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Abstract. A new methodology for the determination of the layers of water are adsorbed on ammonium sulfate particles
changes due to hygroscopic growth with relative humidity of below the deliquescence point. In contradiction, the parti-
the number size distribution and optical properties of poly-cle’s growth reported with H-TDMAs showed a prompt del-
dispersed aerosols is described. This method uses the singuescence of ammonium sulfate particles with no continu-
ulation chamber CESAM where the hygroscopic propertiesous growth in size at low RH. These findings highlight the
of polydispersed aerosol particles can be investigated in situneed to allow sufficient time for particle-water vapour equi-
by exposing them to RH ranging from 0 to 100 % for ap- librium in investigating the aerosols hygroscopic properties.
proximately 1 h. In situ humidification is used to provide si- H-TDMA instruments induce limited residence time for hu-
multaneous information on the RH-dependence of the partimidification and seem to be insufficient for water adsorption
cle size and the corresponding scattering coefficiegt], on ammonium sulfate particles.
and that for the entire size distribution. Optical closure stud-
ies, based on integrated nephelometer and aethalometer mea-
surements, Mie scattering calculations and measured particle
size distributions, can therefore be performed to yield de-1 Introduction
rived parameters such as the complex refractive index (CRI)
at L =525nm. The CRI can also be retrieved in the vis- Atmospheric aerosols play an important role in the Earth’s
ible spectrum by combining differential mobility analyzer climate by absorbing and scattering incoming solar radiation
(DMA) and white light aerosol spectrometer (Palas Welps and outgoing terrestrial radiation (direct effect) (Haywood
measurements. et al., 1998; Charlson et al., 1992; Forster et al., 2007), but
We have applied this methodology to ammonium sulfate@lSO by altering cloud properties by acting as cloud condensa-
particles, which have well known optical and hygroscopic tion nuclei (CCN) and thereby modifying cloud albedo, life-
properties. The CRI obtained from the two methods (1_54_time and precipitation (indirect effect) (Hansen et al., 1997,
1.57) compared favourably to each other and are also in reg®lbrecht, 1989; Lohmann and Feichter, 2005).
sonable agreement with the literature values. The particle’s The ability of aerosols to interact with radiation is deter-
growth was compared to values obtained for one selected siz&ined by their optical properties (single scattering albedo,
of particles (150 nm) with a H-TDMA and the effect of the @symmetry factor and efficiency of light extinction), strong
residence time for particles humidification was investigated.functions both of particle size and chemical composition.
When the humidification was performed in the chamber for The chemical composition determines the complex refrac-
a few minutes, a continuous increase of the ammonium sultive index (CRI) f» = n+ik), which describes the scattering
fate particle’s size anedscaiwas observed from RH values (real partr) and absorbing (imaginary par} characteristics
as low as 30% RH. Comparison of the measured and modof a substance. The CRI is a major parameter to make the

elled values based on Kéhler and Mie theories shows thatink between the instrinsic physic-chemical and the optical
properties of aerosol particles.
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184 C. Denjean et al.: Application to ammonium sulfate particles

There are several means to determine the CRI of atexhibit smaller GF than larger particles because of the larger
mospheric aerosols. Nakayama et al. (2010) estimated theelative contribution of the surface term to the free particle
CRI in optical closure experiments based on measured parenergy. To be relevant to climate modelling, it is therefore
ticle size dependence of the extinction and scattering coextremely important that the GF of the full size distribution
efficients eyt and oscap together with Mie-Lorenz theory.  of polydisperse aerosols is known.

This method uses instruments based on monochromatic ra- In addition, model calculations on the direct radiative
diation and thus allows the determination of CRI at spe-effect also require data on the influence of RH @at

cific wavelength. Due to a lack of data measured in the vis-(Charlson et al., 1992). Mie scattering theory has been used
ible spectrum, another approach which combines measurén the past to calculate the RH dependence of light scatter-
ments of aerosol size distributions with measurement teching using GF of many inorganic compounds (Garland et al.,
niques depending on different aerosol properties can also b2007; Beaver et al., 2008; Wex et al., 2005). However, be-
used. Various authors (Flores et al., 2009; Wex et al., 2009¢cause of a lack of optical and thermodynamic data for many
Sorooshian et al., 2008; Covert et al., 1990) installed a whiteorganic compounds, the changesifaaidue to water uptake is
light aerosol Optical Particle Counter (OPC) downstream anot fully predicted (Malm et al., 2005; Saxena et al., 1995).
Differential Mobility Analyzer (DMA) to retrieve the parti- As a consequence, direct measurements offtiieH), i.e.
cle’s CRI. The OPC measures the particle optical size, whichthe ratio ofoscgtat high RH to therscaiunder low RH condi-
depends on the CRI, while the DMA measures a mobility tion, have been monitored using RH-controlled nephelome-
diameter, that is, a geometric diameter when spherical parters (Kus et al., 2004; Covert et al., 1972; Yoon and Kim,
ticles are assumed. These instruments operate over differe@006; ten Brink et al., 2000).

size ranges, but overlap does occur between them. The CRI This work describes a new experimental approach for
can be determined based on the superposition, in the regiothe simultaneous measurement of hygroscopic growth of
of overlap, of the size distributions obtained from the DMA particle size distribution and optical properties of polydis-
and those calculated from the OPC response to CRI. persed aerosols. Our setup is based on the use of the large-

