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Abstract. The hygroscopic properties of submicron aerosollation of freshly emitted carbonaceous particles (mainly hy-
particles were determined at a suburban site (Wugqing) in thedrophobic) near the surface while in the morning turbulence
North China Plain among a cluster of cities during the periodentrained the more aged and more hygroscopic particles from
17 July to 12 August, 2009. A High Humidity Tandem Dif- aloft and diluted the NH particles near the surface resulting
ferential Mobility Analyser (HH-TDMA) instrument was ap- in a decrease in the fraction of NH particles.
plied to measure the hygroscopic growth factor (GF) at 90%
95% and 98.5% relative humidity (RH) for particles with dry
diameters between 50 and 250 nm. The probability distribu-|  |ntroduction
tion of GF (GF-PDF) averaged over the period shows a dis-
tinct bimodal pattern, namely, a dominant more-hygroscopicThe North China Plain is a polluted area with great indus-
(MH) group and a smaller nearly-hydrophobic (NH) group. trial activity and dense population. A group of megacities
The MH group particles were highly hygroscopic, and their (so-called city cluster) including Beijing and Tianjin is lo-
GF was relatively constant during the period with averagecated in this region. Along with the rapid economic growth
values of 1.54:0.02, 1.840.04 and 2.43-0.07 at 90%, and increase in traffic during the last decades, the consump-
95% and 98.5% RHIp = 100 nm), respectively. The NH tion of fossil fuels like coal, gasoline, diesel and natural gas
group particles grew very slightly when exposed to high RH, has increased dramatically in China. The combustion of fos-
with GF values of 1.0& 0.02, 1.13£ 0.06 and 1.24-0.13 sil fuels emits large amounts of particulate and gaseous pol-
respectively at 90%, 95% and 98.5% RB(=100nm). lutants into the atmosphere, leading to substantial environ-
The hygroscopic growth behaviours at different RHs weremental problems. Industrial and traffic related primary emis-
well represented by a single-parametéiier model. Thus, sions, as well as the formation of secondary aerosols, com-
the calculation of GF as a function of RH and dry diameter bined with the transport of dust from the desert region, re-
could be facilitated by an empirical parameterizatiom@s  sult frequently in heavy aerosol loads in this area depending
function of dry diameter. A strong diurnal pattern in number on the meteorological conditions (Wehner et al., 2004, 2008;
fraction of different hygroscopic groups was observed. TheLiu et al., 2009). Air quality is significantly influenced by
average number fraction of NH particles during the day wasaerosol particles and high loads of aerosol pollution severely
about 8%, while during the nighttime fractions up to 20% degrade visibility, especially at high RH in summer (Zhang
were reached. Correspondingly, the state of mixing in termset al., 2010); related health risks are increased as well (Leitte
of water uptake varied significantly during a day. Simula- etal., 2011). Moreover, aerosol particles influence the earth’s
tions using a particle-resolved aerosol box model (PartMC-adiative budget directly by scattering and absorbing solar ra-
MOSAIC) suggest that the diurnal variations of aerosol hy-diation (Charlson et al., 1992), and indirectly by serving as
groscopicity and mixing state were mainly caused by the evonuclei for cloud formation (Twomey, 1974; Albrecht, 1989).
lution of the atmospheric mixing layer. The shallow noctur- Aerosols may also affect the hydrological cycle (Menon et
nal boundary layer during the night facilitated the accumu-al., 2002). A study shows that the magnitude of precipi-
tation in the North China Plain has decreased significantly
during the last 40 years and that the reduction of precipita-
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In order to reduce the uncertainties in model projectionsphate, nitrate, organic carbon and mineral dust. The state of
of climate change induced by aerosol indirect effects, inten-mixing of these components is crucial for understanding the
sive aircraft measurement studies on warm cloud microphys¥ole of aerosol particles in the atmosphere. In recent years,
ical properties were conducted in the areas of high aerosamuch attention has been paid to the mixing state of soot in
loading, such as the North China Plain (Zhao et al., 2006aaerosols (Jacobson, 2001; Moffet and Prather, 2009; Riemer
Deng et al., 2009). The aerosol hygroscopic properties aret al., 2009, 2010; Zhang et al., 2008; Oshima et al., 2009),
very crucial for the understanding of the aerosol effects onwhich influences the optical properties and climate effects of
climate via their effects on clouds, since the hygroscopicaerosols. The hygroscopicity of aerosol particles can be con-
growth measured at subsaturation is closely related to thaidered as an agent of chemical composition. A Humidified
ability of aerosol particles to activate and form cloud droplets Tandem Differential Mobility Analyser (H-TDMA) is one of
(Swietlicki et al., 2008; Rissler et al., 2010). the few instruments capable of providing information regard-

Moreover, hygroscopic particles grow significantly in size ing the mixing state in terms of hygroscopicity of the atmo-
at high RH due to water uptake, and hence influence thespheric aerosols (Swietlicki et al., 2008). Different modes of
aerosol optical properties, such as extinction, visibility andhygroscopic growth of ambient aerosols are often observed
aerosol optical depth (AOD) (Cheng et al., 2008). Inade-in the H-TDMA measurements, indicating an external mix-
quate characterization of aerosol hygroscopic properties wilkure in terms of hygroscopicity (Swietlicki et al., 2008).
induce large uncertainties in the estimation of aerosol direct A large number of ship- and ground-based measure-
effect on the climate. ments for the size-resolved hygroscopic properties of ambi-

Hygroscopic properties of aerosol particles can be deterent aerosols have been conducted worldwide using the H-
mined by their physical and chemical characteristics (Top-TDMA technique of which the results were summarized in a
ping et al., 2005a, b). The dhler equation is often used review paper by Swietlicki et al. (2008). In the North China
to describe both the hygroscopic growth and the activationPlain area, Massling et al. (2009) and Meier et al. (2009) re-
of aerosol particles to cloud droplets, based on the aerosol’'sently reported the hygroscopic properties measured in Bei-
physicochemical properties {iler, 1936). However, these jing city using various instruments including the H-TDMA.
detailed properties are not always available for ambientHowever, due to technical limitations, most of these con-
aerosols. Size-dependent mixing states of various chemicalentional H-TDMA field studies were conducted at the RH
compositions also increase the complexity. Recently, severalanges below 90%. Detailed hygroscopic properties of at-
single-parameter schemes have been proposed to simplify thmospheric aerosols at RHs above 90% are still very scarce.
Kohler equation. Hygroscopicity parameters suclk @and  Considering that the hygroscopic growth factors at high RH
pion have been defined as proxies of chemical compositiorare highly sensitive to aerosol chemical composition and are
to represent aerosol hygroscopic growth as well as the abilmore closely related to cloud droplet activation behaviours,
ity of aerosol particles to become cloud condensation nuclethere is a strong need to measure the detailed hygroscopic
(CCN) (Petters and Kreidenweis, 2007; Wex et al., 2007).properties for ambient aerosols at RH above 90%.
Moreover, Rissler et al. (2010) recently overviewed several In this paper, we focus on measurement of the aerosol
models which describe the aerosol hygroscopicity and thehygroscopic properties in a polluted megacity area at RH
CCN activation. It is worth noting that the hygroscopicity values above 90%. The High Humidity Tandem Differen-
parameter g or pion) for the Kohler model is not always a tial Mobility Analyser (HH-TDMA) developed by Hennig
constant with respect to RH, especially for the range of RHet al. (2005) was applied in the field study to determine the
above 90%. This parameter is linearly proportional to thehygroscopic properties of ambient aerosols at 90%, 95% and
number of soluble entities per dry volume. Laboratory stud-98.5% RH. The hygroscopic growth factors and number frac-
ies using LACIS (Leipzig Aerosol Cloud Interaction Sim- tions of different hygroscopic groups are analysed. The cal-
ulator) observed an increased hygroscopicity parameter by aulated hygroscopicity parametersare presented, and the
factor of 4—6 for secondary organic aerosol (SOA) in the RH-size-dependent values are parameterized to facilitate the
range from below 90% to 99.6% (Wex et al., 2009; Petters efapplication of our result in models. The diurnal variations of
al., 2009), indicating a significant increase in the number ofaerosol mixing state revealed by detailed hygroscopic prop-
soluble entities per dry volume as the RH increases at higlerties are also discussed, and these diurnal patterns are in-
RH. The RH-dependency af could be crucial for the pre- terpreted by modelling simulations using a state-of-the-art,
diction of CCN number concentration. For ambient aerosols particle-resolved aerosol box model PartMC-MOSAIC de-
validations of the applicability of single-parameter simplifi- veloped by Riemer et al. (2009).
cation at RH above 90% through field measurements using
humidified tandem differential mobility analyser (H-TDMA)
technique are necessary and are rarely reported in the current
literature.

