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Abstract. The hygroscopicity of organic aerosol (OA) is
important for investigation of its climatic and environmen-
tal impacts. However, the hygroscopicity parameter kop re-
mains poorly characterized, especially in the relatively pol-
lIuted environment on the North China Plain (NCP). Here we
conducted simultaneous wintertime measurements of bulk
aerosol chemical compositions of PM»> s and PM; and bulk
aerosol hygroscopicity of PMg9 and PM; on the NCP us-
ing a capture-vaporizer time-of-flight aerosol chemical spe-
ciation monitor (CV-ToF-ACSM) and a humidified neph-
elometer system which measures the aerosol light-scattering
enhancement factor f (RH). A method for calculating koa
based on f (RH) and bulk aerosol chemical-composition
measurements was developed. We found that kpa varied in
a wide range with significant diurnal variations. The derived
koa ranged from almost 0.0 to 0.25, with an average (£10)
of 0.08 (£0.06) for the entire study. The derived xoa was
highly correlated with f44 (fraction of m/z 44 in OA mea-
sured by CV-ToF-ACSM), an indicator of the oxidation de-
gree of OA (R = 0.79), and the relationship can be parame-
terized as kop = 1.04 x f44—0.02 (kop = 0.3x 0 : C—0.02,
based on the relationship between the f14 and O/C ratio

for CV-ToF-ACSM). On average, koa reached the mini-
mum (0.02) in the morning near 07:30 local time (LT) and
then increased rapidly, reaching the peak value of 0.16 near
14:30LT. The diurnal variations in xkoa were highly and
positively correlated with those of mass fractions of oxy-
genated OA (R = 0.95), indicating that photochemical pro-
cessing played a dominant role in the increase in koA in win-
ter on the NCP. Results in this study demonstrate the poten-
tial wide applications of a humidified nephelometer system
together with aerosol composition measurements for inves-
tigating the hygroscopicity of OA in various environments
and highlight that the parameterization of ko as a function
of OA aging processes needs to be considered in chemical
transport models for better evaluating the impacts of OA on
cloud formation, atmospheric chemistry, and radiative forc-

ing.
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1 Introduction

Aerosol hygroscopic growth plays significant roles in differ-
ent atmospheric processes, including atmospheric radiation
transfer, cloud formation, visibility degradation, atmospheric
multiphase chemistry, and even air-pollution-related health
effects, and is therefore crucial for studies on aerosol cli-
matic and environmental impacts. Organic materials in am-
bient aerosol particles, usually referred to organic aerosol
(OA), contribute substantially to ambient aerosol mass and
often contribute to more than half of submicron aerosol par-
ticle mass under the dry state (Jimenez et al., 2009). The
hygroscopicity parameter « (Petters and Kreidenweis, 2007)
of organic aerosol (kpa) is a key parameter for investigat-
ing the roles of organic aerosol in radiative forcing, cloud
formation, and atmospheric chemistry. Liu and Wang (2010)
demonstrated that 50 % increases in x of secondary organic
aerosol (0.1410.07) can result in up to 40 % increases in pre-
dicted cloud condensation nuclei (CCN) concentration. Ras-
tak et al. (2017) reported that global average aerosol radiative
forcing would decrease about 1 W m™2 should ko increase
from 0.05 to 0.15, which is of the same order of the overall
climate forcing of anthropogenic aerosol particles during the
industrialization period. Li et al. (2019) reported that organic
aerosol liquid water contributed 18 %—32 % to total particle
liquid water content in Beijing. Despite its importance, koa
has not yet been characterized well due to the extremely com-
plex chemical compositions of organic aerosol. Therefore, it
is important to conduct more research on the spatiotemporal
variation in xkpoa and its relationship with aerosol chemical
compositions to reach a better characterization and come up
with more appropriate parameterization schemes in chemi-
cal, meteorological, and climate models.

The large variety in OA chemical constituents makes it dif-
ficult to directly link kppa to specific organic aerosol compo-
sitions. The OA chemical composition is tightly connected to
its volatile organic precursors, which are also rich in variety
and come from different natural and anthropogenic sources.
OA with different oxidation levels also behaves differently
with respect to hygroscopic growth. Thus, studies on kpa at
different locations and seasons have reported distinct charac-
teristics. Many studies have investigated the influence of the
OA oxidation level (represented by the O : C ratio or fraction
of m/z 44 in OA, f44, which is determined from aerosol mass
spectrometer measurements) on its hygroscopicity (Chang et
al., 2010; Lambe et al., 2011; Duplissy et al., 2011; Mei et
al., 2013b; Wu et al., 2013; Hong et al., 2015; Chen et al.,
2017; Massoli et al., 2010) and found that the average xoa
generally increases as a function of the organic aerosol ox-
idation level. However, the statistical empirical relationship
between kpa and O : C ratio or fi4 differs much among dif-
ferent studies. Several studies have also analyzed the diurnal
variation characteristics of koa at different locations and sea-
sons (Cerully et al., 2015; Bougiatioti et al., 2016; Deng et
al., 2018, 2019; Thalman et al., 2017), with some exhibiting
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distinct diurnal variations (Deng et al., 2018, 2019; Bougiati-
oti et al., 2016) and others not exhibiting variations (Cerully
et al., 2015). Despite this, the studies on koa in the relatively
polluted North China Plain (NCP) region are very limited
(Wu et al., 2016). The diurnal characteristics of koa on the
NCP have not been reported so far. Therefore, more investi-
gation into the diurnal variation in xkpa and its relationship
with the OA oxidation level is required to better understand
its characteristics in the NCP.

The humidity tandem differential mobility analyzer (HT-
DMA), or CCN counter, has been widely used for aerosol
hygroscopicity measurements. Both the HTDMA and size-
resolved CCN measurements can only be used to derive a
k within a certain size range (HTDMA: usually with a di-
ameter below 300 nm and with a reported highest diameter
of 360 nm — Deng et al., 2019; CCN: with a diameter of up
to ~200nm — Zhang et al., 2014; Rose et al., 2010). The
aerosol particles contributing most to aerosol optical prop-
erties (Bergin et al., 2001; Quinn et al., 2002; Cheng et al.,
2008; Ma et al., 2011; Kuang et al., 2018) and aerosol lig-
uid water content (Bian et al., 2014) in continental regions
are usually in the diameter range of 200 nm to 1 um, which
the HTDMA and CCN hygroscopicity measurements can-
not represent. Results from several studies have reported that
koA usually differentiates among particle sizes (Frosch et al.,
2011; Kawana et al., 2016; Deng et al., 2019). For exam-
ple, Deng et al. (2019) found that kpa increases with the
increases in the particle dry diameter. These results further
highlight a need for characterization of xpa of larger parti-
cles.