The aerosol properties are strongly dependent on atmovolume simulation chamber CESAM (French acronym for
spheric conditions, in particular the relative humidity (RH) Experimental Multiphasic Atmospheric Simulation Cham-
of ambient air. The interaction of particles with water is asso-ber) hosted at the Laboratoire Interuniversitaire des Systemes
ciated with changes in their size and their chemical composi-Atmosphériques in Créteil, France. Atmospheric simulation
tion, thereby modifying their potential to act as cloud con- chambers allow acquiring data on the physical-chemical, op-
densation nuclei, their chemical reactivity, their scatteringtical and hygroscopic properties of specific aerosols under
efficiencies and, in a lesser degree, their absorbing efficieneontrolled ambient conditions, and along the aerosol lifecy-
cies (Orr Jr. et al., 1958; Hegg et al., 1993; Nemesure et al.cle, also simulating the evolution that particles would endure
1995; Martin, 2000). Thus, laboratory quantification of the during transport due to oxidation and photolysis in the at-
RH dependence of size and light scattering is necessary fomosphere (Meyer et al., 2009; Henry and Donahue, 2012;
inclusion into radiative transfer calculations (Charlson et al., Tritscher et al., 2011). The CESAM chamber is most dedi-
1992; Haywood and Ramaswamy, 1998; Hegg et al., 1993¢ated to studies of organic aerosols from oxidation of volatile
Nemesure et al., 1995). organic compounds (VOCs) (Yasmeen et al., 2012), which

Most of previous laboratory studies have measured theare weakly hygroscopic and absorbing, but whose properties
change in particle diameter due to particle hygroscopicand effect on climate are largely unknown because depen-
growth using Hygroscopic Tandem Differential Mobility An- dent on the gaseous precursors and conditions of oxidations
alyzers (H-TDMA). H-TDMAs were firstly introduced by (Kanakidou et al., 2005).

Liu et al. (1978) and are used worldwide in laboratories This paper describes the experimental set up and approach
(Meyer et al.,, 2009; Prenni et al.,, 2003; Saathoff et al.,developed for these studies, and applied to ammonium sul-
2003; Varutbangkul et al., 2006) and during field campaignsfate particles. Ammonium sulfate aerosols are a dominant
(Saxenaetal., 1995; Sjogren et al., 2007; Svenningsson et akcomponent of the submicron aerosol mass in the atmosphere
1992). The parameter determined is the particle size growtland an efficient scatterer of solar radiation (Charlson et al.,
factor (GF), i.e. the ratio of the particle diameter at a given1992). This aerosol is well suited for the validation of our
RH to the particle diameter under low RH condition (Biskos methodology as both the optical and hygroscopic properties
et al., 2006; Swietlicki and Hansson, 2008; Prenni et al.,of these particles were intensively studied in the past (Tang,
2003; Hameri et al., 2000; Cruz and Pandis, 2000). This GFL996; Cruz and Pandis, 2000; Gysel et al., 2001; Dinar et
can be used to derive the number of CCN with Kéhler the-al., 2008; Riziq et al., 2007; Flores et al., 2009). Regard-
ory for inorganic aerosols (Petters et al., 2009; Huff Hartz eting the aerosol optical properties, in this paper we have re-
al., 2005). A limitation of H-TDMA is that measurements of trieved the CRI both at a specific wavelength in the mid-
GF are usually performed for a single size class. Howeveryisible, and integrated over the visible spectrum. The hygro-
Biskos et al. (2006) have shown that GF depends on particlscopic behaviour of aerosols has been investigated by mea-
size. For a fixed composition, particles smaller than 100 nmsuring the RH dependence of size args:0f the overall size
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distribution up to 100 % RH. Measured GFs have been com- = RHS
pared to values obtained with a custom-built H-TDMA. The ‘ 6;9/ \H Tf \b
effect of the residence time for particles humidification has ﬁ‘g ‘ > Nephelomet
been investigated. = b ?” > Acthalomet

‘ CESAM oPC

“ RHI \
2 Experimental methods Diffusion {11 T' =

Ll dryer / T

2.1 Atmospheric simulation chamber set-up Atomizer f = 2 RZ;;;}lz;};lfid

1<RH<100%

The CESAM chamber is designed to allow research in mul- -

tiphase atmospheric (photo)-chemistry which involves both SR 1000

gas phase and condensed phase processes including aerosol

and cloud chemistry. The chamber is described in detail elseFig- 1. Experimental set up used to measure aerosol hygroscopic

where (Wang et al., 2011), but characteristics relevant to thind optical properties.

study are reported here. CESAM consists of a £2min-

less steel chamber. Aerosols exhibit a lifetime long enough to

study aerosol aging over several hours or days, depending ofPnditioner (Permapure, model PD-50T) to avoid RH gra-

the aerosol size distribution. Typically, the particles lifetime dients in the DMA. Hydrophilic filters in the sheath flow

for particles with a mass concentration of 100 gfnand a ~ Were replaced by hydrophobic ones to avoid water vapour

number size distribution centred at 100 nm is about 2 days. If€lease. The same set-up has been used for the DMA2 of the