Ambient aerosols are external and internal mixtures of par-
ticles with different chemical compounds such as soot, sul-
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2 Data and methods o
41 N
2.1 Description of the measurement campaign

This investigation is part of the project HaChi (Haze in

China), which was conducted by the collaboration of Peking

University (PKU), China and Leibniz Institute for Tropo-

spheric Research (IFT), Germany. During an intensive field 40° N

campaign in July—August 2009, the aerosol number-size dis-

tribution, hygroscopicity, size resolved and bulk CCN activa-

tion properties (Deng et al., 2011), chemical composition and

optical properties (Ma et al., 2011) were measured at ground

level. The period of the HH-TDMA measurements analysed

in this study is between 17 July 2009 and 12 August 2009,

namely, HaChi summer campaign. The HH-TDMA system 39° N

was located in an air-conditioned mobile laboratory with well

controlled room temperature. Air was sampled through a low

flow PMyq inlet. The aerosol flow was dehumidified to a rel-

ative humidity below 30% by an automatic aerosol dryer unit 5 S S S

(Tuch et al., 2009) on the roof of the laboratory before iten- 115 E 116 E 117 E 118 E

tered the measurement systems. _ _ . o

. . . Fig. 1. Map shows the site location (red star), major cities in the

|\/|;—tz(;rg?ggiil;:egte;;':;[ozlte(ggz’stnulalt;%’ réeXt?tZ r;hae SVYl)'Iqmiicinity (red and blue circles) anq contour Iings pf the 4-yr av-
. . ' b =/ erage MODIS AOD (Aerosol Optical Depth) distribution (2005—

The site is located in the west of the town, surrounded by2008] 01° x 0.1° resolution).

an area with mixed agricultural, residential and industrial

land use. Figure 1 shows the location of the measurement

site, nearby major cities and the distribution of 4-yr averages > |nstrumentation and data

(2005—-2008) AOD derived from the Moderate Resolution

Imaging Spectroradiometer (MODIS) at 550 nm wavelength.s 5 1 HH-TDMA

The contour map of AOD shown in Fig. 1 demonstrates the

region of high AOD from the edge of the North China Plain The main instrument used in this study was a High Humidity
(north and west of Beijing) expanding to the south and eastrandem Differential Mobility Analyser (HH-TDMA). The
with AOD exceeding 0.6, indicating the heavy pollution in L TpDMA was designed to measure size-resolved hygro-
the North China Plain. Around cities such as Beijing (with scopic properties for laboratory and ambient aerosol at RHs
about 16 million inhabitants), Tianjin (10 million inhabi- petween 90% and 98.5% (Hennig et al., 2005). The gen-
tants) and Baoding (1 million inhabitants) AOD values ex- gra| principle is similar to that of the hygroscopicity tan-
ceed 0.8 which reflect the major anthropogenic aerosol emisgem mobility analyser system (H-TDMA; Rader and Mc-
sions in these areas. Wuging is a suburban district of TianjirMurry, 1986). However, in the conventional H-TDMA-
(with about 0.8 million inhabitants) located among a clus- system, the temperature fluctuations may cause instabilities
ter of large cities. The urban areas of Beijing and Tianjin areof RH in the second DMA. The direct humidification has
80 km to the northwest and 30 km to the southeast of Wuqingits technical limit as well, because the water vapour trans-
respectively. Tangshan (4 million inhabitants) and Baodingport through semi-permeable membranes is limited (Hennig
are two other cities in the North China Plain 130 km to the et 51, 2005). Due to these limitations, a stable humidification
northeast and 160km to the northwest of Wuging, respecyof the aerosol and sheath air is difficult to maintain for RHs
tively. The average AOD at Wuqing is about 0.7, which is gpove 90%. To measure the aerosol hygroscopicity at high
close to the regional average value of the large polluted aregHs, the set-up of the HH-TDMA-system was re-designed
in the North China Plain. Therefore, it is an optimal site to minimize the temperature fluctuation in the humidification
for field studies which represents an average pollution Ievelprocess and in the size distribution measurement.
for aerosol measurements in the megacity region. The site Similar to the H-TDMA-system, the HH-TDMA consists
is thus representative of the regional polluted aerosol in they yyo DMAs connected in series with a humidity condition-
North China Plain. The site is in the GMT +08:00 time zone. g section between them. The first DMA extracts a narrow
All times in the paper are reported as GMT +08:00. size increment from the ambient polydisperse aerosol and is
operated at RH: 5%. This nearly monodisperse aerosol is
exposed to a well-defined, higher RH in the humidity condi-
tioning section, and the increase of the particle size due to the
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water uptake is determined by the second DMA. Different surement scan of the humidified aerosol number size spec-
from the conventional H-TDMA, two separate temperature trum, the mean temperature at the DPM should be within the
controlled water baths are employed to control the temperarange between 19.9C and 20.10C, with a standard devi-
ture of humidity conditioning section and temperature of theation smaller than 0.08C. The standard deviation of DPM
second DMA, respectively. A constant temperature decreas®H should be smaller than 0.25%. The threshold values for
of approximately 2 K is maintained between the second wa-the maximum standard deviations of RH and temperature in
ter bath (for the second DMA, operated at’Z) and the first  the humidity conditioning section are 0.5% and Q5 re-
water bath (for the humidity conditioning section, operated atspectively. Any scans with larger deviations in RH or tem-
22°C). The humidity conditioning section can humidify the perature than the threshold values have been screened from
sheath air and the aerosol flow to RH values lower than 90%he data set. Over the whole period of HaChi summer cam-
(about 77%~ 83% in this study) by regulated mixing of dry paign, 11.4% of the measurement data were excluded using
air (<5% RH) and humid air{95% RH). The final RH, up  the criteria described above.
to 98.5%, is produced by decreasing the temperature of the
second DMA relative to the humidity conditioning section. 2.2.2 Data analysis and inversion algorithm
A dew point mirror (DPM) is located in the excess air line of ,
the second DMA to measure the RH inside. Temperature and N€ goals of the H-TDMA measurement and data analysis
RH stability tests conducted by Hennig et al. (2005) showeg@Pproach are to obtain the probability distribution function
that the absolute temperatures in HH-TDMA-system can bePf the growth factor (GF-PDF), hence the mean GF and the
maintained within=0.1 K, the stability within+0.02 K and number fraction (nf) for dlfferentgrowth.factor ranges. In_the
the RH in the second DMA reaches an absolute accuracy offH-TDMA-system, the dry particles with specific mobility
+1.2% for 98%. More detailed information regarding the diameter are selected by the first DMA and the number size
HH-TDMA-system is provided by Hennig et al. (2005). dls_trlbutlon of the humidified aerosol particles is determined
During the HaChi summer campaign, the RH values of theuSing the second DMA and CPC. The measured growth fac-
second DMA were set to be 90%, 95% and 98.5%. The dr);or distributions can be calculated by dividing the size of the
diameters selected by the first DMA were set to be 50 nrn,humidified pgr_ticle _by the size oflthe.dry particle. However,
100 nm, 200 nm and 250 nm. For calibration, the growth faC_due.to the' finite widths of the size increments of selegted
tors of ammonium sulphate particles with 200 nm dry Sizeparhcle; with two DMAs, the measu.red distribution function
at low RH (approximately 22.5% in this study) and at 90%, (MDF) is a skewed and smoothed integral transform of the
95% and 98.5% RH were measured every day. The hygroactual growth factor probability distribution function (GF-
scopic behaviour of the ammonium sulphate particles is welPDF: ¢(GF)) (Gysel et al.,, 2009). Therefore, a data inver-
depicted by the hler theory with a parameterized van't Son procedure is needed to retr!eve the_GF-PDF from the
Hoff factor as a function of molality (the molality is de- measured data.'Here, .the TDMAInv algorithm (Gysel et al.,
fined as the amount of constituent divided by the mass 02009) was applied to invert each scan of the HH-TDMA-
the solvent water, unit: molkd). The parameterization r_neasgred number size distribution ofhum_ldlfled ae_rosol par-
scheme for 0.% molality < 5.5molkg™* was taken from ticles into the actual GE-PDF. Thg TDMAinv algorlthm has
Low (1969), while that for 105 < molality < 0.1 mol kgt bgen succ_essfully applied to ambpnt H-TDMA data in pre-
was taken from Young and Warren (1992). Since 200 nmwous.studles (Gysel et a_l., 2007; Sjogren et al.., 2002}). Ir'1th|s
ammonium sulphate particles are unable to take up water g&/90rithm, the GF-PDF is assumed to be a piecewise linear
RH lower than the deliquescence point (about 80%) in thefunct!on in fixed growth factor intervals and it is normalized
HH-TDMA, the low RH scans were applied to calibrate any 0 Unity (/ c(GPdGF=1). _
possible offset in sizing by the second DMA cf. the first, To facilitate the comparison of th_e measurement_s at differ-
as well as to determine the TDMA kernel function, which €Nt RHS, a hygroscopic parametefs calculated using the
describes the instrument response used in the inversion algéléfinitions of Petters and Kreidenweis (2007):
rithm (see Gysel et al., 2009). Ammonium sulphate scans at 5 1 4osjaMy
RH values greater than 85% are applied to correct the RH (GH)=(GF —1)- [geXp(RT—DGF)_l}
difference between the second DMA and the DPM at high Pw 0
RH range between 90% and 100%. The flows in the HH-whereS represents the saturation rati®ié the same as the
TDMA system were checked by a Primary Standard Airflow RH at subsaturation regime, e.§.= 0.9 while RH =90%),
Calibrator (Gilian Gilibrator) daily during the measurement py, is the density of waterM,, is the molecular weight of
period. water,o g/a is the surface tension of the solution/air interface,
In the data quality control routine, the temperature and RHR is the universal gas constart,is the temperature)g is
values recorded by the DPM (placed in the second DMA)the diameter of dry particle anbl is the diameter of the hu-
and two capacitive RH/temperature sensors (placed in thenidified particle, GF =D/ Dy. In this study, the temperature
humidity conditioning section) were used to check the tem-used in thex calculation is 20C, and the surface tension
perature and RH stabilities of the system. For a valid mea-of the solution/air interface s/ is assumed to be the same