The humidified nephelometer system which measures
aerosol light-scattering enhancement factors is also widely
used in aerosol hygroscopicity research (Titos et al., 2016).
The hygroscopicity parameter « retrieved from the measured
light-scattering enhancement factor is usually referred to as
Kk rre) (Chen et al., 2014; Kuang et al., 2017), which rep-
resents the overall hygroscopicity of aerosol particles, with
their diameters ranging from 200 to 800 nm for continental
aerosol (see discussions in Sect. 3.3 for physical understand-
ing of « r(rH)). Using the retrieved k yry) together with bulk
aerosol chemical compositions of PM; (particulate matter
with an aerodynamic diameter of less than 1 um, correspond-
ing to a mobility diameter of approximately 760 nm assum-
ing spherical particles and a particle density of 1.7 gcm™3),
koa can be derived, representing the hygroscopicity of or-
ganic aerosol particles in the diameter range of 200 to about
800 nm. In this study, the light-scattering enhancement fac-
tors of both PM | (particulate matter with an aerodynamic di-
ameter less than 10 um) and PM particles were measured at
a rural site on the NCP in winter 2018, together with aerosol
chemical compositions by a capture-vaporizer time-of-flight
aerosol chemical speciation monitor (CV-ToF-ACSM). By
integrating these two different measurements, kop is derived,
and the relationship between the kpa and OA oxidation de-
gree, as well as the diurnal variation in koa, is elucidated.
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Figure 1. Schematic diagram of the inlet systems for aerosol sam-
pling instruments.

2 Site and instruments

From 11 November to 24 December 2018, continuous mea-
surements of physical, optical, and chemical properties of
ambient aerosol particles as well as meteorological pa-
rameters such as temperature, wind speed and direction,
and relative humidity were made at the Gucheng site in
Dingxing County, Hebei province, China. The sampling site,
an Ecological and Agricultural Meteorological Test Station
(39°09'N, 115°44’E) of the Chinese Academy of Meteo-
rological Sciences, is located between Beijing (~ 100km)
and Baoding (~ 40 km), two large cities on the North China
Plain, and is surrounded by farmland and small residential
towns.

2.1 Inlet system and instruments

During this field campaign, all instruments were housed in
an air-conditioned container, with the temperature held al-
most constant near 24°. The schematic diagram of the in-
let systems for the aerosol sampling instruments is displayed
in Fig. 1. Three inlet impactors are used for aerosol sam-
pling, two PMg inlets and one PM| inlet, respectively sam-
pling ambient aerosol particles with an aerodynamic diame-
ter less than 10 and 1 um. Nafion driers with lengths of 1.2 m
were placed downstream of each PM impactor inlet, which
can drop the RH of sampled air below 15 %; thus, sampled
aerosol particles can be treated as being in the dry state. Ad-
ditionally, downstream of every PM impactor inlet, an MFC
(mass flow controller) and a pump were added for automatic
flow compensation to ensure that each impactor reaches its
required flow rate of 16.7 Lmin~! and guarantee the right
cut diameters.

Aerosol sampling instruments can be categorized into
four groups according to their inlet routes. The first group
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(group 1) downstream of the first PMq inlet is comprised of
only one instrument, the Aerodynamic Particle Sizer (APS,
TSI Inc., Model 3321), measuring the size distribution of am-
bient aerosol particles with an aerodynamic diameter ranging
from 700 nm to 20 um at a temporal resolution of 20s. The
second group (group 2) includes a humidified nephelome-
ter system (consisting of two nephelometers and a humidi-
fier) that measures aerosol optical properties (scattering and
backscattering coefficients at three wavelengths: 450, 525,
and 635nm) of ambient aerosol particles in the dry state
(DryNeph) and under 85 % RH condition (WetNeph). The
third group (group 3) includes two instruments, an ACSM
and a scanning mobility particle sizer (SMPS; TSI model
3080). The CV-ToF-ACSM measures non-refractory partic-
ulate matter (NR-PM) species including organics, SOﬁ_,
NO3, NHI, and CI~, with an air flow of 0.1 Lmin~! and
a time resolution of 2 min. Since the CV-ToF-ACSM instru-
ment comes with a PM» s impactor, when the impactor of up-
stream is PM ¢, chemical compositions of PMj 5 rather than
of PM ;¢ were measured.

The SMPS measures particle mobility diameter size dis-
tributions with a diameter range of 12 to 760 nm. The inlets
of group 2 and group 3 switch every 15 min, as denoted by
the dashed and solid red lines in Fig. 1, enabling the instru-
ments of these two groups to alternately measure the chem-
ical and optical properties of PMjg and PM;. The fourth
group (group 4) includes an AE33 aethalometer (Drinovec
et al., 2015) and other aerosol instruments. Due to technical
issues with the humidifier, the humified nephelometer system
started to operate continuously on the 30 November.

2.2 The humidified nephelometer system

The humidified nephelometer system we built was set up to
measure dry-state aerosol optical properties at a fixed RH of
85 %. The RH of the air sample is increased by a humidifier
that consists of two layers. The inner layer is a Gore-Tex tube
layer passing through sampled air, while the outer layer is a
stainless-steel tube with circulating liquid water. The water
vapor penetrates through the Gore-Tex tube and humidifies
the sample air, while liquid water is kept from the inner layer
by the Gore-Tex material. Upon the switch of inlets between
group 2 and group 3, delays in valve switching caused instan-
taneous low pressure in the sample air, which broke the hu-
midifier with the Gore-Tex tube after 4 d of continuous oper-
ation (3 December) and flooded the WetNeph. The WetNeph
was fixed and recalibrated, and a commercial Nafion drier
(60 cm long; Perma Pure company) replaced the Gore-Tex
tube, which works the same way but is more resistant to low
pressure. The temperature of the circulating water layer is
controlled by a water bath and specified by an algorithm that
adjusts the water temperature to maintain a relatively con-
stant RH in the sensing volume of the WetNeph. To monitor
the RH in the sensing volume of the WetNeph, two temper-
ature and RH sensors (Vaisala HMP110, with accuracies of
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40.2° and £1.7 % for RH between 0 % to 90 %, respectively,
and £2.5 % for RH between 90 % to 100 %) were placed at
the inlet and outlet of the WetNeph. Defining measured RHs
and temperatures at the inlet and outlet of the WetNeph as
RH//T| and RH,/T3, the according dew point temperatures
Tq1 and Ty can be calculated, and the average value Tq was
treated as the dew point of the sample air in the sensing vol-
ume of WetNeph. The sample RH is calculated using 7y and
the sample temperature measured by a sensor inside the sam-
ple cavity of the nephelometer.