CESAM, it is possible to vary in situ the RH of the reaction H-TDMA, as it will be described in details in Sect. 2.1.3. The

mixture by adding water vapour in the reactor. Both tempera-Size calibration of the SMPS was performed using monodis-

ture and RH are measured with a HMP234 Vaisala humidityPerse PSL particles (Duke Scientific) of diameters ranging

and temperature transmitter equipped with a capacitive thinfrom 100 to 500 nm, which were produced with a constant

film sensor Humicap. The sensor was factory calibrated prioutput atomizer (TSI model 3075). The retrieved diameters

to the experiments and has an RH accuracy:df0% up to ~ Were found to be larger than the PSL certified diameters (by

90% RH and a temperature accuracyidf.1°C at 20°C. about 10 % for 100 nm PSL spheres). A correction factor was
Figure 1 shows a schematic of the experimental setup tdherefore applied.

measure aerosol properties. . .
2.2 Optical properties

2.1.1 Size distributions
The aerosol scattering coefficient was measured using an in-

A white light aerosol OPC (Welas, Palas, model 2000) wastegrating nephelometer (model M9003, Ecotech). This in-
used to determine the number size distribution of particlesstrument has a LED source that provides light at 525nm
with diameters above 300 nm by measuring the pulse of scatwavelength. The light scattered by particles at scattering an-
tered white light. The white light spectrum is spanned from gles between 10and 170 is collected with a photomultiplier
370 to 780nm. The OPC was calibrated using a calibration(Liu et al., 2008). The nephelometer was calibrated with fil-
dust standard (CalDust 1100) which has the same CRI atered air and C@separately. The sample air is usually drawn
polystyrene latex (PSL). No RH sensor was installed in theby a fan through the sample inlet into the measurement vol-
sample inlet of the OPC. The OPC was only used under dryume. Because our experiments were carried out at a pressure
conditions. 3 mbar higher than the atmospheric pressure, the circulating

A scanning mobility particle sizer (SMPS) that includes a air system of the nephelometer does not allow the flowrate
differential mobility analyzer (DMA, TSI model 3080) inter- control. Thus, the fan was replaced by an external pump
faced to a condensation particle counter (CPC, TSI modelvorking at 3Lpm. The temperature was measured both at
3010) was used to monitor sub-micrometer particle num-the sample inlet and within the cell of the nephelometer with
ber size distribution. The DMA was operated at flow ratesan accuracy of0.6°C, and the RH was measured within the
3/0.3Lpm (sheath flow/aerosol sample flow). The aerosolcell of the nephelometer with an accuracy8 %. oscatwas
sample flow was set by the CPC with a nominal flow rate corrected for the sample temperature and pressure, as well as
of 0.3Lpm. The resulting measured size distribution rangedfor angular truncation taking into account the nephelometer
between 14 to 505 nm. For its RH control, capacitive RH geometry, so to quantify the light scattering at scattering an-
sensors (Vaisala, model HMP-50) were placed in the aerosajles below 10 and above 170 For the particle number size
sample, sheath, and excess air. The RH of the aerosol sandistribution in this study, the mean correction factor dggat
ple flow was controlled by the RH inside the chamber. Thewas within 6 %.
sheath flow was humidified at the same RH as the aerosol The aerosol light absorption coefficient was derived from
sample flow by passing through a multiple-tube Nafionthe aerosol light attenuation measured with an aethalometer
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(Model AE31, Magee Scientific). The aethalometer mea-

sures the optical attenuation of light transmitted through the

aerosols deposited continuously on a quartz fibre filter. It op-

erates with several light sources at seven wavelengths cover ,
ing the near ultra-violet to the near infrared wavelength range
(A =370, 470, 520, 590, 660, 880 and 950 nm). It has been
observed that the aethalometer can suffer from biases at higt
RH as a result of filter taking up water and scattering more
light compared to the reference measurement (Cappa et al.
2008; Arnott et al., 2005). Therefore, the aethalometer was
not used during the humidification of aerosols.

Polydispersed
acrosol

2.2.1 Development of a H-TDMA

Dry flow

aerosol = Humid flow

SERERNY ofin e

B ydroptitc fier 4 —— Measured RH and T signal
In order to measure the water uptake of monodisperse par-® e - Rt e
MM Heat exhanger » T PG| Computer = Control nitrogen flowrate

ticles, a H-TDMA composed of two DMASs in series, an
aerosol humidifier in between, and a CPC at the exit has bee
developed. A diagram of the layout of the H-TDMA is shown
in Fig. 2.