1)
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as the surface tension of the pure water/air interface (aboutompositions (or mixing ratio of chemical compounds), the
0.0728Nntt at 20°C). bimodal distribution of a GF-PDF ori&aPDF generally indi-
Moreover, the concept of-PDF (Probability Distribu- cates an external mixture. The size-resolved CCN activation
tion Function ofk, c¢(x)) is introduced in this study, which ratio at given supersaturations can be also derived from the
represents the normalized distribution ©f The «-PDF  size-resolved-PDF. Recently, an article by Su et al. (2010)
is converted from the GF-PDF for each scan. The en-gave a detailed description of the hygroscopicity distribu-
semble mean growth factor is defined as a volume equivation concept, similar to the-PDF used here, for modelling
lent mean value of the GF-PDF over the whole GF range:aerosol mixing state with regard to hygroscopic growth and
GFmean= (/ GF*-c(GPHdGPY3. The volume equivalent CCN activation. Sjogren et al. (2008) suggested using the
mean growth factor represents the equivalent growth factor ifstandard deviatioa of the inverted GF-PDFo(gF) as a mea-
the absorbed water was equally distributed among all partisure for the spread of growth factors. In this study, we cal-
cles. The mean hygroscopicity parametergdan are calcu-  culated the standard deviatienof «-PDF (o) to estimate
lated from Geanusing Eq. (1), which are basically equiva- the spread of, thus represent the state of mixing in terms of
lent to the mean value (1st-moment) of > DF. hygroscopic growth. Any scan with largeof «-PDF value
Due to a degree of regularity in the complex mixing state (e.g., >0.08) indicates that aerosol particles are highly ex-
of ambient aerosols, different groupings in terms of modes ofternally mixed, while smalé of «-PDF value (e.g.<0.08)
hygroscopic growth of particles were frequently and repeat-indicates a state of low degree of external mixing or quasi-
edly observed in our field campaigns. Accordingly, we clas-internal mixing. In this paper, the standard deviations of GF-
sify the particles into a nearly-hydrophobic (NH) group, a PDF and¢-PDF for NH and MH modes are also presented.
less-hygroscopic (LH) group, and a more-hygroscopic (MH)
group. Conventionally, the soluble particle volume fraction 2.2.3 Correction of HH-TDMA data to set RHs
eas (using ammonium sulphate as the reference compound)
is used to define the boundaries for different groups of hy-The HH-TDMA instrument was set at 90%, 95% and 98.5%
groscopic growth (Swietlicki et al., 2008; Svenningsson etRHs. Over the whole summer campaign, the deviations
al., 1994; Swietlicki et al., 1999; Rissler et al., 2006). In of actual RH (measured by the DPM and calibrated using
this study, we use the parametens an equivalent alterna- the ammonium sulphate particles) from the set value were
tive to establish boundaries for each grouping of hygroscopicsmaller than 1.5% for 90% RH, while for 95% and 98.5%
growth. The following values ok have been determined RH the deviations were normally withih0.5% from set val-
to be suitable for most of our data to separate the hygro-ues. For each measurement, thenfadn and GRH,LH MH
scopic groups (GF values are for 100 nm dry size particlesvere corrected using-Kohler model, i.e., the corrected GF

at RH =90%; these values varies at other size or RH): values were recalculated at their nominal values using the
) ] For GF-PDF, the RH correction is more complicated. Since
Nearly— hydrophobic particle$\H) : thex-Kohler model cannot be solved analytically for GF us-

ing RH andx, they-model (Eqg. 4 in Gysel et al., 2009) was

chosen to calculate the RH correction for GF-PDF. The

model overcomes the computational difficulty of thenodel

in correcting GF-PDF, and comparison shows that the correc-

k =0.10— 0.20(GF=1.21—1.37): tion usi_ng the_y-model Yields nearly_ the_same results as the
correction using the-Kdhler model in this study.

k <=0.10(GF<=1.21);

Less— hygroscopic particlggH) :

More— hygroscopic particlegviH) :
2.3 Regional meteorological model and aerosol box