2.3 ACSM measurements and data analysis

The mass concentration and chemical composition of NR-
PM species were measured with the Aerodyne ToF-ACSM,
which is equipped with a PM> 5 aerodynamic lens (Williams
et al., 2010) and a capture vaporizer (CV; Xu et al., 2017;
Hu et al., 2017) to extend the measured particle size to
2.5 pm. Detailed instrument descriptions were given in Froh-
lich et al. (2013) and Xu et al. (2017). The CV-ToF-ACSM
data were analyzed with the standard data analysis software
(Tofware v2.5.13; https://sites.google.com/site/ariacsm/, last
access: 21 January 2020) within Igor Pro (v6.37; WaveMet-
rics, Inc., Oregon, USA). The CV was designed with an en-
closed cavity to increase particle collection efficiency (CE)
at the detector (Xu et al., 2017). Field measurements indi-
cate that the CE of CV was fairly robust and was roughly
equivalent to 1. Therefore, a CE of 1 was applied to all mea-
sured species in this study (Hu et al., 2017, 2018b). Relative
ionization efficiencies (RIEs) of 3.06 and 1.09 were used for
ammonium and sulfate quantification, respectively, and the
default values of 1.1 and 1.4 were used for nitrate and or-
ganic aerosol (OA), respectively. Compared with the AMS
with a standard vaporizer, the CV-ToF-ACSM reports higher
fragments at smaller m/z values due to additional thermal
decomposition associated with increased residence time and
hot surface collisions (Hu et al., 2018a). As a result, fiq
values from CV-ToF-ACSM measurements are often much
higher than those previously reported from AMS, yet they
are well correlated (Hu et al., 2018a).

The organic mass spectra from m/z 12 to 214 were an-
alyzed by positive matrix factorization (PMF; Paatero and
Tapper, 1994) with an Igor Pro-based PMF evaluation tool
(v3.04; Ulbrich et al., 2009). The ion fragments m/z of 38,
49, 63, and 66 were removed from both PM| and PM;, 5 PMF
inputs, considering their small contributions to the total or-
ganic signals yet high signal-to-noise ratios. The PMF re-
sults were then evaluated following the procedures detailed
in Zhang et al. (2011). After carefully evaluating the mass
spectral profiles, diurnal patterns, and temporal variations in
the OA factors and comparing them with other collocated
measurements, a five-factor solution was selected for both
PM; and PM, 5. The five factors include four primary fac-
tors, i.e., hydrocarbon-like OA (HOA), cooking OA (COA),
biomass burning OA (BBOA), coal combustion OA (CCOA),
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and a secondary factor, oxygenated OA (OOA). More de-
tailed descriptions on the PMF results will be given else-
where.

2.4 Data reprocessing

The size distributions measured by APS were converted to
mobility-equivalent size distributions using spherical shape
assumptions and an effective particle density of 1.7 gem ™.
Note that the designations of PMy and PM; are with respect
to aerosol aerodynamic diameters, while the corresponding
mobility-equivalent cut diameters of the two impactors are
approximately 7669 and 767 nm, respectively. For simplic-
ity and consistency, we will continue to refer to them as the
PMjp and PM; based on their aerodynamic diameter. For
the case of PM| measurements, the mobility-equivalent cut
diameter is quite near the upper range of the SMPS size
range. Considering that the cut diameter of the impactor cor-
responds to the diameter of aerosol particles in the ambient
state (aerosol hygroscopic growth effect needs to be taken
into account) and the SMPS measures the size distributions
of aerosol particles in the dry state, the SMPS measurements
should be able to cover the full size range of PM;. When
the SMPS was sampling aerosol particles of PMj, the size
distributions measured by SMPS and APS were merged to-
gether and truncated to an upper limit of 7669 nm to provide
a full range of particle number size distributions (PNSDs).
In addition, the AE33 measures the aerosol absorption co-
efficient at several wavelengths; the mass concentrations of
black carbon (BC) were converted from measured aerosol
absorption coefficients at 880 nm with a mass absorption co-
efficient of 7.77 m? g_1 (Drinovec et al., 2015).

Since group 2 and 3 switched between PM; and PM; in-
lets every 15 min, all measurements were averaged over each
15 min observation episode, resulting in valid time resolu-
tions of 15min for APS and BC PM;y measurements and
of 30 min for SMPS, CV-ToF-ACSM, and the humidified
nephelometer system PM; and PM;( measurements, respec-
tively. This resulted in a 15 min time lag between the aver-
aged datasets of group 2 and group 3. To match the time of all
the measurement data, the measurements of SMPS, ACSM,
and the humidified nephelometer system were linearly inter-
polated to the 15 min time resolution of the APS data.

3 Methodology

3.1 Calculations of hygroscopicity parameters kg, and
k from measurements of the humidified
nephelometer system

The humidified nephelometer system measures aerosol light-
scattering coefficients and backscattering coefficients at three
wavelengths under the dry state and 85 % RH condition,
providing measurements of the light-scattering enhancement
factor f (RH, A), which is defined as f (RH=85%, 1) =

www.atmos-chem-phys.net/20/865/2020/
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Table 1. Densities (p) and hygroscopicity parameters («) of inor-
ganic salts used in this study.

Species NH4NO3 NHy4HSO4 (NH4)2SO4 NHyCl

o (g cm™3) 1.72 1.78 1.769 1.527

K 0.58 0.56 0.48 0.93
%, with A being the light wavelength. In this study,

we only calculate f (RH, 525nm) and refer to it hereinafter
as f (RH) for simplicity. Brock et al. (2016) proposed a sin-
gle parameter formula to describe f (RH, 1) as a function of
RH. Kuang et al. (2017) further developed this parameteriza-
tion scheme to better describe measured f (RH) by including
the reference RH (RHp) in the dry nephelometer as shown
in Eq. (1), using which the optical hygroscopicity parameter
Ksca can be derived from f(RH) peasured:

S (RH) measured =

P 1+ Kiga 20 (1)
saT00_RH 00— RHp ) °

An overall hygroscopicity parameter &, referred to as « f(rH),
can be retrieved from the measured f (RH) with the addition
of a simultaneously measured PNSD and BC mass concen-
tration (Chen et al., 2014; Kuang et al., 2017). The idea is
to conduct an iterative calculation using the Mie theory and
the «-Kohler theory together to find a « r(ry) that closes the
gap between the simulated and the measured f (RH). De-
tails on the calculations of « r(ry) can be found in Kuang et
al. (2017).