The dry aerosol passes through a diffusion char#rf  fiow to avoid RH gradients in the DMA2. The temperature
to reach a bipolar charge distribution and an initial mobil- can have significant influence on RH, especially at high RH.
ity diameter is selected with a first DMA. The resulting oyr H-TDMA is not directly controlled in temperature yet.
monodisperse aerosol then passes through a humidifier &therefore, a specific attention was given to prevent drafts and
a well-defined RH, and a second DMA coupled to a CPCyeep temperature of the room stable. In addition, a heat ex-
measures the wet size distribution over mobility diameter. Inchanger is located at the exit of the sheath flow to equilibrate
this study, both DMAs are TSI 3080 types operating at flow the temperature due to the compressive blower heating. Tests
rates 3/0.3 Lpm (sheath flow/aerosol sample flow). The flowyere performed to evaluate the system ability to maintain a
rate of the CPC (TSI 3075) was set at 0.3Lpm. A closed-staple humidity. The RH set point was set at a constant value
loop recirculation was used for the sheath flow in the DMA 4 g0 04 during 5 h. In this way, the measured RH was within
in order to facilitate the RH control. As for the SMPS set- 1. o4 of the target value.
up, the sheath air hydrophilic filter was replaced by a hy-  No RH sensor was installed at the inlet of the first DMA,
drophobic filter (Whatman, model 6702-7500). This proce-for which we used the measurement of RH in the chamber
dure avoids RH gradients inside the DMA, and reduces theyg 4 proxy. The RH within the chamber was always <1 %
risk of particle size changes. The two DMAs were calibrated qyring the H-TDMA measurements. The RH of the DMA2
using monodisperse PSL particles (Duke Scientific) rangingyas monitored both at the inlet and outlet by three capacitive
from 100 to 500 nm. As described in Sect. 2.1.1., a size shifRH sensors (Vaisala, model HMP-50) placed in the aerosol
was observed for the two DMAs and thus a correction wassample, sheath, and excess air flows. The sensors have an
applied for the retrieved diameters. DMAs were also i”ter'accuracy of£3% up to 90% RH. They also measure the
calibrated before each H-TDMA measurement by sectioningiemperature with an accuracy #:0.6°C at 20°C.
different diameters with the first DMA and scanning the re-  The H-TDMA/SMPS and nephelometer T/RH sensors
sulting size distribution with the second DMA (Fig. S1inthe \ere calibrated by collocating them in the CESAM cham-
Supplement). The retrieved diameters with the second DMAyer where the RH was varied from 0 to 100 % and by using
agreed with the selected diameters by the first DMA after sizgnhe CESAM sensor as the reference. The intercomparison of
shift correction, therefore no more correction was applied toine temperature sensors shows a good agreement within un-
the DMAs diameters. certainties. However, the instruments sensors were found to

The RH of sheath and aerosol flows are adjusted ine Jower than the CESAM sensor in RH by 10 to 20 % and
dependently to the desired value by passing through anys a correction was applied.
multiple-tube Nafion conditioner (Permapure, model PD-  The residence time of particles for humidification is equal
50T). Water saturated air is generated by bubbling high+q the residence time in the RH conditioner (10s) plus the
purity water (18.2M2, ELGA Maxima). The humidifica-  transit time in the second DMA (5's). This is generally suf-
tion for both the aerosol and the sheath flows is controlledﬁcienuy long for particles to reach their equilibrium with
by a proportional-integral-derivative (PID) controller pro- \ater vapour (Chan and Chan, 2005; Saxena et al., 1995
grammed using LabVIEW which provides feedback to the Duplissy et al., 2009).

RH sensors and thereby adjusts the bubbling rate. The sheath
flow is humidified at the same RH as the aerosol sample

Eig. 2. Schematic diagram showing the layout of the H-TDMA.
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2.3 Experimental procedure multiple-tube Nafion conditioner and monitored with another
capacitive RH sensor placed in the circuit of the sheath flow.

Before each experiment, the chamber was cleaned by pump- ,

ing at a secondary vacuum (4:*mbar) overnight. The 3 Dataanalysis
chamber was filled with a synthetic air produced from the
mixture of 200 mbar of oxygen (Air Liquide, Alphagaz class
1, purity 99.9 %) and 800 mbar of nitrogen produced from theThe complex refractive index (CRI) of ammonium sulfate

evaporation of a pressurized liquid nitrogen tank. The backarticles was obtained by different methods. The CRI was
ground aerosol concentration was below 0.1 ng nParti- only retrieved under dry conditions, when the RH was <1 %

cles were generated from 0.03M ammonium sulfate solusp, the simulation chamber as well as the entrance of both the
tion using a constant output atomizer (TSI, model 3075),nephelometer and the SMPS. As particles were lost by dilu-
then they were passed through a diffusion dryer (TSI, modeliony quring the experiment, a correction of the number con-

3062) which reduceq Fhe 'RH, before .being introduced t0centrationgscarandoapswas applied by using the instrument
the chamber. At the injection, the RH in the chamber wasgg\rate and assuming a first order correction.

much lower than 1% which further dried out the particles.

The RH in the chamber was measured throughout the whol@.1.1 Complex refractive index at a specific wavelength
experiment with RH sensor inside the chamber and was al-

ways smaller than 1% RH before the humification. BetweenThe ammonium sulfate CRI at 525nm was firstly derived
the end of the injection and the start of water vapour injec-by optical closure experiments involving measusegh:and
tion, the particles were allowed to reside in the chamber foroapsand the number size distribution also determined exper-
several minutes. Ammonium sulfate particles were dried atmentally. At a fixed wavelength, oscatandoapscan be cal-
RH lower than their deliquescence point and existed as cryseulated according to the following equation:

talline phases. The initial starting conditions of all conducted
experiments are summarized in Table 1.