k > 0.20(GF> 1.37) model

For each measured spectrum, the HH-TDMA data is pre2.3.1 The WRF model
sented as the hygroscopic growth factor (ftH,.mH)
and number fraction (R 1 mH) for each group. The In this study, the Weather Research and Forecast Model
GFwH,LH.MH Values are calculated as the volume equiv- (WRF, Skamarock et al., 2005) version 2.2 was used to
alent mean of the GF-PDF within the GF boundaries ofgenerate the gridded meteorological fields. The simulation
each group. The corresponding hygroscopicity parametersises two nested domains with one-way nesting at resolutions
KNH,LH,mMH are determined by the GlR, (1 mH using Eq. (1).  of 18km and 6 km, with 10% 101 (1800 kmx 1800 km)
The state of mixing of aerosol particles can be derivedand 250x 250 (1500 kmx 1500 km) grid cells, respectively.
from the GF-PDF ok-PDF of the measurement scans. Each There are 27 vertical levels using the eta coordinate in
GF-PDF orx-PDF represents a hygroscopicity distribution the simulations. The initial and boundary conditions were
of particles with the same dry size. Since particles with dif- taken from the Global Forecast System (GFS, NCEP FNL,
ferent hygroscopicity generally represent distinct chemicall.0x 1.0°) data at a 6-h resolution. The Yonsei University
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(YSU) boundary layer scheme (Hong et al., 2006) and thesumed varied gas phase emissions throughout 06:00 to 18:00
5-class microphysics scheme (WSM5) were used in theaccording to a typical diurnal cycle found in a polluted urban
model. The simulated meteorological fields were availablearea.
from 00:00 on 11 July to 00:00 on 15 August 2009 (UTC) The initial aerosol distribution, which is representative of
for HaChi summer campaign. To better adapt the bound-a regional average particle distribution, is tri-modal with an
ary conditions provided by NCEP data, the whole campaignAitken mode and two accumulation modes. The modal pa-
was separated into several continuous 3-day short periods fammeters of this distribution were adjusted to make the simu-
WRF simulations. Each WRF run was initialized 12-h before lated aerosol concentration and distribution generally consis-
the corresponding period, and the first 12-h data were usetent with the observations using a TDMPS (Tandem Differ-
for modelling spin-up followed by the 3-day simulation pe- ential Mobility Particle Sizer) combined with an APS (Aero-
riod. The meteorological fields were output and stored everydynamic Particle Sizer). The initial aerosol was assumed to
hour for analysis. In this paper, the simulated boundary layerconsist of (NH)>S0O4, POA and BC, with mass fractions of
(PBL) height was applied to initialize the PartMC-MOSAIC about 60%, 35% and 5%, respectively. The composition of
model (see Sect. 2.3.2). This high resolution meteorologi-each particle was assumed to be identical, i.e., the initial par-
cal field is also applied in other studies under HaChi project ticles were assumed to be internally mixed. khealue of
such as back trajectory calculation (e.gok@l et al., 2011).  the initial aerosol is about 0.36. The mass concentration of
the initial aerosol was about 40 pg) which is higher than
2.3.2 The PartMC-MOSAIC model that assumed in Riemer et al. (2009), representing the strong
regional aerosol pollution in the North China Plain.
The PartMC-MOSAIC recently developed by Riemer et InRiemer etal. (2009) and Riemer et al. (2010), a constant
al. (2009) is a stochastic particle-resolved aerosol box modelparticle emission was assumed during the day between 06:00
which explicitly resolves the composition of individual parti- to 18:00 h LT, and all emissions were switched off during the
cles in a given population of different types of aerosol parti- night. Three types of carbonaceous aerosols were considered
cles. The PartMC model uses a Monte-Carlo approach foin the emission: (1) meat cooking (100% POA), (2) diesel
simulating the coagulation process stochastically. Particlevehicle emissions (30% POA, 70% BC), and (3) gasoline
emissions as well as the dilution with air representative of thevehicle emissions (80% POA, 20% BC). This assumption
lower free tropospheric above the nocturnal boundary layeregarding emissions represents an urban plume scenario as
are also modelled in a stochastic manner. The PartMC waslescribed in Riemer et al. (2009). Here, by contrast, we as-
coupled with a new state-of-the-art aerosol chemistry mod-sume a particle emission with the same aerosol types, size
ule MOSAIC (Model for Simulating Aerosol Interactions distribution and composition as described by Riemer. How-
and Chemistry, Zaveri et al., 2008), which simulates the gasever, particle emission was not switched off during the night
and particle phase chemistries, particle phase thermodynan{19:00-07:0 h LT), but changed to 1/2 strength of that during
ics, and dynamic gas-particle mass transfer in a determinisf7:00-19:00 h LT instead. The emission rate during 07:00—
tic manner. The coupled system predicts number, mass an9:00 LT was assumed to be the same as that used in Riemer
full composition distributions. It treats all globally impor- et al. (2009). The assumption concerning particle emission
tant aerosol species including sulphate, nitrate, chloride, carin our study is basically consistent with the diurnal pattern of
bonate, ammonium, sodium, calcium, other inorganic massblack carbon (BC) concentration during HaChi summer cam-
primary organic aerosol (POA), secondary organic aerosopaign observed by the MAAP (Ma et al., 2011), which gen-
(SOA), and black carbon (BC). The hygroscopicity parame-erally shows a higher value during the nighttime and lower
ter  for each aerosol particle is assumed to be the averagealue during daytime. This diurnal variation can be inter-
of thex values of the constituent species weighted by theirpreted as a result of the diurnal variation of emission rate
volume fractions. The assignment of individualalues is  combined with the diurnal evolution of mixing height. A
taken from Riemer et al. (2010), assuming 0.65 for all  continued though lower emission of soot particles at night
salts formed from the Nj-SO;~-NO®~ systemx =0.1for  coupled with the shallow nocturnal mixing layer results in a
SOA, « =0.001 for POA and =0 for BC. higher concentration of BC during the night.

The simulated scenario represents a Lagrangian air parcel The PartMC-MOSAIC model is applied in this study to
over a large megacity region. The simulation period is startedsimulate the diurnal variations of aerosol hygroscopicity and
at 18:00h, 6 August and ended at 18:00 h 9 August 2009mixing state for a 3-day scenario (from 6 to 9 August 2009).
The model was initialized 12-h before the simulation period Comparison between the simulated results and the measure-
for model adjustment. The mixing layer height was initial- ments of the HH-TDMA are presented in Sect. 4. The pro-
ized based on the PBL height simulated by the WRF modelkesses of coagulation, gas and particle phase chemistries and
and the temperature and water vapour mixing ratio were seévolution of mixing layer are considered in the model, thus
based on the measurements. The initial gas phase concentréreir effects on aerosol hygroscopicity and mixing state can
tions and emission rates are the same as the idealized urbdre estimated.
plume scenario described by Riemer et al. (2009), which as-
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NH  LH M described in Sect. 2.2.2 is shown to be appropriate (see
(a1) Dy=50nm — (42) B,=80nm S—e Fig.2 a2—d2), since this classification adequately captures the
' —98.5% NH mode and the MH mode for most scans at all RHs and

: = 08.5%

(b1) D,=10ghm
L ‘MJ\

(d1) Dy=250n)

for all dry diameters. The transition regions between the two
distinct modes are defined as the LH group, which is overall
less important in this study though the LH group has a larger
fractional contribution to the PDF at smaller sizes. The av-
eragex-PDF represents the probability of the occurrence of
particles with different hygroscopicity. It means that not only
the mixing state but also the temporal variability of hygro-
scopicity contributes to the spread«efDF.
@) D=250nm! It is noted that ther value for the peaks of the NH mode
b in thex-PDFs decreases slightly as the RH increases. How-
ever, considering the inversion resolution (0.075 in GF for
;% ——— YT FE YRR 90% RH and 0.125 for 98.5% RH) and the instrumental un-
Growth Factor (D,/Dy) Hygroscopicity Parameter « certainty limits, it is not easy to resolve the detailed hygro-
scopicity distributions for the nearly-hydrophobic particles,
Fig. 2. Averaged probability distribution functions ¢a1-d1) especially at 90% RH. The slight shifts of NH modexin
growth factor (GF-PDF){a2-d2) hygroscopicity parametar («-  PDFs do not necessarily indicate that the hygroscopicity of
PDF); dashed lines represent the boundaries of the three d.eflneﬂile NH group particles has a RH-dependent behaviour. As
E?éﬂ?gﬁﬁ:fngro:;’;; :?tr? were averaged over the whole period ofe R increases from 90% to 98.5%, the peak of NH in GF-
paign. PDF remains at GF =1.1, but the spread becomes wider at the
same time. We also calculated the number fractions of par-
ticles with GF< 1.2, and the results show that these values
decrease significantly as the RH increase, as presented in Ta-
ble 1. Taking particles with 100 nm dry size as an example,
3.1 Distributions of GF and « the number fractions of GE 1.2 at 90%, 95% and 98.5%
are 0.16£0.10, 0.14+0.09 and 0.09=0.08, respectively.
Figure 2 shows the average GF-PDF and the correspondBy contrast, the number fraction of particles with< 0.1
ing average -PDF for particles with 50 nm, 100 nm, 200nm (NH group) at three RHs are 0.#60.10, 0.18:0.11 and
and 250 nm dry diameters. The set values of RH are 90%0.15+ 0.11. This result indicates that some particles in the
95% and 98.5%, and the effect of instrumental RH fluctua-NH group are internally mixed with small amounts of solu-
tion on GF-PDF has been corrected (see Sect. 2.2.3). Parble materials (e.g., sulphate, nitrate, etc), or SOA with some
els (al)-(d1) show that the average growth distributions ofsparingly soluble materials; thus, an observable growth be-
50 nm, 100 nm, 200 nm and 250 nm particles are uniformlyhaviour appears at very high RH95%). This slight change
bimodal. A dominate more-hygroscopic mode and a smalletin hygroscopic growth behaviour cannot be resolved without
but distinct, nearly-hydrophobic mode can be observed fortaking advantage of the high RH hygroscopic measurement.
each averaged GF-PDF. The peaks of MH modes in GF- The statistics of the HH-TDMA measurements are sum-
PDF shift significantly from about 1.4-1.6 to 2.1-2.8 (de- marized in Table 1. The patrticles are classified into the dif-
pend on different dry diameters) as the RH increases fronferent hygroscopic groups, as described in Sect. 2.2.2. The
90% to 98.5%, whereas the peaks of NH modes only shiftmean GF, mear, mean nf, spread of GF andfor the NH
very slightly from about 1.1 to a value of about 1.2; the and MH groups for the whole HaChi summer campaign are
spread of both modes becomes wider as the RH increasepresented. These parameters, calculated as ensemble mean
For the average GF-PDFs with same RH, the peak of MHfor all groups, are presented as well. The diameters of MH
mode shifts to larger values when the dry diameter increasepatrticles grow significantly at RH ranges from 90% to 98.5%.
from 50 nm to 250 nm, indicating that the hygroscopic parti- Taking particles with 100 nm dry size as an example, the
cles with larger dry diameters generally have greater growttmean GF for the MH group at 90%, 95% and 98.5 RH are
factors compared to the smaller hygroscopic particles. Pan1.54, 1.81 and 2.45, respectively; whereas the mean GF for
els (a2—-d2) show that the measurements at 90%, 95% anNH group particles increases slightly from 1.08 at 90% RH
98.5% RH generally achieve similar average distributions ofto 1.24 at 98.5% RH. No significant variations of meaar
hygroscopicity parametar, indicating that the hygroscopic nf were observed at different RHs. Both mean GF and mean
growths of monodisperse particles measured at different RHg for all groups and for MH groups increase as a function of
yield consistent results via theKohler model. Similar to  particle dry diameter. For NH group particles, the mean
the GF-PDF, two distinct modes can be seen for gaBfDF. decreases from about 0.05 for 50 nm particles to about 0.02
The classification of the three different hygroscopic groupsfor 250 nm patrticles.
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3 Experiment results
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Table 1. Summary of the HH-TDMA measurements of hygroscopic growth at 90%, 95% and 98.5% RH during HaChi summer campaign
(mean valuet1 standard deviation).

