
[_
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corfirms the importance and necessity of including BC in the estimate of effective density for ambient particles. In additic[—

the correlation is poor betwe&f and other chemical components.

To better indicate the variation of effective densifth particle chemical composition, a sensitivity test is conducted based

on arbitrarily assumed mass fractions for each component. Considering the major contributiaN®g NHSIA, only one
density of 1.73 g criis used for total SIA, and the test is thus performed with-cerBponent (SIA, BC and OA)
parameterization. The results are present&igi0, with the fractions of B@nd SIA labdled on the x and-gxis, respectively,
whereas the fractions of OA dobe deduced as the rest. Calculdtedspreads from 0.60 to 1.73 g @ncorresponding to
100 % of BC and SIA, respectively, similar to the measured range ofl0@84g cn? for "[ ; . In general;

increases as the BC fraction decreaseSIA fraction increases. It is interesting to note 'thatis more sensitive to BC as the
14
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fraction of BC decreases. In addition, when BC fraction %3Which is generally observed in the ambi@ing et al., 2016;

Yang et al., 2011y is much more sensitive to the changes in BC fractions rather than SIA fractions, consistent with the

results based on the correlation analysis ugideless polluteccondition. [— % clean ]
In the case ofhe more polluted condition) [ 5 5 is concentrted close to 1.20 g chwith a standard deviation of

0.04, while” varies in the range of 1.17.47 g cn? (~0 %-22 % higher thari [ ; ). The difference can be

attributed to the discrepancies of chemical composition between bullafdvparticles with size of 300 nm. Compared with

Iheless pollutedcondition, an increase 428 %in SIA mass fraction (dominated B§H4NOs) and a decrease éf§% in BC [— %, clean ]
mass fraction in bulk PMs observed during theiore pollutedperiods Fig.,S21). The mass concentration of SIA increased [' 5 ]
from 16 to 50 ;g m= and most of the additional mass might be added to particles with size larger than 0amet al., [' ol ]
2021) This could be indicated by the change in particleme size distributionRig.,S17), which shows a decrease of volume %: : jc? %
fraction for particles with size < 300 nm in BMfrom 43 % atfhe lesspolluted condition to 29% atthe more polluted [_ o 64 ]
condition. This shift towards larger particles untdermore polluted condition makes the difference in chemical composition [_ 2: S7 ]
between PMand particles at size of 300 nm noticeable and thus results in the inconsistence bEtyween  and” . [— % clean ]
Since NHNOs and BC exhibit the largest difference betwéenmore polluted angheless pollutecconditions Fig.,S21), [— % clean ]
a sensitivity study with scale factors ranging from 0.01 to 5 applied for the two components is perforinec foepolluted [- i S9 ]
condition to help explain the discrepancy betw&Enr, and” (Fig. 89). Figure 11 shows the ratios of new [— % 7a ]
calculated” versus'[ i & as well as the new fractions of WROzand BC in bulk PM obtained with different [‘ %:10 ]
scale factors. The original mean fractions of NB®s;and BC in bulk PMunderthe morepolluted condition ar&6,3 % and [— 19 ]
J11.2%, respectively (shown as red circleshiy.,11). Assuming the increase in NNOs occurs mainly in particles with size [— %,:10.3 ]
Il arger than 300 n mNOjirhparticieswithuse®of 300 remavbuild @etreasd whilé ithe one of BC would [- %: 10 ]
increase (a shift toward tepft of the plots from the original position ffg. ,11). Conseguently, the discrepancy between [— %,: 10 ]
TR and"[ 5 5 would be reduced, with the ratios of new derived; versus'[ j f closeto 1.
[— % : density ]
[— % of ]
4 Conclusion [— %, : rural area of the ]
. . . . . ) . . . [— 3 : . Combined with number size distribution ]
Effective density, as one dfie mosimportant physical properties afmospheri@erosol particless highly related with {_ .+ chemical composition meastred in parallel, the study fu}
particle morphology and chemical composition. Here we reportreimved particle effectivelensitiesobserved during characterizes sizeesolved particle effective density and its
McFAN in autumn2019 at a rural sitdn theNorth Chna Plaipandfheir evolution associated with emissions and aging [_ v the study identified ]
BIEEEE:. {; maE:dzzzi:y?nggges are then defined as adeisity mode and}
With a new developed flexible Gaussian fit algoritifrequent bimodal distribution of particle effective densityluding {;isti r?é u its'?ﬁnfév% Z“?n?w“;ﬁﬁ ziuZ:dSéri]r;ﬁinﬁ;?get.he impuotaof }
a subdensity mode and a madensity mode is identiéd, accounting for 77 987 % of total observationghe number fraction [_ - closely ]
of the subdensity mode particles={.t) is 22 %27 % forparticle size from 50 to 300 nithe prevalence of the swensity [_ % fresh ]
mode ignainly related tqfreshly emittecblack carbon (BE Opposite sizelependent trends afeund for the geometric mean - =) emissions.
{ During the whole campaign, opposiieedependency trend is }
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of the main and subdensitymode” ~; and”~j ).”"j increases from 1.18 g ch§50 nm) to 1.37 g cti(300 nm)