The size, the optical properties and the water uptake of T2
monodisperse aerosols (as measured with the H-TDMA) ZQscatabS(Dp’k’m)4Dp<
were monitored under dry conditions after the mass of am-
monium sulfate particles reached its maximum value in thewhere Dy, is the geometrical particle diametc%],gg¢0p the
chamber. At the end of the experiments, the hygroscopicitynumber size distribution an@scatabd Dp, », m) the scatter-
of polydisperse particles were investigated by injecting wa-ing and absorption efficiencies of a single particle of CRI
ter vapour produced in a small glass vessel filled with ultra-gqual tom.
pure water (18.2\2, ELGA Maxima) which is located be-  The optimal CRI was determined so that the difference be-
low the Chamber an(.j directly connected to |t The RH in thetween measuredscatando—absand those obtained using Mie
chamber increased linearly from 0 to 100 % in approximatelycalculations was minimized.
1h. In order to avoid any RH inhomogeneities within the  For homogeneous sphere@scatans Dp, »,m) can be cal-
chamber, great care has been taken to inject the water vapogyjjated using Mie scattering described by Bohren and Huff-
slowly and continuously. A stainless steel fan was installedman (1983).
inside the chamber to mix the reaCting mixture with water Since ammonium sulfate is Composed by Spherica' parti_
vapour throughout the whole chamber volume. Tests werejes (Pruppacher and Klett, 1996), the electrical mobility di-
performed to evaluate the homogeneity of the RH through-ameter is identical to geometrical diameter. Therefore, the
out the chamber: water vapour was introduced step-by-stepnobility diameters measured by SMPS was directly used for

in the chamber in order to obtain various level of constantthe calculations. Number size distributions obtained with the
RH. The RH was measured at different points of the chambegsmps were fitted with log-normal size distributions:

with various sensors. It was observed that the sensors were in

3.1 Determination of the complex refractive index

Uscatabs()\, m) =

dlogD Q)
5 dIogDp) P

agreement with one another and the homogeneity of the RH dN Nyt (log Dp — log Dp g)? @
was obtained in less than 1 min. dlogDp, ~ /27 logo - 2(logo)?

The SMPS and the nephelometer were used to follow in
situ the variation in number size distribution angras a  Where Niq is the integrated number concentrationis the
function of RH. As previously discussed, the RH of aerosolsstandard deviation anBl g is the fitted geometric diameter.
was controlled by the RH inside the chamber and monitored The attenuation coefficientyrrn resulting from the atten-
by two capacitive RH sensors placed at the inlet of both theuation of the sampled aerosols onto the filter was obtained as
SMPS and the nephelometer. The sheath flow of the SMPS
was humidified at the same RH as the aerosol sample flow A AATN

to avoid RH gradients in the DMA by passing through a ATTN (A,m) = 0 Ar ®)
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188 C. Denjean et al.: Application to ammonium sulfate particles

Table 1. Summary of the experimental conditions for each experiment: Temperature, pressure, relative humidity in the chamber and the
particles mass concentration injected in the chamber.

Experiment number  Temperature (K) Pressure (mbar) Relative Humidity (%) [partiglesig m—3)

E2904 298 1001 <1 180
E3004 296 1005 <1 140
EO0305 293 1002 <1 143
E2809 291 1010 <1 266
E1212 294 1001 <1 110

where A is the spot area of the deposi) the volumet-  fit of oscatprovides with the Angstrom coefficiehtas

ric flowrate andAATN the change in attenuation during the

time intervalAz. It is well known thatoarry obtained with  Oscat(A) = ar™” (6)

the aethalometer is higher than the trugs (Bond et al., ) .

1999; Weingartner et al., 2003; Amott et al., 2005; Bond Ve obtained: = 2.2(+1.5) x 10" andb = 1.6(+0.1).

and Bergstrom, 2006; Cappa et al., 2008; Collaud Coen For pqrely scattering partlcles, as ammonium sulfate, the
et al., 2010). Various systematic errors are induced by théiténuation measured with the aethalometer is due only to
aethalometer measurements that need to be corrected. cdfe effect of aerosol light scattering. In this case, a power law
laud Coen et al. (2010) proposed an empirical correction thaf€lationship linkssarry to the values obscatas

includesRr the attenuation effect due to light absorbing par- 2 = 2y 7
ticles accumulating in the filte e the multiple scattering OATTN (A) = cOscar(A) 7

by the filter fibres andt (1) the scattering correction due to We obtained: = 4.0(+1.6) x 10* andd = 6.5(+0.6) x 101

scattering of aerosols embedded in the filter: Finally, « (1) was retrieved by combining Egs. (5), (6) and
OATTN () — @(3) - OsartCh, m) (7)as
Oabs(A, m) = Coot- R 4) 1

ref @ () = 1.3x 1073326x10° 8)

R decreases with the gradual increase of attenuation due tg 1.2 Complex refractive index integrated over the
the accumulation of absorbing particles embedded in the fil- " visible spectrum
ter. Ammonium sulfate particles are known to be purely scat-
tering particles (Tang, 1996; Riziq et al., 2007; qures etal.,The CRI in the visible was derived by comparing mobility
2009). Thus, we assumed thawas equal to the unity. size distributions obtained by the SMPS and optical size dis-
Cref can be generally estimated by comparingtn mea-  rihytions measured simultaneously by the white-light OPC.
sured with the aethalometer measurementsaapgbbtained  the gptical size distributions were corrected for various CRI
from a non-filter based instrument (for example @ photo-according to the manufacturer calibration curves. The CRI
acoustique photometer). However, simultaneous measur&gas determined so that the optical size distributions match
ments with these two instruments were not possible duringiih those retrieved from SMPS measurements (Heim et al.,
these experiments. Weingartner et al. (2003) measured thgpog; Hand and Kreidenweis, 2002). While the Welas in-
extinction coefficientex; and asca; Of pure ammonium sul-  stryment is considered to provide size distribution down to
fate particles. The authors showed no significant absorption 5 nm, considering the decreased efficiency below 300 nm,
and thuCref could not be deduced from these measurementsinjs |ast value was adopted as the lower border of the stud-
Therefore, we usedret = 1.9, the value which is often ap-  jeq range. By identifying the best calibration curves, the CRI
plied to aethalometer (Boudhaine, 1995; Petzold etal., 1997), the visible range was obtained for aerosol size range from
(%) was determined at the 7-wavelengths of the 300 to 500 nm. The uncertainties in retrieved CRI were deter-

aethalometer according the method described by Arnott efyined from the difference between the DMA and OPC size
al. (2005) as: distributions.