Dry diameter (nm) 50 \ 100 \ 200 \ 250

RH (%) 90 95 98.5| 90 95 98.5] 20 95 98.5] 90 95 98.5
Number of scans 226 218 205 758 320 416 244 221 218 168 156 151
inversion resolutio\ GF 0.075 0.075 0.1 0.075 0.075 0.124 0.075 0.075 0.125 0.075 0.075 0.125
Number fraction of GR<1.2group ~ 0.22:0.14 ~ 0.13:0.11 0.07:0.0.08| 016£010 014009  0.09:0.08| 016+£009  014:009  010:0.08| 0.15£010  0.13:0.09  0.09:0.09

Nearly-hydrophobic group, NH

Number fraction 0.1&0.12 0.20+0.13 0.1A0.13 0.16+0.10 0.18+0.11 0.15£0.11 0.16+0.09 0.16£0.10 0.12:0.10 0.15£0.10 0.14:0.10 0.140.10
Mean GF+ std (when present) 1.180.03 1.16£0.04 1.25+0.08 1.08+0.02 1.13:0.06 1.24+0.13 1.07+0.02 1.10£0.05 1.170.14 1.06+0.02 1.09£0.04 1.15£0.15
Mean spread of GF 0.04+0.01 0.07:0.02 0.1140.03 0.05+0.01 0.07:0.02 0.14+0.06 0.04+0.01 0.06£0.03 0.12:0.07 0.04£0.01 0.05+0.02 0.10+0.06
Meank + std 0.054£0.014 0.05H-0.013 0.049:0.017 | 0.034+0.011 0.032:0.016 0.031-0.019 | 0.028+0.010 0.0210.012 0.016:0.016 | 0.025+0.007 0.018:0.010 0.013:0.017
Mean spread of 0.023+0.005 0.024£0.006 0.023:0.007 | 0.023+0.006 0.022-0.008 0.0210.009 | 0.018+0.005 0.015:0.007 0.013:0.009 | 0.016+0.005 0.012:0.007 0.01G:0.007
More-hygroscopic group, MH

Number fraction 0.680.18 0.66+0.18 0.69+0.17 0.78+£0.12 0.75:0.13 0.79£0.14 0.81£0.11 0.82£0.12 0.85:0.13 0.84+£0.12 0.84+-0.12 0.87A40.11
Mean GF+ std 1.46+0.05 1.68£0.06 2.13:0.09 1.54+0.02 1.8+0.04 2.45£0.07 1.61+0.04 1.94:0.05 2.74:£0.09 1.63+0.04 1.98£0.05 2.8140.09
Mean spread of GF 0.0514+0.013 0.065:0.016 0.117A0.026 | 0.055+0.011 0.069:0.012 0.125:0.023 | 0.061+0.010 0.082:0.013 0.142:0.019 | 0.060+0.011 0.084#0.013 0.14G:0.018
Meank + std 0.31+0.04 0.30:0.04 0.310.04 0.33+£0.02 0.32£0.02 0.33:0.03 0.38+0.03 0.37:£0.03 0.38:0.04 0.39+£0.03 0.39:0.03 0.39:0.04
Mean spread of 0.045+0.012 0.0410.011 0.048:0.011 | 0.045£0.009 0.042:-0.008 0.0470.009 | 0.054+0.009 0.053:0.009 0.057:0.009 | 0.054+0.010 0.054:0.009 0.058t 0.009
Ensemble mean of all groups

Mean GF+ std 1.3%:0.07 1.570.10 1.970.15 1.48+0.05 1.70£0.08 2.310.12 1.54+0.06 1.84£0.09 2.61£0.14 1.57+0.06 1.89£0.08 2.70£0.13
Mean spread of GF 0.14+0.04 0.20+0.06 0.32:0.11 0.17+0.05 0.25+0.08 0.42£0.17 0.20+0.05 0.29+0.08 0.4740.20 0.20£0.06 0.29+0.10 0.45+0.22
Meank + std 0.25+0.06 0.24+0.06 0.25+0.06 0.28+0.04 0.26+0.04 0.28+0.04 0.32+0.04 0.31£0.05 0.33:0.05 0.34£0.05 0.33:0.05 0.35+0.05
Mean spread of 0.10£0.03 0.10+0.03 0.10+0.03 0.11+0.03 0.11£+0.03 0.11£0.04 0.13+0.03 0.13£0.03 0.12:0.04 0.13+£0.04 0.13:0.04 0.12+:0.05

3.2 Time series, meteorology and diurnal variation simulated period
10f DN
2 Nay :E‘ s i, W, ' N
. . L o
The meteorological parameters, e.g., wind direction (WD), =

wind speed (WS), temperatur@) and relative humidity Tty

(RH) were continuously measured at Wuging meteorologi- ;380 "“ 'u “ “. ‘. '.,‘ m‘,",‘ ‘ 0 ©
cal station by instruments which were beside the container: “" . \ ‘ . \ \ ‘ :
with the aerosol instruments. The time series of meteorolog: 5o e 5%720
ical parameters are presented in Fig. 3, panel (a and b). Th 5 oaf A '
ambient” and RH both show pronounced diurnal variation * ngW '
with high temperature and low RH during the day and the  $i G5 foom

opposite during the night. For particles with 100 nm dry di- = o4
ameter, the time series of hygroscopicity parameters for al o3}

Sk i A3 \ * b t a :
!l‘ dr .a.."mn,ulk‘i g b \A 40

groups Kmean, MH group (mH) and NH group £nw) are oref @ B0

shown in panels (c—e), and the number fraction of MH group z 2

(nfun) and NH group (nfn) are illustrated in panels (f— oot

g), respectively. Panels (c—g) demonstrate that the hygro o

scopicity parameters and number fractions measured at 90% € ot .

95% and 98.5% RH generally yield consistent results, indi- = 5o 0 ,100m " o0 e 059 o085 ]
cating that the RH-dependence of aerosol hygroscopicity of@ 5,=1000m ‘ ‘ T e o anom ]
is notimportant in the RH range between 90%—98.5% in this 5 aof i ‘ w b oa ot

study. Figure 4 depicts the results of autocorrelation anal- = 2
ysis for meteorological parameters (panel a) and«f@gan °
xkmH and nfyy of 100 nm dry diameter particles measured at
three RHs (panel b). The correlation coefficient of ambientr;y 3 Time series of meteorological parameters and hygroscopic
T and ambient RH show sinusoidal variations, with high val- properties of 100 nm particles in the HaChi summer campdign.

ues of 0.5-0.6 whem =24, 48 and 72h, demonstrating wind speed and wind directior(p) temperaturgT) and relative

the pronounced diurnal variations of these variables. Thes@umidity (RH); (c): mean« (averaged over both modes, 100 nm
results are consistent with those depicted in Fig. 3a, b. Simdry diameter);(d): « of more-hygroscopic group particlege):

ilarly, autocorrelation analysis shows that the diurnal varia-« of nearly-hydrophobic mode particle§f): number fraction of

tion of nfyy is very pronounced, and that ®fneanis rela- ~ more-hygroscopic group particle@): number fraction of nearly-
tively weaker, but it is still significant. The diurnal variation hydrophobic group. The dashed lines represent the average value of
for thexmy was found to be less obvious (see Fig. 4b). Sim-&ach parameter.

ilar analyses were also done fokspf and«ny (not shown in

the figure), and both show significant diurnal variations. The
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g \ ‘ cles is relatively stable during the measurement period. The
@) 2T oRH A Ws r oc—0.01+ - L .
AB variation of hygroscopicity of all groups is largely due to the

crit’
O . . . . .
83 Mﬁ% W‘ diurnal variation of number fraction of NH group particles.
of g masast™" 0 e The average diurnal variations @fhean «my and nfyy

= S
goi g:gg? 8 £ EA of 50 nm, 100 nm, 200 nm and 250 nm dry diameters during
§ gg R °°<3° o "’°°°‘ ] HaChi summer campaign are presented in Fig. 5a—c. These
s 1 /e B N o parameters generally show different characteristics between
= A N = nm . . .
g ose ®) o B —100mm] daytime and nighttime measurements. An apparent feature
S gj 2 . Kmea"D Z100nm | of the diurnal pattern is that the yp§ of all dry diameters

0ol g“auuu., pﬁwmmm e e changes significantly with time of a day (see Fig. 5¢). The

ol A%meu-! average njy between 18:00 to 09:00 (nighttime) is about

P4’ p—
e

oo T st T 20%, while between 09:00 to 18:00 (day-time) it is about 8%.
VA 18 2 30 35 a2 48 = o0 6 2 A significant decrease and rapid increase gnvere often
At (h) observed at 08:00 to 10:00 and at around 18:00, respectively.