3.2 Calculations of Kchem from aerosol
chemical-composition measurements

For the calculation of aerosol hygroscopicity parameter «
based on measured chemical-composition data (kchem), de-
tailed information on the chemical species is needed. The
CV-ToF-ACSM can only provide bulk mass concentrations
of SOZ_, NO3, NHI, and CI™ ions and organic components.
For the inorganic ions, a simplified ion pairing scheme (as
listed in Table 1) was used to convert ion mass concentra-
tions to mass concentrations of corresponding inorganic salts
(Gysel et al., 2007; Wu et al., 2016).

Mass concentrations of SOi_, NO3, NHI, and Cl™ are
thus specified as ammonium sulfate (AS), ammonium nitrate
(AN), ammonium chloride (AC), and ammonium bisulfate
(ABS), with the k values of these salts specified according to
Wu et al. (2016) and Liu et al. (2014; Table 1). For a given in-
ternal mixture of different aerosol chemical species, a simple
mixing rule called Zdanovskii—Stokes—Robinson (ZSR) can
be used for predicting the overall kchem On the basis of vol-
ume fractions of different chemical species (¢;; Petters and
Kreidenweis, 2007):
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K chem = Z’Q’ “ &, ()
i

where k; and ¢; represent the hygroscopicity parameter x
and volume fraction of chemical component i in the mixture.
Based on Eq. (2), kchem can be calculated as follows:

Kchem = KASEAS T KANEAN + KABSEABS 1 KACEAC

+ KBCEBC + KOAEOA 3)

where koa and epa represent the « and volume fraction of
total organics. Since black carbon is hydrophobic, xpc is as-
sumed to be zero. With known «chem, koA can be calculated
using the following formula:

Kchem — (KASEAS + KANEAN + KABSEABS + KACEAC) @)
E0A

KOA =

The volume concentration of organics was calculated by as-
suming that the density of POA is 1 gcm™ and density of
OOA is 1.4gcm_3 (Wu et al., 2016). For the calculation
of the total volume concentration (V), we have three ap-
proaches. The first approach is to sum up the volume con-
centrations of all chemical species (AS, AN, ABS, AC, BC,
and organics), where the volume concentration of BC was
calculated by assuming a density of 1.7 gcm™> (Wu et al.,
2016). We refer to the calculated total volume concentration
of aerosol particles as Vior, chem. The second approach is to
integrate Vi, from the measured PNSD using the equation
Viot, PNSD = f %nr3n(r)dr, where r is the particle radius
and n(r) is the measured particle number concentrations.
The third approach is to use the trained machine-learning es-
timator to estimate the Vi, based on measurements of the
dry nephelometer (Viot, Neph), as was introduced in Kuang et
al. (2018). Vi values of PM; calculated using these three
methods were compared to each other and shown in Fig. S2
in the Supplement. Vo, chem correlates well with Vio pNSD,
but it is on average 30 % lower than that of Vio, pnsp. Chemi-
cal components within aerosol particles such as dust, sea salt,
and metal ions cannot be detected by CV-ToF-ACSM. Since
the Gucheng site is far from the ocean, sea salt should have
negligible impacts on the total mass of PM;. However, min-
eral dust can extend into the submicron range (Shao et al.,
2007), which might be the cause for the low Viot, chem calcu-
lated using CV-ToF-ACSM and BC data. Vi, Neph also cor-
relates well with Vi, pnsp but is on average 16 % lower than
that of Vi, pnsp. Closure studies between modeled and mea-
sured oyp and opsp at 525 nm for PM; and PM g aerosol par-
ticles all showed good agreement between theoretical mod-
eling results and measurements (Fig. S1), with most points
falling within the 20 % relative deviation lines. However,
modeled oy, values for both PM; and PM;o were obviously
higher than measured ogp, with an average relative differ-
ence of 22 % and 13 % between them for PM o and PM;,
respectively. The result for PM; explains why Viot, Neph Was
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lower than Vi, pnsp. Two reasons might have contributed to
this discrepancy. (1) Both PNSD and aerosol optical property
measurements carry non-negligible uncertainties, with the
SMPS bearing measurement uncertainty of 30 % for particles
larger than 200 nm, which contribute most to Vi, (Wieden-
sohler et al., 2012), and the nephelometer measured o hav-
ing an uncertainty of 9% (Sherman et al., 2015; Titos et
al., 2016). (2) The sampling tube length, valves, tube an-
gles, and flow rates are different for the dry nephelometer
and SMPS (e.g., much shorter tube and smaller flow rate for
SMPS than those for the dry nephelometer), leading to dif-
ferent wall loss and loss in semi-volatile aerosol components.
ACSM and the dry nephelometer had a similar tube length,
and nephelometer measurements bear less uncertainty than
SMPS. Thus, Viot, Neph Was chosen as Vi in the calculations
of Eq. (4). Based on the calculated V|, the material unidenti-
fied by CV-ToF-ACSM accounts for 19 % of Vi, on average,
which could not be neglected in the kpa calculation. Thus,
Eq. (4) was modified as follows:

Kchem — (KAS - €AS +KAN - EAN + KABS * EABS + KX - £X) 5
KOA = , 5
£0A

where kx and ey are the hygroscopicity parameter « and vol-
ume fraction of the unidentified material. Previous studies
using Vior, chem as the total volume concentration of aerosol
particles have avoided the discussion about influences of
unidentified material by the CV-ToF-ACSM or other aerosol
mass spectrometer instruments. The hygroscopicity of these
unidentified materials, which might be dust or other compo-
nents in continental regions, was not discussed before. Dust
is nearly hydrophobic, with mineral dust showing « values in
range of 0.01 to 0.08 (Koehler et al., 2009). In this paper, we
arbitrarily specified kx to be 0.05.

3.3 Can kfgp) represent kchem?

According to Eq. (5), the measured bulk kcper values are
needed to derive koa. When bulk aerosol chemical com-
positions and aerosol hygroscopicity « frH) measurements
are available, one might naturally jump to the conclusion of
treating K f(RH) aS Kchem (O derive koa because both « r(rp)
and K chem are from bulk aerosol measurements. However, the
relationship between kchem, k€ r(rH) and the size-resolved «
distribution needs to be clarified in order to answer the ques-
tion of whether « rn) can accurately represent & chem. The
physical meanings of different « representations used in the
following discussions are listed in Table 2.