3 due

attributedto larger fraction of higkdensity components and more significant restructuring effect at large particle sizes, whil({_ - . The mearii

" e

r decreases from 0.89 g énf50 nm) to 0.62 g cr(300 nm)mainly ascribed to the agglomerate effe€3C. There

alsoexistobvious diurngtyclesfor both” ™ and” ™ ; , with maximum in the early afternoon and a relatively low level

in the night. Thehigh effective density in the afterno@ould be attributed to thecreasedmass fraction of high material

density componentassociated with secondary aerosol productiiarih meteorological conditions and pollution levels may

|
FERTC T, )
)

[Vl * [4]: difference of”’ ™ s insignificant

?: the subdensiy mode is higher than that of the maiensity
mode (except for 50 nm), and the méesf both modes increases
with particle size in general.

affect particle effective density. Air masses with sufficient aging process leadingto” ™ and’ " ,and lowelFsu \

- ®:"7 inthe polluted group for each particle size is ©.0
0.11 g cn? lower than that in the clean group. In contrast, the

- =& with the maximum of 0.03 g cfnIn addition, bottFs,,and
the occurrence frequency of the silgnsity mode generally decrea
with particle size in polluted condition, while both parameters pre
little size dependence in clean condition.

- 3 exits

: cycle

: peaks

i in the more polluted periods is lower than thatthe Jess pollutedperiods, whilethe difference of” ™y _is
insignificang \‘\
To investigate the impact of chemical compositjiiig, average effective density of particles at 300 "~ ) is

comparedvith the ACSMderived bulk effective density’ * ; ). The best agreement betwe” ™ 5 and”
is achieved withan assumed BC effective density of 0.6 g-&nThe comparison betwee’ and” " § is
different for the morepolluted andihe less pollutecconditions. Undeghe less pollutecconditions,” ™ 5 is well

correlated witt” with a slope close to Jhilg” ™ concentrated at 1.20 g chbut” varies from 1.17)

to 1.47 g ci? underthe morepolluted conditionsIhe poor comparisoninder the more polluted conditioisslikely to stem\

elation between!

from therelatively larger discrepancy of chemical composition in lzuidl 300 nm particles. Based on

AR and individualparicle chemical componentghe mass fractionf secondary inorganic aerosol (SIA) and BC

are found to be the major factors determining parti¢iective densities. Moreover, the influence of BC on the effective
density is even stronger thdmtof SIA, implying the importancgf including BC in the estimate @imbientparticle effective

densities \
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Figure 1: Averaged particle effective density J(er) distribution for (a) 50 nm, (b) 100 nm, (c) 150 nm, (d) 220 nm, and (e) 300 nm
particles during the entire sampling period. The grey points represent the measured average effective density distributionda
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Figure 2: Trend lines of effective density yeff) against mobility size and a summary of soot effective density from a wide range of

primary emissions.
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Figure 3: Wind rose analysisof (a) geometric mean of the mairdensity mode z-#74 )i (D) geometric mean of the sulslensity mode
(Z s Jui(c) number fraction of the subdensity mode Esub) for 150 nm particles. Black bold lines represent wind frequency during
the entire sampling period.
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