Figure 5a shows that the averaggeanfor 100 nm, 200 nm
and 250 nm particles increases slightly during the day, while
relative humidity (RH) and wind speed (WS}) number fraction the averag&mean for 50 nm ncreases Slgnlflca_ntly, repre-
of nearly-hydrophobic group (Rfy), Meanc (kmean andx of more senting that the hygroscopicity of aerosol particles with 50

hygroscopic groupdyr). The dashed lines show the significance to 250 nm dry diameters is enhanced during the day due to
level of 0.01. the decrease of the fraction of NH particles. The differences

of kimn for particles with different dry diameters are smaller
during the day than during the night (see Fig. 5b), indicating
that during the day the chemical composition is more evenly
distributed across dry diameter. Figure 5d indicates that the
spread ofc-PDF, which basically represents the dispersion of
chemical composition (in terms of the hygroscopic growth)
among particles with the same dry diameters, decreases dur-
: — P ing the day.

e g . - The diurnal patterns of the parameters mentioned above

reflect the variation of aerosol mixing states. The high num-

Fig. 4. Autocorrelation analysis of meteorological parameters and
hygroscopic properties of 100 nm particle@) temperaturgT),

F os! = _ == ber fraction of NH particles during the night indicates that

' wes vy B, SngRleat Ll S the freshly emitted hydrophobic particles, (e.g., fresh soot or
020 primary organic aerosol, see Petters et al., 2006 and Zhang et
ol (6)  [==1hrunningavg. - 90%RH - 95%RH - 98.5%RH]| al., 2008) have accumulated in the surface layer, apparently

,Q : : e externally mixed with the hygroscopic particles. During the

day, the fraction of NH mode, Rf; is smaller (see Fig. 5¢),
indicating that aged aerosol was dominant in the atmosphere
near the surface. Figure 5a, b, and d show clearly that differ-
ences in hygroscopicity,, among particles are less apparent
during the day, indicating that the extent of external mixing
is lower in the daytime compared to that at night. Similar
results regarding the diurnal variations of aerosol hygroscop-
i i S icity and mixing state were reported several previous stud-
T el “ e ies (e.g. Moffet and Prather, 2009; Lance, 2007; Rose et al.,
18 20 22 24 2011). These measurements were also made in megacity ar-
eas (Mexico City, Mexico, for Moffet and Prather, 2009 and
Fig. 5. Diurnal variations of aerosol hygroscopic properties; Lance, 2007; Guangzhou, China, for Rose et al., 2011).
(a) meank of all groups;(b) « of more-hygroscopic grougg) the
number fraction of nearly-hydrophobic groupt) the spread of-
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3.3 Hygroscopic growth at high humidity

Figure 6al—d1 show the hygroscopic growths of aerosol par-
time series and autocorrelation analysis indicate that the fracticles with 50 nm, 100 nm, 200 nm and 250 nm dry diame-
tion of NH particles, e.g., freshly emitted soot, varies greatlyters, respectively. The squares and crosses represent the aver-
during a day while the hygroscopicity of MH group parti- age growth factors of MH group and NH group measured by
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the HH-TDMA, respectively (corrected to the nominal RHs),  ss

X i O HHTDMA MH daytime MH daytime fitted
and the error bars denote the standard deviations; red ar soff ; imouandcane M mghtime fred
blue colours represent measurements during the day (09:0C || —— Ammonum suisie s
18:00LT) and during the night (18:00-09:00LT), respec- © ,,| @ p,5onm
tively. The fitted curves are-Kohler curves using the av-

(b1) D,=100nm

15

eragedc« measured at all RHs. The reference curves (greer e oo S A fo=:=° F-
solid curves) are calculateddKler curves for ammonium sof [l 2 5 =s0m (62) D=1000m

sulphate particles, using the scheme from Low (1969) anc= £

Young and Warren (1992). It can be seen that the growtt 32 9 92 94 9 98 100 90 9 94 9% 98 100
curves can be well described with the single-parameter (-

Kodhler model given in Eg. (1). Over time, remarkably con- (¢1) D,=200nm (41 By=250nm

sistent hygroscopic growths were observed for hygroscopic 2’5
group particles with all dry diameters. Compared to the hy- *°
groscopic growth factors of pure ammonium sulphate parti- ol } . {
cles, those of MH group particles with 50nm and 100nm _:° "‘(C;)’D‘:;O;n'm """ *‘(d’z)‘D‘:’ZS‘On’m' s
dry diameters reveal relatively lower values (see Fig. 6a1§23JU 0 °
and bl), indicating that these particles are quasi-interna ‘o i
mixtures of both inorganic compounds (e.g., sulphate, ni- RH (%)
trate and sodium chloride, with strong hygroscopicity) with
organic compounds (normally slightly hygroscopic or hy- Fig. 6. (al-d1)the hygroscopic growth of aerosol particles with
drophobic)' or an insoluble core (e_g_, soot or dust) with in_diﬁerent dry diameters of 50 nm, 100 nm, 200 nm and 250 nm, re-
organic coating. By comparison, MH group particles with SpeCtive'g The ErOWth fac.tozi/l |(_|(§F) of ”earmhydmpho?ic (N]':Rq

; roup and more-hygroscopic group are the mean values of the
iggpqgngigv?/tﬁ?g(;?rsgedelz?:ringétgcr:i gﬁ?g;; t?;f";g:;gﬁgf ?neasured GFs corrected to their set RHs (90%, 95% and 98.5%);

%he error bars represettls. d.; the blue and red lines are fitted

size, growth factors are as high as 1.6 at 90% and about 2.8 aly shier curves using the meanmeasured by the HH-TDMA:

98.5% RH (for 250 nm particles, nighttime measurements) e green lines are the hygroscopic growth of ammonium sulphate
These pronounced growths in diameter imply dramatic enparticles calculated following Low (1969) and Young and Warren
hancement in aerosol scattering with a correspondingly largg1992). (a2-d2) the mean number fractions of nearly-hydrophobic
change in other aerosol optical properties at high RHs. Th&NH) group, less-hygroscopic (LH) group and more-hygroscopic
hygroscopic growths of 200 nm and 250 nm MH group parti- (MH) group particles (from dark colour to light colour) with 50 nm,
cles are only slightly lower than those of the pure ammonium100 nm, 200 nm and 250 nm dry diameters.

sulphate particles, indicating that these particles contain large

fractions of inorganic compounds. The error bars offgF

measured by the HH-TDMA are generally small, indicating at 50nm and~6% at 100nm) but negligible for larger sizes
that the temporal variations of Gi at the same RH (due (<3% at200nm and 25 nm).

to the variations of hygroscopicity) are less significant than L

the variations of Gy due to the change of RH. The HH- 3.4 Parameterization of HH-TDMA data

TDMA measurements show that the hygroscopicity faetor
of MH group particles during the day is about 9% lower than
that during the night.