Using V; to represent volume concentrations of chemical
species i and V; (D)) to represent volume concentrations of
species i with a diameter of Dp, kchem can be derived as fol-
lows based on Eq. (2):
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Kchem=§ Ki-& = § — - Ki
i ‘/tOt

1 dV' D
:Z_./M.dlognp.m. (©)
7 V[m legDp

By swapping the order of summation and integration, Eq. (6)
can be written as

1 dVi(Dy)
=|—- ——— -dlog Dy, - k;. 7

K chem / Vier Z dlog Dy 0g Up - K (7N

. . dv; (Dp) 1

Considering that Kp, = ZWDp) - ki, Eq. (7) can be rewrit-

ten as l

Kehem = —— / kp, -dV (D). ®)

tot

The result of Eq. (8) indicates that «chem calculated using
Eq. (3) represents the overall hygroscopicity of aerosol par-
ticles with volume contribution as the weighting function of
K Dp-

As for k r(rH), a detailed analysis is performed here to fa-
cilitate its physical understanding. The differential form of
osp of aerosol particles in the dry state can be expressed as
follows:

/d
o —
P dlog D

Based on the definition of f (RH), the o}, of aerosol particles
under different RH conditions can be written as

dog
Usp(RH):/dl

Therefore, the differential form of observed overall f (RH)
can be formulated as
1 dog

FRD= [ dlog D

dlog D,. 9)

- fp,(RH) - dlog Dy, (10)

- fp,(RH) - dlog Dy. an

Based on this formula, the sensitivity of f (RH) on the
hygroscopicity of aerosol particles with the diameter D}, can
be derived as

I 9fRH) _ 1 doy  3fp,(RH)

(12)
dlog Dy 3KDp asp dlog Dy BKDP

The sensitivity of f (RH) to xp, is determined together by

. . dogp
the two tfarmﬁ in Eq. (12): (1) et Tz D> W
the contribution of oy, of aerosol particles in the dry state

U@ hich
KD

represents the sensitivity of fp (RH) to kp,. Based on the
Mie theory and the x-Kohler theory, we simulated the sec-
ond term under the 85 % RH condition for varying D, and

which represents

with the diameter Dy to total oyp, and (2)
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Table 2. Different « and their physical meanings.

kf@RH) A uniform k for all particle sizes which describes f (RH) accurately

K chem A bulk « assuming different chemical compositions of aerosol populations are internally mixed and calculated with the ZSR mixing rule

Ki hygroscopicity parameter « of chemical species i

KD, The « assuming different chemical compositions of particles with diameter of Dj, are internally mixed and calculated with the ZSR mixing rule
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Figure 2. (a) Simulated (b) simulated

d]og DP BKDP .

kp, values (Fig. 2a). In the diameter range below 200 nm,

3 fp, (RH) . . . . .
ng'j—I()) is very high, displaying a maximum near 60 nm.

In this diameter range, a larger kp, generally corresponds to

a higher po— For 200nm < Dp < 800 nm, higher and
p

3 fp, (R

lower W values appear alternatively, with all values

staying positive. For Dj, > 800 nm, maxima and minima re-
gions appear alternatively, and fp, (RH) might decrease with
increasing KD,- This is because, at this diameter range, the
aerosol scattering efficiency has a non-monotonic response
to the particle diameter increase (see Fig. 2a of Kuang et al.,
2018).

The first term of Eq. (9), representing size-resolved oy
contributions of particles with the diameter in the dry state,
mainly depends on the PNSD. The average PNSD of PMq
was applied in the simulation of the first term using Mie the-
ory (Fig. S3). Combining results of the first term and second
term, the sensitivity of f (RH) to kp, was obtained and de-
picted in Fig. 2b. Results reveal that f (RH) is quite sensitive
to the kp, of particles within the 200 to 800 nm diameter
range but almost insensitive to kp, of particles with diame-
ters below 200 nm and above 800 nm (corresponding aero-
dynamic diameter of about 1 um). For particles smaller than
200 nm, the first term was quite small, especially for parti-
cles smaller than 100 nm (Fig. S3), while for particles larger
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than 800 nm, in addition to a small first term, the second
term fluctuated between negative and positive values, which
is why f (RH) was not sensitive to the overall hygroscop-
icity of these larger aerosol particles. These results suggest
that although « yry) was derived from f (RH) measurements
of PMjy, it mainly represents the overall hygroscopicity of
aerosol particles with dry diameters between 200 and 800 nm
for continental aerosol. This result indicates that k frpn) val-
ues derived from f (RH) measurements of PMo and PM;
should differ little from each other for measurements con-
ducted in continental regions.

However, the quantitative relationship between the « rrp)
and size-resolved kp, is still not clear. Based on Eq. (11),
fp,(RH) can be expressed as

dog, (RH)

fp, RH) = ———
dogp

2. Qsca(Dp’ g)-dN

dogp

5 (Dy-g)

) 13)

where g is the growth factor of aerosol particles which is
a function of KD, and RH (Brock et al., 2016), i.e., g =
(I14+kD, " 150- RH)1 /3, dN is differential form of aerosol num-
ber concentration, and Qg, is the scattering efficiency as a
function of Dp and g. The results of Kuang et al. (2018)
indicate that, under the dry state, Qs can be expressed as
Osca = k - Dp, with k varying as a function of Djp. Here, we
follow this idea and express the Qgc, under the humidified
condition as Qgca (Dp, g) =C-D;-g, where C is a function
of Dp, KD, and RH. Replacing g and Qs, in Eq. (13), we
yield

7 - D} - C(Dy, p,, RH) - (1 +kp,, - 7o) - AN
dogp

fp, (RH) = . (14

which we can substitute into Eq. (8) to obtain a new expres-
sion for f (RH):

D C(DP’KDP’RH) (1+KDP. 100— RH) dn (15)

£ RH) = f

Osp
If we define XC(Dp,/ch,RH)=C(Dp,KDp,RH)/k, and

considering that dogp = AI—t~n~Dg-Qsca-dN = }T~n~DS-k-dN,
Eq. (14) can be written as

Xc(Dp,kp,,RH) - (1 +kp, - 1ol - dop
f(RH):/ b . b T00—RH _
Sp

(16)

The « ¢rp) is a uniform « for aerosol particle sizes that can
yield a simulated f (RH) equal to the measured one. Thus,
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f (RH) can also be expressed as

X (Dp, k JRH) - (14« - RE Y o,
f(RH):/ (Dyp, K £ (RH) )(J S(RH) * To0—RA) ® (17
sp

Combining Egs. (16) and (17), the relationship between
K r(rH) and size-resolved « D, can be derived as

[ Xc(Dp, «p,, RH) - kp, - dogp
fXC(Dp, K fRH), RH) - dogp
n f(Xc (Dp, KDP’ RH) — XL-(DP, Kf(RH), RH)) . do’sp
fXC(Dp,Kf(RH),RH) -dogp
100 —RH
" RH

KfRH) =

(18)

X values under 85 % RH for different D}, and KD, values
are simulated and shown in Fig. 3; based on this result of X,
the second term of Eq. (18) (which depends on the PNSD
and size-resolved kp,) could be calculated using the average
PNSD during this field campaign and two assumed extreme
cases of size-resolved KD, (solid and dashed black lines in
Fig. 3). For PM;, the second term corresponding to the two
size-resolved kp, cases was —0.007 and 0.008, respectively.
Corresponding values simulated for PM ¢ were —0.005 and
0.004, respectively. To further investigate the possible contri-
bution range of the second term to « yRrH), size-resolved « D,
values derived by Liu et al. (2014) based on size-resolved
chemical-composition measurements in ambient atmosphere
in the NCP region (Fig. S4) were used with the average
PNSD during this campaign to calculate values of the second
term. Calculated values of second term ranged from —0.005
t0 0.009, with its contribution to « r(ry) ranging from —1.5 %
to 2 % (0.3 % on average). These results indicate that the sec-
ond term was negligible in most cases, and Eq. (18) could be
approximated as

ch(Dp,KDWRH) "KD, -dogp
ch(DpaKf(RH)7RH) 'dUsp .