a()=a’"tea P (5) 3.2 Determination of the size and scattering

growth factor
The constants, b, ¢ andd in Eq. (5) have been obtained

experimentally. Firstgscat Values at the aethalometer wave- The GF of monodisperse and polydisperse size distributions
lengths have been calculated using Mie theory and by assunwere derived from the H-TDMA and SMPS measurements,

ing that the CRI is spectrally neutral and equal to the valuerespectively. The GF represents the relative increase of the
of 1.55+ 0i obtained at 525 nm (Sect. 4.1). The power-law particle geometric diameter due to water uptake at a specific
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RH with respect to the geometric mobility diameter that this 2.0

will have at a reference (low) value of the relative humidity e ;ggg
as E0305
Dpm(RH 151
GF(RH) = M (9) )
Dp,m(drY) ZB
where Dp m (RH) is the mobile geometric diameter at a ‘é; 1.0
specific RH andDp m (dry) is the mobile geometric diam- 2

eter at low RH considered correspond to dry conditions
(RH<30%). Mobile diameters were calculated by assuming o5 -
a lognormal profile as described in Sect. 3.1.1. Uncertainties
in GF were based on the uncertainties in particle size distri-
butions that included DMA classification and calibration, as 0.0 . >
well as uncertainties in the estimationBf, , from size dis- 10 100 1000
tributions. The measured GF were compared with theoretical Diameter (nm)
calculations according to the model of Biskos et al. (2006) _. . o ) .
based on the Kohler equations. The humidification in theFIg'.S' Dry size qhstnbutlons concentration for ammonium sulfate

. . ... _particles normalized by total number concentratidfiof) in the
ghamber was performeq on the polydlsperse size dIStI’Ibuémog chamber before the injection of water vapour.
tions that include a fraction of particles smaller than 100 nm
(Fig. 3). Due to the Kelvin effect, the water activity and hence
the GF vary with size for particle size above 100 nm. Thus, a4 Results
correction for the Kelvin effect was included in the theoreti-
cal calculation for the comparison with the SMPS measure4.1  Refractive index of dry ammonium sulfate particles
ments (Biskos et al., 2006).

Additionally, changes of the aerosol scattering propertiesFigure 4 shows the attenuation and absorption coefficients at
due to hygroscopic growth were followed with the neph- the 7-wavelength of the aethalometer. As expected, absorp-
elometer and are represented by the ratio of the scatteringion by ammonium sulfate particles was zero within the er-
coefficient at a specific Riscat(RH) to the dry scattering  ror bars. As a consequence, the retrieval procedure was con-

coefficientoscar(dry): ducted by fixing the imaginary part of the CRI equal to zero.
oscaf RH) Figure 5 compares values @fcgtat A, = 525 nm measured

f(RH) = (10) by the nephelometer to those calculated from the measured
osca(dry) size distributions and Mie scattering theory for various CRI.

An increase of 2C has been observed in the cell of the The value of real part of the CRI allowing minimizing the dif-
nephelometer in comparison to the sample inlet due to heatference between measurements and calculations within the
ing by the lamp. This effect can cause a reduction of theestimated uncertainties was determined to be H86G2).
sample RH and thus an underestimationfqRH) (Kus et  The uncertainties were estimated from the difference be-
al., 2004; Dougle et al., 1998; ten Brink et al., 2000). A cor- tween calculatedscgrand the uncertainties ofc;measure-
rection for the sample RH was applied using the measureanents.
sample inlet RH sensor and the measured sample tempera- The real part of the CRI in the visible was retrieved by
ture within the cell. The dependence of the saturation vapouoverlapping the number size distributions measured by the
pressure of water on temperature is given by the empiricaSMPS and the Welas-OPC. Figure 6 shows the optical size
expression (Hinds, 1999): distributions corrected for various CRI and the corresponding

4060 mobility size distributions. For particles larger than 350 nm,
—] , (12) the SMPS spectrum was found to agree well with the white
(T30 light spectrum by using a CRI of34+ 0i. However, there is
whereT is the temperature anB; the saturated vapour pres- no clear evidence of the optimal CRI that would provide the
sure. Assuming a constant amount of water vapour, the RHbest fit for particles smaller than 350 nm: the SMPS spectrum
changes of the sample due to increasing temperature in theas found to agree with the white light spectrum by using a

Ps(T) = exp|:16.7 —

cell of the nephelometer can be calculated as follows: CRI between B4+0i and 160+0i. As a result, the retrieved
Rlis 1.57(4+0.03) + Oi.
dRH —4060RH . . .
= 3 (12) The CRI values obtained in this study along with values
dr (T —37) reported in the literature are shown in Table 2. The CRI val-