The hygroscopic growths for the NH group particles at
high RH are much weaker compared to those for the MH,.pq) — Blog(Dg) + C Do+ D )
group particles. The Giy values are generally lower than
1.2-1.3 during the night at RH 98.5%. During the day, the where B, C and D are fitted parameters. In Rissler et
average GRy values are slightly higher and the standard de-al. (2006), an equation similar to Eq. (2) as presented here
viations (which show the temporal variations) are larger thanwas used to parameterize the size-dependent variatidn of
those during the night. where A is identical tox in principle, if the Kelvin term is

Figure 6a2—d2 shows the average number fractions oheglected. Similarly, the nf is also parameterized as a func-
three hygroscopic groups during daytime and nighttime, retion of Dg using the same equation as Eq. (2), by replacing
spectively. No significant variations of nf values were ob- «(Dg) with nf(Dg). Examples for the parameterizations are
served at three different RHs for either daytime or nighttime presented in Fig. 7. The valueofor the MH group patrticles
measurements. Thenyf values measured at nighttime were measured during the night increases significantly with parti-
significant higher than that during daytime, while thenf  cle dry diameter, suggesting an increasing fraction of soluble
were higher during the day. The number fractions of thecomponents. However, thayy is significantly less than the
transition group, nfy, were larger at smaller sizes-{4% « of pure ammonium sulphate particles (green lines). During

15

To further facilitate the use of HH-TDMA data, can be
parameterized as a function of dry diametBg, using the
equation (Rissler et al., 2006):
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;_ Table 2. Summary of fitting parameters for the parameterization of
0.5 it d - SA SR B Aaabae e ] 1 ipti
5 T T T T E a x and nf; see Eq. (2) and Sect. 3.4 for description.
E 0.4
[}
5 B C D
803
2 : Summer daytime scans
2 e
§ 0.2 H daytime iy k more-hygroscopic group —0.150 0.000703 0.553
=4 e ate, 900 R « nearly-hydrophobic group —0.0391 —4.12x10~% 0.121
201 777 pmmonium Sufate, %550 R . « all groups -0.172 0.000807 0.553
!\5\ : nf more-hygroscopic group —0.0930 0.000664 0.963
o 1 1 1 ? $ nf nearly-hydrophobic group 0.0886 —0.000337 —0.0596
= [ o 90%RH ©o 95%RH A 98.5% RH] —
S aof d Summer nighttime scans
330* k more-hygroscopic group 0.0837 0.000228 0.144
< 20k I 1 « nearly-hydrophobic group —0.0926 0.000158 0.200
Z 1 ; « all groups 0.136 8.0810°> —0.0101
< # 4 nf more-hygroscopic group 0.644 —-0.00129 -0.408
0 50 100 150 200 250 nf nearly-hydrophobic group —0.166 0.000313 0.491
Dry diameter, D (nm)
summer average
Fig. 7. Parameterization of and nf. The upper panel shows ¥ mor?‘h%'géoscﬁpi; group o 8?12285 0 86%0102?%20 0 (1)52343
the parameterizations af as functions of dry diameter for more- ~ * N€ary-nvarophobic group =5 . .
hygroscopic group and nearly-hydrophobic group particles during « all groups 0.0533 0.000279 0.141
Y9 nf more-hygroscopic group 0.431 —0.000682 —0.0196

the day and during the night, respectively; the lower panel shows the
parameterizations of the number fractions of nearly-hydrophobic
group particles.

nf nearly-hydrophobic group —0.0770  3.0% 10> 0.314

. . ) as functions of dry diameter and RH (90%—-98.5%). For the
the day, t'hec.MH increases sllghtl){for diameters gregter than GF of NH group during the night at 98.5% RH, the parame-
100 nm, indicating that the variation of soluble fraction with ;o .-4 GFE deviates slightly from the measured values. Since

diameter is less pronounced than that during the night. FOgnq harameterizations are based on the measured size range
50nm MH particles, daytime measurements show strongegn_»cq nm, we do not recommend extrapolating Eq. (2) to

hygroscopicity, which suggest that the Aitken mode particlesy,ticles larger than 250 nm or smaller than 50nm. It is
may have different sources during the day from that during,q t to note that Meier et al. (2009) and Eichler et al. (2008)
the night. In contrast to the MH group described above, theysered a decreasing trend in GF for particles larger than
« of NH group particles decreases slightly as a function a dryznq nm, based on the measurements conducted in Beijing

diameter, for both day and night measurements. (North China Plain) and Xinken (Pearl River Delta in South-
In this study,« and nf for MH group, NH group and en- Eastern China), respectively. The decrease in hygroscopicity

semble mean for all groups during the day, during the nightfor large particles is because of higher contents of mineral
and during the whole period have been fitted empirically asdust.

described above. The values of the parameters in Eq. (2)

are summarized in Table 2. The parameterized GFs can be

derived by solving Eq. (1) using values calculated from 4 Diurnal variations of aerosol hygroscopicity and

Eqg. (2) combined with parameters in Table 2. A lookup ta- mixing state: a case study

ble was made for GF values as a function of dry diameter

and RH. The resultis illustrated in Fig. 8 panels (a—c), which4.1 Description of meteorological situation

show the parameterized mean GF of all groups for day-time,

night-time and whole period measurements, respectively. GHo better understand the chemical and meteorological pro-
values which are represented by the colour of the contoucesses dominating the diurnal variation of aerosol hygroscop-
lines can be read directly from the figure. Similar lookup icity and mixing state, a state-of-the-art, stochastic, particle-
tables or contour figures can also be made for each hygroresolved aerosol box model PartMC-MOSAIC was applied
scopic group separately, using the data in Table 2. To valto simulate the aerosol hygroscopicity and mixing state (see
idate our parameterization for GF, Fig. 8d presents a comSect. 2.3.2 for the description of the model). A 3-day period
parison between the parameterized GF and the measured Gifom 6 August 18:00 LT to 9 August 2009, 18:00 LT was se-
The comparison result shows that, in most cases our paraniected for the simulations. Influenced by the slow-moving ty-
eterizations adequately capture the variations of GF and nphoon “Morakot” near Taiwan about 2000 km south from the
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parameterized mean GF, all groups

1415 16 17 18 19 2 21 22 23 24 25 26 27 28 29 3 Table 3. Schemes used in different cases of the PartMC-MOZAIC
o _ — :‘ L. simulation.
(a)\daytime (b) [| \(c)whole peripd| | | |
200 case No. coagulation gas, particle mixing layer
£ phase chemistries height
= 150
g cl off off varied
100 A\ c2 on off varied
\ \ c3 on on varied
%5 90 o2 o4 9 9888 9 2 ?oi) 9% 988 90 92 94 9 98 c4 on on fixed (1000 m)
3 -’
@ % %@é@'
n 2o %{)»@@' lation process, particle emissions and dilution in a stochas-
3 ,ﬁu%’ tic manner; while the aerosol chemistry module MOSAIC
Z 2 ﬁ S sl dime (Zave_n e_t al., 2Q08) simulates the gas ar_wd particle phas_e
g ﬁ ° ;..Hg_rsg%:mgﬁu.epmd chemistries, particle phase thermodynamics, and dynamic
15 D Wnghiime gas-particle mass transfer deterministically. The effects of
MF 2 N e these mechanisms on aerosol hygroscopicity and mixing
i - s state can be isolated by designing different model simulation
parameterized GF cases. We initially assumedk2.0* particles in the air parcel

for the stochastic simulations. Table 3 shows the experimen-
Fig. 8. Contours show the parameterized mean growth factors oftg| design for the mechanism settings used in this study. For
all groups during(@) daytime; (b) nighttime; (c) whole period of  case 1, coagulation was switched off in PartMC model, and
HaChi summer campaigr{d) Comparison between measured and o \jOSAIC chemistry module was disabled in the simula-
parameterized growth factors; the error bars represent the one stala-on Different emission rates of anthropogenic carbonaceous
dard deviation of the measurements during the summer campaign ~ "~ | t for davti d niahtti Sect. 2.3.2
period; the dashed line shows the 1:1 line. aerosols were set for daylime and nighttime (see Sect. 2.3.2).

A variable mixing height (see Fig. 9a) was adapted from the

simulation of WRF model (see Sects. 2.3.1 and 2.3.2). Thus,

site, the synoptic situation of Wuging during this period was in this case, with condensation, photochemical oxidation and
’ coagulation processes disabled, increases of mixing height

relatively constant, with<3 m s east wind dominating this X ; : .
area most of the time (see Fig. 3a, where the selected perioﬁnfj entrainment of air from anf’F with a Iower_ concentration
is marked). The weather was cloud-free, without precipita-mc mtgrn_ally mixed aerosols during the morning, resulted in
tion. Under this meteorological situation, the pollution in the the dilution of surface aerosol concentrations and the change

surface layer was dominated by the local or regional emis-Of the overall aerosol mixing state. For case 2, the coagu-

sions. Thus, the meteorological situation was well suited forlt‘;Itlon process waslsV\I/:nched onsagfl o;hetr’\;gttmgosl \;vere kept
the investigation of the diurnal variations of aerosol proper- € same as case 1. For case s, the Far modet was cou-

ties via PartMC-MOSAIC. pled with the gas-particle chemistry module MOSAIC and
others were the same as case 2, so that all mechanisms men-
tioned above were considered in the case-3 simulation. For
case 4, to disable the entrainment of aerosol from aloft in the

Th | plausibl hani t lain the di aglorning, the mixing height was fixed to 1000 m (see Fig. 9a)
ere are several plausible mechanisms o explain the diumgg, oo ) case 3. The evolution of aerosol properties in the air
behaviour of aerosol mixing state, all of which are likely con-