K f(RH) ~ 19)

X values shown in Fig. 3 indicate that for aerosol particles in
the diameter range of 200 to 800 nm (which contribute most
to ogp and are the part of the aerosol population that « r(rp)
is most sensitive to) and for the observed « p, range of conti-
nental aerosol («p,usually less than 0.5), X. mainly ranged
from 0.7 to 1. Considering this, we might approximately as-
sume X, in Eq. (18) to be a constant value. Then, Eq. (19)
can be further simplified to

1
K f(RH) ~ 6_/KDP -dogp. (20)
sp

This result suggests that « rry) can be approximately under-
stood as the overall hygroscopicity of aerosol particles with
the op contribution as the weighting function of kp, .

Based on results of Egs. (8) and (20), both « rrp) and
Kchem represent the overall hygroscopicity of bulk aerosol
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Figure 3. Simulated values of X, under 85 % RH for different Dp
and k D, values. Black solid and dashed lines are two assumed size-
resolved Dy distributions.

particles; however, their weighting functions of «p, are dif-
ferent. Within a certain D), range, aerosol ogp is approxi-
mately proportional to aerosol volume (Kuang et al., 2018),
resulting in little difference between « yrp) and k& chem. In this
study, bulk « yrH) was measured for both PM; and PM;y.
How much does k chem differ from « ¢ryy for PM; and PM1q
samples? Both PNSD and size-resolved kp, distributions
contribute to the difference between kchem and « rrp). To
study their influences in a simple and apparent way, Kchem
and « yry) were simulated based on the two extreme cases
of size-resolved «p, distributions in Fig. 3 and five average

PNSDs corresponding to five ranges of the aerosol Angstrém
exponent (0.9-1.1, 1.1-1.3, 1.3-1.5, 1.5-1.7, and 1.7-1.9)
during this field campaign. In the instance of PM;, as can be
seen in Fig. 4a, assuming a « p, increasing as a function of Dy,
resulted in Kchem < K f(RH) (squareos in Fig. 4a), especially for
PNSDs corresponding to larger Angstrom exponents. This
is because the volume contributions of small particles (e.g.,
particles with Dy, between 100 to 300nm) to Vi are larger
than their light-scattering coefficient contributions to oy, (as
shown in Fig. S6); thus the hygroscopicity of small particles
had larger impacts on Kchem than « rry). Higher Angstrém
exponents generally correspond to a shift in PNSD towards
smaller Dp, which exacerbates the contribution of small par-
ticles, further increasing the difference between kchem and
K rru)- For the case with kp, decreasing as a function of
Dy, (circle markers in Fig. 4a), the opposite applies, resulting
in Kchem > K (RH)- In general, for these two extreme cases
of size-resolved KD, distributions, the absolute value of the
relative difference between kchem and k yrpy ranged from
2.8 % to 7.5 %, with an average of 4.8 %. This result indicates
that for PMy, K chem might differ little from « r(ry), since « Dy
usually varies less with D, in ambient atmosphere than in
the two assumed cases (Liu et al., 2014). The average size-
resolved kp, distribution from the Haze in China campaign
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(Liu et al., 2014) indicates that kp, varies significantly for
Dy < 250 nm, while it varies less within the diameter range
of 250 nm to 1 pm. To further study the variation range of the
relative difference between K chem and k y(ry) under ambient
conditions, the size-resolved KD, distributions derived from
measured size-resolved chemical compositions in the NCP
region (Liu et al., 2014; shown in Fig. S5) were used in sim-
ulations, and results are shown in Fig. 4b. The absolute value
of the relative difference between kchem and « r(ry) ranged
from 0.04 % to 8 %, with an average and standard deviation
of 2.842 %, which further confirms that for PMy, k y®rmn) can
accurately represent k chem in Most cases.

For PMj, values of kchem and « r(ry) using KD, size dis-
tributions derived from ambient measurements (Fig. S5, sim-
ilar to Fig. 4b) were simulated and displayed in Fig. 4c. The
simulated absolute values of the relative difference between
K chem and « ¢rp) ranged from 0.2 % to 41 %, with an average
and standard deviation of 16 = 8 % and with all k.pem values
lower than « yry). This is because, for PMjg, supermicron
particles, typically with low hygroscopicity (Fig. S5), con-
tribute much more to Vi than to o (as shown in Fig. S7).
These results indicate that, for PMyg, « frH) cannot accu-
rately represent K chem.

Above analysis results indicate that « ry) retrieved from
light-scattering measurements of PM; represent the k chem Of
PM; accurately and can be used in Eq. (5) as measured k chem
for deriving xoa.

4 Results and discussions
4.1 Overview of the campaign data

The time series of ambient RH, chemical compositions of
PM; 5 and PMj, op at 525 nm of PMyg and PM; in the dry
state, and calculated x5, and «frp)y values of PMyo and
PM; are shown in Fig. 5. Overall, the mass concentrations
of NR-PM; and NR-PM, s ranged from 1 to 221 g m~3 and
from 1.8 to 326 ugm™3, with average concentrations of 63
and 93 pg m—3, respectively. Measured 0Ogp at 525 nm of PM;
and PMj¢ ranged from 11 to 1875Mm™~! and from 18 to
2732 Mm—!, with average values of 550 and 814 Mm_l, re-
spectively. These results demonstrate that this campaign was
carried out at a site that is overall highly polluted, where
quite clean conditions as well as extremely polluted condi-
tions were experienced during the measurement period. The
mass contributions of ammonium, nitrate, sulfate, and organ-
ics to NR-PM, 5 and NR-PM; are listed in Table 3, with or-
ganics being the major fraction of NR-PM; and NR-PM; 5.
During Period 1 shown in Fig. 5, nitrate contributed most
to inorganics, while inorganics contribute most to mass con-
centrations of NR-PM, s and NR-PM;. During Period 2,
shown in Fig. 5, the ambient RH is relatively lower than that
of the first period, ranging from 16 % to 86 % with an aver-
age of 49 %. During this period, organics contributed most
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to mass concentrations of NR-PMj 5 and NR-PM|, with the
NR mass concentrations of PM» 5 and op at 525 nm of PM g
being only 33 % and 40 % higher than those of PM;.