The f (RH) uncertainties were based on the scattering coefues obtained with the two methods are consistent with each
ficient uncertainties and both the temperature and RH correcether within the estimated uncertainties.)At 525 nm, they
tion uncertainties. are also in reasonable agreement with the literature values of
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Table 2. Retrieved RI of dry ammonium sulfate particles foe
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60

525 nm and in the visible. E ®  Caps
= 84 + & CATTN
Experiment number 1 =525nm visible 2 +
L a0
E2904 155(£0.02) + 0i 1.57(+0.03) + 0i % +
E3004 154(+0.02) + 0i 1.57(+0.03) + 0i 2
E0305 1544002 +0i  1.57(+0.03) +0i 5 Ry
E2809 155(4+0.02) + 0i 1.57(£0.03) + 0i 2 70 4
E1212 155(10.02) +0i  1.57(+0.03) +0i z XS S
Literature 152+ 0i 5 10
1.52(+£0.03) +0iP  1.52(+0.01) + 09 5
152—154+0i° % 8 ___+_+%_%_% _____ e SIS i
Values taken fron? Riziq et al. (2007)° Nakayama et al. (20105, Toon et al. (1976) E 0
d - T T T T T T
and® Flores etal. (2009)' 300 400 00 600 J00 800 S00 1000

Wiavelenght (nm)

1.5240i (Riziq et al., 2007), 52(+0.03) +0i (Nakayama et  Fig. 4. Wavelength dependence of measured attenuatigfirf)
al., 2010) and 1.52—1.54 + Toon et al., 1976). The CRI in and the retrieved absorptionghy coefficients.

the visible is slightly higher than the value a62(4-0.01) +

0 obtained by Flores et al. (2009). This difference may be

due to the limited CRI available in the OPC correction proto-

col that reduces the accuracy of the retrieved CRI. However4.3 Hygroscopic growth of polydisperse particles

the difference remains very low (< 3 %) and closely linked to obtained by in situ humidification in the chamber
the value obtained at = 525 nm.

The hygroscopic growth of polydisperse ammonium sulfate

4.2 Hygroscopic growth of monodispersed particles particles was obtained in situ by exposing particles to vary-
measured with the H-TDMA ing RH. Number size distributions as a function of RH are

shown in Fig. 8. Two RH scales are used: within the smog
The humidogram of ammonium sulfate injected in the CE-chamber as well as the RH within the SMPS. Indeed, a de-
SAM chamber was measured by the H-TDMA for a selectedcrease of RH was observed between the simulation chamber
dry size of 150 nm for RH between 45 and 90 %. In Fig. 7, and both the nephelometer and the SMPS. The maximum de-
our results are compared with theoretical calculations ac-crease in the sample RH of 20 % was observed in the SMPS
cording to the model of Biskos et al. (2006) and with hu- and occurred for a RH of 100 % in the chamber. A small dry-
midograms presented in the H-TDMA comparison study bying of 10 % was observed between CESAM and the cell of
Duplissy et al. (2009). The horizontal error bars describe thehe nephelometer. The drying may be due to water transfer
RH uncertainty in the second DMA. The vertical error bars into the sample line as a result of the length of sample line’s
show the GF uncertainty caused by the uncertainty in retriev{about 1 m) between CESAM and the instruments. Figure 8
ing the geometric mobile diameters. The uncertainty of theshows that, for hydration up to 30 % RH, the geometric diam-
GF due to the uncertainty in RH is not shown here, but weeter of particles did not change. From 30 % RH, the particle’s
obtained GF =173+ 0.24 at 90 % RH by using the theoreti- geometric diameterincreased from 121 nmto 145nmat 73 %
cal calculations, that is 13 % relative uncertainties. RH, resulting in a GF of 1.2.

At RH <78 %, dry particles exist as crystalline phase and This hygroscopic behaviour was also observed dgiat

no change in size was observed. The deliquescence trangjFig. 9). Above 30 % RHgscatincreased with RH suggesting
tion was observed at ™+ 4.3 %, in agreement with data possible changes in the chemical properties and/or in the size
from Duplissy et al. (2009). Above this RH value, the size distribution of ammonium sulphate particles. A change in the
of ammonium sulfate particles increased sharply and a soluslope was observed at 76 % RH that could be attributed to
tion droplet was formed. In aqueous solution, particles grewthe deliquescence. Although the various curves exhibited the
by absorbing water vapour with increasing RH to maintain same trend, different values were observed for a specific RH.
equilibrium with the water vapour. Again, the experimen- This can be explained by the fact that the size distribution
tal growth factors agree well with the liquid phase theory of the aerosol in the chamber was slightly different from one
and with other studies (Duplissy et al., 2009). The resultsexperiment to another. In particular, the proportion of parti-
show also the high precision of the H-TDMA in detecting cles larger than 100 nm was different resulting in changing
small changes in GF when increasing RH by small incre-capacity in absorbing water (Biskos et al., 2006) and hence
ments (<0.5% RH). Our instrument provides accurate meavarying the observed GF anfl(RH). For example f (RH)
surements of particle hygroscopic growth and deliquescencean experiment E2904 was 1.6 for a dry geometric diameter
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of 70 nm compared to 2.2 for 100 nm geometric diameter in
experiment E1212
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Fig. 7. Humidogram of 150 nm ammonium sulfate particles show-
ing the hygroscopic growth factor measured with the H-TDMA as
a function of relative humidity (black circle). The solid red line de-

scribed the theory from Biskos et al. (2006). Humidograms from
Duplissy et al. (2009) were added for comparison (coloured trian-

gle).

measured GF at a specific RH and CRI. The ratio of the hu-
midified oscatto the dryoscargave the theoreticgl (RH).