. . ) . arcel were therefore driven by the aging processes e.g., co-
sistent with the measurements described in Sect. 3.2 (PettePs : : . . :
et al., 2006: Riemer et al.. 2009: Moffet and Prather, 2009_agulatlon, condensation of secondary organic and inorganic

. . ’ [ h hemical oxidation.
Lance, 2007; Rissler et al., 2006): (1) condensation of Sec_spemes, and photochemical oxidation

ondary organic and inorganic species onto the hydrophobig 3 sjmulated and measured aerosol properties

particles; (2) photochemical oxidation on the surface or in

the interior of hydrophobic particles; (3) coagulation of hy- The comparison of modelled and measured aerosol proper-

drophobic particles with more hygroscopic background par-ties is shown in the lower two panels of Fig. 9. The modelled

ticles; (4) the downward mixing by entrainment of more external mixed BC and POA (with < 0.1) are considered to

aged, hygroscopic particles from aloft due to the break-upbe a proxy for NH particles and are compared to the mod-

of the nocturnal inversion layer. elled total number concentration to yield a modelled nf. The
The PartMC-MOSAIC model consists of two parts: the volume-weighted average for all modelled components is

PartMC model (Riemer et al., 2009) deals with the coagu-compared to the measureglean Both the simulation (case 3

4.2 Description of the simulated cases
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in which all mechanisms were included) and measurements 2s0————————————— ——
show that the concentrations of both total aerosol and black € %[ @ E
carbon are lower during the day than during the night, due to £ [
the dilution in the morning when the mixing height increases.
Figure 9b and c show that the diurnal variations o§nf
andk meanfor 100 nm particles measured by the HH-TDMA
are very pronounced during our simulation period. Thgnf
of 100 nm particles is generally low in the afternoon (about
0 to 10%), indicating that most of the aerosol particles are
hygroscopic; while the Ry increases rapidly after 18:00 LT
when the PBL collapses and the HH-TDMA measurements
show clear bi-modal distributions of GF-PDF arePDF,
which indicate that the aerosol particles are externally mixed
(see Fig. 9b). The mean of all groups shows the inverse
diurnal pattern_ Th&mean for 100 nm dry diameter parti_ %00 Au‘g7 0600 1200 18:00 Au‘gS _lqiar‘:](;té 1200 18:00 Au‘gQ 0600 1200 18:00
cles is about 0.2 during the night, and increases rapidly in

the morning to about 0.3. The diurnal variations ofiind  Fig. 9. Comparisons between the PartMC-MOSAIC simulations
kmean Of 50 Nm, 200 nm and 250 nm particles are similar to and the HH-TDMA measurement) Mixing layer height set for
those of 100 nm particles described above. The diurnal patedifferent cases{b) number fraction of nearly-hydrophobic parti-
terns of nfiyy andk meanof particles with 100 nm dry diameter cles;(c) mean hygroscopicity parametenf all groups. See Table 3
can be well depicted by the PartMC-MOSAIC simulations of for the settings in the model for the four cages$-c4)

case 1, 2 and 3, in which the process of aerosols entrainment

from aloft in the morning is included. In contrast, simula-

tion of case 4 has failed to capture these diurnal variationsthree-dimension measurements of aerosol mixing state (e.g.,
In case 4, aging processes such as coagulation, condensgratt and Prather, 2010) could be valuable for our scientific
tion and photochemical aging are included, but we assumed enderstanding.

fixed mixing height to prevent the dilution and entrainment of Comparisons among the results of case 1, 2 and 3 indi-
background aerosols in the morning when the actual mixingcate as expected that the aging processes such as coagula-
height is increasing. These results indicate that the entraintion, condensation of organic/inorganic species and photo-
ment of background aged particles in the morning is deci-chemical aging also contribute to the variations of the aerosol
sive in explaining the diurnal cycle of aerosol hygroscopicity hygroscopicity and mixing state. Case 2 (with coagulation)
and mixing state. In the morning-07:00 LT), the increasing demonstrates slightly lower hygroscopicity for 100 nm par-
mixing height brings a downward entrainment of more agedticles compared with case 1. This could be interpreted as
and hygroscopic particles from aloft leading to the decreasdhe transformation via coagulation of the smaller particles
of nfyy and increase ofmeas While in the evening (after  (~50nm) which contain large number fraction of fresh soot
18:00 LT) the shallow nocturnal stable layer combined with into larger (~100 nm) less-hygroscopic particles, resulting in
the local emission of black carbon aerosols (e.g., soot emittethe decrease of mean hygroscopicity measured for 100 nm
from diesel truck engines during the night) explain the rapidparticles. Comparison between case 3 and case 2 shows that
increase of hydrophobic particle fraction and the decrease othe condensation and photochemical aging processes could
the mean hygroscopicity. A similar boundary layer mech- significantly increase the mean hygroscopicity for 100 nm
anism was suggested by Rissler et al. (2006) to explain thgarticles. The chemical aging effects are more pronounced
diurnal pattern of number concentration, size distribution andin the afternoon (12:00-18:00LT) due to the formation of
hygroscopic properties for biomass burning aerosols in Ama-secondary species. However, the chemical aging and coag-
zonia. In this study, we use a particle-resolved aerosol modelilation aging are insufficient in explaining the pronounced
to estimate the effects of downward mixing of more ageddiurnal variations of mean hygroscopicity and mixing state
aerosol in the morning hour and confirm that this mechanismobserved in this study (see Fig. 9b, c).

is a plausible explanation for the diurnal pattern of aerosol

hygroscopicity and mixing state. It is important to note that

in the simulations we assume the aerosols above the mixs Conclusions

ing layer to be an internal mixture of sulphate, OC and BC.

The reasons are that these lofted aerosol particles have ufor the first time in this geographical and pollution source re-
dergone longer aging processes compared to those in the sugion of the North China Plain, we employed the HH-TDMA
face layer near emission sources and that the aging of loftetb investigate the atmospheric aerosol and provide a detailed
aerosol particles may be accelerated by cloud processes. Atescription of its hygroscopic properties and mixing state at
though we consider that this assumption is reasonable, morkigh RH between 90 and 98.5%. The measurements were

1000

mixing heigh

500

0
80%

60% -

nf hydrophobic mode (%)

www.atmos-chem-phys.net/11/3479/2011/ Atmos. Chem. Phys., 11, 349892011



3492 P. F. Liu et al.: Hygroscopic properties of aerosol particles at high relative humidity

conducted from 17 July 2009 to 12 August 2009. These in-three day period with stable meteorological conditions was
situ field measurements of atmospheric aerosol are uniqueonducted to investigate the diurnal pattern of hygroscopic-
with respect to their high RH range and especially of im- ity and mixing state, using a particle-resolved aerosol model
portance to better understand the widespread anthropogenRartMC-MOSAIC. In the case study, the high fraction of
haze over the North China Plain. nearly-hydrophobic particles during the night was well ex-
The average GFs of particles with 50-250 nm dry diam-plained by the shallow nocturnal layer combined with fresh
eters measured at 90%, 95% and 98.5% RHs are 1.39-1.58pot emissions from traffic while the rapid decrease in the
1.57-1.89 and 1.97-2.70, respectively. The average GF mearumber fraction of nearly-hydrophobic particles and the cor-
sured at the same RH generally increased as a function of drgesponding increase in the mearin the morning hours are
diameter. The corresponding average hygroscopicity parammostly due to the entrainment of aged and hygroscopic par-
eterx was also determined, ranging from 0.25 to 0.34 for 50ticles from the residual layer aloft as the stable layer breaks
to 250 nm particles. The average GF-PDF reveals a bi-modadlown. The condensation, photochemical aging and coagula-
distribution with two distinct peaks and an intermediate tran-tion processes are also included in the simulations and they
sition region. To facilitate the comparison and interpretationcould contribute to the variation of aerosol hygroscopicity
of HH-TDMA data measured at different RHs and for differ- and mixing state as expected. However, these aging pro-
ent particle size, the inverted GF-PDFs were classified intocesses alone were evaluated to be insufficient in magnitude
nearly-hydrophobic{ < 0.1, first peak), less-hygroscopic or rate to interpret the observed diurnal pattern of hygroscop-
(« = 0.1 to 0.2, transition) and more-hygroscopic= 0.2, icity and mixing state in terms of hygroscopic growth.
second peak) groups. Based on this classification of hygro-
scopic groups using the criteria of the hygroscopic prop- AcknowledgementsThe authors thank M. Gysel for the use of the
erties measured at different RHs yielded consistent result§DMA inversion algorithm (TDMAInv). The authors acknowledge
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