The time series of calculated «gc, and k yry) are shown
in Fig. S5e—f. The kg, of PM; and PM( ranged from 0.01
to 0.2 and from 0.02 to 0.17, with corresponding averages
of 0.09 and 0.08, respectively. The « rrH) Was not available
from 12:00 on 10 December to 12:00LT on 11 December
due to the absence of PNSD measurements. The « s ry) of
PM; and PMjg ranged from 0.02 to 0.27 and from 0.03 to
0.26, with corresponding averages of 0.12 and 0.12, respec-
tively. These results indicate that the hygroscopicity during
this campaign was generally low, which could be associated
with the high mass contributions of organics. The range as
well as the average level of « rrp) is quite consistent with the
results obtained at the same site in winter 2016, suggesting
the prevalent low aerosol hygroscopicity conditions in winter
at this site. Additionally, it can be noted that, except for fog
events, Ksca and « r(ry) values of PM; are generally higher
than those of PMjg, yet the differences are small (10 % and
3.5% for ksca and « rrH), respectively). Although particles
with diameters above 800 nm have an almost negligible im-
pact on retrieved « rry) (refer to discussions in Sect. 3.3),
it can still cause a small difference between « rrp) of PMjq
and PM;. Results of previous studies indicate that the over-
all hygroscopicity of aerosol particles larger than 800 nm is
usually low and is typically lower than the overall hygro-
scopicity of accumulation-mode particles (Liu et al., 2014),
which may explain why « rrp) values of PM; are generally
higher than those of PMy during non-fog periods (periods
with RH < 100 %).

During fog periods, a large number of submicron par-
ticles in the dry state will be activated into fog droplets,
which are supermicron particles in the ambient state (see
PNSD examples in Fig. S4a), exerting substantial impacts on
f (RH) measurements of PMjg, which are not detectable in
the PM| measurements. Since for a certain particle diameter
and fog supersaturation, particles with higher hygroscopic-
ity are more readily activated, the observed PMg « f(rn) in-
creased during fog events and often exceeded those of PM;
in contrast to non-fog periods (Fig. 5f).

4.2 koA derivations and its relationship with organic
aerosol oxidation state

The results in Sect. 3.3 demonstrate that the « yrpy of PM;
accurately represents the kcpem in most cases; thus a clo-
sure study between calculated & cper, values of PM| based on
measured chemical compositions and measured K chem Values
(represented by PM; « rrH)) can be conducted using Eq. (3)
if koA 1s known. A kpa of 0.06 was used in this closure test,
which was calculated by Wu et al. (2016) based on aerosol
chemical composition and aerosol hygroscopicity measure-
ments. As shown in Fig. 6a, the comparison between mea-
sured and calculated k chery has not achieved very good agree-
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Table 3. Average (range) mass contribution of ammonium, nitrate, sulfate, and organics to NR-PM» 5 and NR-PM during different periods.

Species Ammonium ‘ Nitrate ‘ Sulfate ‘ Organics
PM; PM,5s | PM; PM; s | PM; PM,5s | PM; PM, 5
Entire period 12% 12% 13% 14 % 10 % 11% 59 % 59 %
02%-24% 0.1 %-24 % 2%-31% 1%-32% | 03%-49% 0.2%-50% % | 12 %-99 % 4 %-91 %
Period 1 15 % 16 % 22 % 24 % 13 % 14 % 47 % 42 %
Fog 10%-17%  12%-18% | 11%-28% 16 %-30% 9 %-15 % 12%-16% | 30%—-65% 37 %-55%
Period 1 17 % 16 % 23 % 23 % 12 % 12 % 43 % 44 %
Non-fog 10 %22 % 7 %-21 % 6 %31 % 5%-32 % 8 %—-23 % T%-17% | 32%-75% 31 %—69 %
Period 2 12 % 10 % 11% 10 % 8 % 7 % 64 % 67 %
02%-20% 0.1 %—19 % 5 %-30 % 4%-29% | 0.3%—-16% 02%-16% | 40%-82% 40 %85 %

ments. We notice that the calculated kcpem, Was overestimated
when the mass fraction of organic aerosol (foa) was lower
than 45 %, while it was underestimated when foa was higher
than 45 %. As described in Sect. 4.1, these two situations
roughly correspond to Period 1 and 2, respectively. Separat-
ing the data points shown in Fig. 6a into Period 1 (Fig. 7b)
and 2 (Fig. 7c), it can be seen that all low foa data points
are found in Period 1, with most of the data points showing a
foa of less than 50 %. Although the calculated kcpem values
during this period were on average 25 % higher than the mea-
sured kchem Values, they were highly correlated (R = 0.84).
A similar case was also found in Wu et al. (2013), and they
concluded that the loss of semi-volatile ammonium nitrate in
the HTDMA might be the reason. The relationship between
nitrate concentration and the difference between calculated
and measured kcpey, Were investigated, which confirmed the
influence of nitrate on this discrepancy (Fig. S7) and the
overestimation of calculated «.pem due to the volatile loss of
ammonium nitrate. Since the tube length (from the splitter to
inlet of instrument) of the wet nephelometer was about 1 m
longer than that of the CV-ToF-ACSM, there was probably
more loss in ammonium nitrate in the wet nephelometer.
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During Period 2, the average mass fraction of nitrate was
low (11 %), and the loss of ammonium nitrate had a minor
influence on K chem estimations (Fig. S7). However, when or-
ganic aerosol was dominant during Period 2, the calculated
Kchem Was underestimated in most cases (Fig. 6¢). Previous
studies have shown a larger kpa for OA with a higher oxi-
dation level (Chang et al., 2010; Duplissy et al., 2011; Wu
et al., 2013), which might have contributed to the underes-
timation in kchem. This gave us the hint that Period 2 might
provide us a good opportunity to study koa. Following the
method in Sect. 3.2, kpa was derived using Eq. (5), result-
ing in a kpa ranging from 0.0 to 0.25, with an average of
0.08 £ 0.06. This indicates that using a constant kpa value
in the calculation of kcpen Would result in a large bias. To
further investigate the impact of OA oxidation level on koa,
we compared the derived koa against f44, which is often
used to represent the oxidation level of OA. Results show
a clear positive correlation (R = 0.79) and a statistical rela-
tionship of kop = 1.04 - fuq —0.02 (Fig. 7a), indicating that
the degree of the oxidation level is a crucial parameter de-
termining the OA hygroscopicity. Based on the relationship
between fi4 and the O/C ratio for CV-ACSM (Hu et al.,
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2018b), O : C =3.47 x faa + 0.01, the relationship between
koa and O : C can be expressed as koa = 0.3 x O : C—0.02.
The derived empirical relationship between koa and f44 was
compared to results in previous studies (Fig. 7b). As men-
tioned in Sect. 2.3, the fi14 from CV-ToF-ACSM measure-
ments is much higher than that previously reported from
AMS, but they are well correlated, and the ratio between
the fis4 of CV-ToF-ACSM and previous AMS instruments
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for ambient aerosol ranges from 1.5 to 2, with an average
of 1.75. Therefore, to be consistent with the fi4 in previ-
ous studies, the empirical relationship in Fig. 7b is changed
to koa = 1.79 - fa4 —0.03. The xoa values are lower than
those from the scheme of Chen et al. (2017) but higher than
those in Duplissy et al. (2011) and Mei et al. (2013a). In gen-
eral, results of most published studies about kpa demonstrate
that hygroscopicity of organic aerosol generally increases as
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the oxidation level of organic aerosol increases; however, the
empirical mathematical relationship differs much among dif-
ferent studies (Hong et al., 2018). These results highlight that
more studies are required to study the influence of the OA
oxidation level on xkps and to derive a more universal pa-
rameterization scheme that can be used in chemical transport
models.

4.3 Distinct diurnal variations in kg and its
relationship with OOA

The time series of derived kpa are depicted in Fig. 8a, which
showed large fluctuations in a day. The average xoa (Fig. 8b)
displays a distinct diurnal variation, with xkpa reaching its
minimum (0.02) in the morning (near 07:30 LT) and increas-
ing quickly to a maximum (0.16) near 14:30LT. As a con-
sequence, the water uptake abilities of organic aerosol parti-
cles changed from nearly hydrophobic to moderately hygro-
scopic within 7 h during the day. Previous results from obser-
vations in Japan also revealed significant kos diurnal varia-
tions, though with daily minima in the afternoon hours due
to the increase in less oxygenated OA mass fractions (Deng
et al., 2018, 2019). Such large variability and significant di-
urnal variations in koa were observed for the first time on the
NCP. We found that the diurnal profile of the mass fraction
OOA in OA (fooa) was remarkably similar to that of xoa
(R =0.8; Fig. 8a and c), suggesting that OOA is very likely
the determining factor of xkpa in winter on the NCP.

The correlation coefficient between the average diurnal
profiles of kpa and fooa was 0.95, which suggests that the
variations in fooa were driving the significant diurnal vari-
ations in kpa. The average diurnal variations in mass con-
centrations of identified OOA, HOA, COA, CCOA, BBOA,
and their mass fractions in total organic mass are shown in
Fig. 9a and b, respectively. The mass concentrations of HOA,
CCOA, and BBOA decreased rapidly from the morning to
15:00 LT due to the rising boundary layer height and also to
the decreased primary source emissions. The mass concen-
trations of COA increased a little in the morning and then
decreased quickly after 09:30 LT. This transitory increase in
COA in the morning might be associated with cooking for
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Figure 8. (a) Time series of derived kpa and OOA mass fraction in
NR-PM; (fooa) on the right y axis. (b) Average diurnal profile of
koA - (¢) Scatter points of kga versus fooa (%), and red line is the
fitting line with linear regression.
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Figure 9. (a) Average diurnal profiles of mass concentrations of
OOA, HOA, COA, CCOA, and BBOA. (b) Average diurnal varia-
tions in mass fractions of OOA, HOA, COA, CCOA, and BBOA.

breakfast. However, the OOA mass increased rapidly from
about 07:30 to 10:30 LT despite the boundary layer devel-
opment during period of time and then remained almost
constant thereafter. The rapid decreases in primary organic
aerosol components and the increases in OOA concentra-
tion together resulted in a dramatic increase in fooa, from
~10% at 09:00LT to ~ 45 % at 13:30LT in the afternoon,
which also corresponds to the similar increase in xpa. Af-
ter 14:30LT, the OOA mass concentration remained rela-
tively unchanged; however, of the large increases in primary
organic aerosol components, it also led to considerable de-
creases in fooa and koA.

5 Conclusions

A field campaign was conducted at a rural site on the North
China Plain in winter 2018. The major instruments de-
ployed were a humidified nephelometer system and a CV-
ToF-ACSM for the measurements of the bulk aerosol hygro-
scopicity of PM g and PM; and bulk aerosol chemical com-
positions of PM; 5 and PM;. The measured oy, at 525 nm of
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PM; and PM g in the dry state ranged from 11 to 1875 Mm™!
and from 18 to 2732 Mm™!, with average values of 550 and
814 Mm™!, respectively, suggesting a relatively polluted en-
vironment during this study. Retrieved « rry) of PMjg and
PM; ranged from 0.02 to 0.27 and from 0.03 to 0.26, with
averages of 0.12 and 0.12, respectively. The difference of
Kk r(RH) between PMjo and PM; was found to be relatively
small (3.5% on average), which was consistent with the
physical and mathematical interpretation of « frH).

A method for estimating xpa (organic aerosol hygro-
scopicity) based on f (RH) and bulk aerosol chemical-
composition measurements is developed. The key part of
this method is that the size cut of bulk aerosol chemical-
composition measurements should be PM; no matter
whether the bulk « rrp) is retrieved from light-scattering en-
hancement measurements of PM; or PMjg. The derived koa
ranged from 0.0 to 0.25, with an average of 0.08, highlighting
that koa displayed a large variability on the NCP. Therefore,
using a constant ko could introduce a considerable uncer-
tainty in evaluating the climatic and environmental effects of
organic aerosol. The variation in koa was highly and posi-
tively correlated with the oxidation degree of OA, and koA
showed a distinct diurnal variation, with the minimum in the
morning (0.02) and maximum in the afternoon (0.16). These
results indicated the rapid changes in hygroscopic properties
of OA in a day by evolving from nearly hydrophobic to mod-
erately hygroscopic within 7 h. The distinct diurnal variations
in koa were strongly associated with the changes in fooa,
suggesting that the rapid formation of OOA together with the
decreases in primary organic aerosol during daytime together
resulted in and the changes in koa.

The large variability and distinct diurnal variations in ko
found in this study highlight an urgent need for more stud-
ies on the spatial and temporal variations in kpa in the NCP
region and also a better parameterization of kpa in chemical
transport models to evaluate the impacts of OA on radiative
forcing and CCN.
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