To explain the hygroscopic behaviour before deliques-
cence, we made the assumption that ammonium sulfate par-
ticles may take up water in a shell-like structure. The scat-
tering properties of this simple model can be described by
the homogeneous coated sphere theory presented in Bohren
and Huffman (1983). We assumed that particles were com-

To rationalize these observations, the hygroscopic beP0Sed of a core that has the same CRI as ammonium sul-

haviour of particles measured using both the humidified

fate and a water mantle. For the complex CRI of pure am-

SMPS and nephelometer during the chamber humidificatioffnonium sulfate, we used the value retrieved in Sect. 4.1 at

were compared through a modelling study. We have consid
ered that particles would exhibit different mixing states be-
fore and after their deliquescence RH. Figure 10 shows th
methodology we applied to predict GF afigRH) as a func-
tion of RH.

After deliquescence, particles were considered to be tran

A =525nm. We made the assumption that the ammonium

sulfate core size distribution did not change with RH. There-

dore, changes of size distributions resulted from the change

of the water mantle thickness coating ammonium sulfate par-
ticles. Hence, changes of.y;were calculated from the ob-

5s_erved thickness of the water mantle. We have also consid-

formed into an aqueous solution and the GF calculation€r€d @ model in whiclwscat together with the optical code

were similar to those described in Sect. 3.2, based on Kéh
ler equations. Dry particles and droplets were assumed to b

homogeneous spheres of uniform CRI. The CRI calculations
were based on volume weighted refractive indices of ammo-

nium sulfate and water:

Naerosol="ammonium sulfate¥ammonium sulfate

(13)

+nwater*waten

where xammonium sulfate@Nd xwater are respectively the vol-
ume fraction of ammonium sulfate and water. Mie scattering

were used to derive the thickness of the water mantle and
thus the GF as a function of the RH.

The hygroscopic behaviour of ammonium sulfate parti-
cles compared with model predictions is shown in Fig. 11.
GF measurements agreed well with the model for RH above
76.2 %, suggesting that a solution droplet is formed. The del-
iquescence of ammonium sulfate particles was found to oc-
cur at a RH equal to 78+4.3%, in agreement with re-
sults obtained with the H-TDMA (Sect. 4.2). Before the
deliquescence point, GF curves were in agreement within
measurement uncertainties considering the core-shell model,

calculations for homogeneous spheres were used to detewhile the particle’s growth cannot be attributed to any of the

mine the dry and humidifiedscatfor A = 525 nm both from

www.atmos-meas-tech.net/7/183/2014/
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in the in situ humidification in the chamber measurements:
(1) in the chamber, particles would continue to grow by co-
; agulation during the humidification process. To test this hy-
1020 40 BD 100 200 400 BOO 1000 pothesis, the coagulation rate of particles was calculated be-
Geometric diameter (nm) fore the humidification by measuring the evolution of the par-
. o . . ticle’s size. We observed an increase of 2% per hour that
Fig. 8. Number size distribution of ammonium sulfate particles for . . o .
X . . e . . cannot explain the change in their size observed during hu-
increasing RH during humidification in the chamber in the experi- " . =" = L
ment E1212. midification. Furthermore, we found no significant decrease
of the number concentration due to the coagulation of parti-
cles. (2) The hygroscopic behaviour of polydisperse particles

considered (Fig. 12). Due to the drying out of the sample be-was investigated with respect to that of monodispersed parti-
tween CESAM and the instruments, the comparison betweesles as studied with the H-TDMA. Schuttlefield et al. (2007)

f (RH) measurements and the model assuming particle deliindicated that taking into account polydispersed particle dis-
quescence was possible only for RH = 73.3 %, whereas onlyfibutions would result in a continuous growth due to the fact
for RH below 58.3% we could compare results by consid-that nanoparticles would deliquesce sooner than large ones.
ering a model where ammonium sulfate particles are sur-This is contradicted by Biskos et al. (2006), who did not ob-
rounded by a shell of condensed water. After the deliquesServe any nanosize effect on the RH values of deliquescence.
cence, f (RH) agreed with the model for RH=73.3%, but We agree with this conclusion, as we did not observe any
RH below 58.3% values were too low to allow a conclu- modification of the shape of size distribution, suggesting that

sive comparison between the measurement and the theorete particle hygroscopicity would be dependent on size, but
cal curve (Fig. 11b). only a displacement of the overall particle size distribution

towards higher sizes. (3) The residence time for particles in

the wet air stream was significantly longer when particles
5 Discussion were humidified in situ in the chamber. It takes a few min-

utes in the chamber, instead of 15s in the H-TDMA. Re-
Our results obtained by in situ humidification of polydis- cently, Chan and Chan (2005) highlighted that hygroscopic
persed particles in the CESAM chamber suggest that ammomeasurements can be compromised if particles have not at-
nium sulfate particles absorb water far before deliquescenceained their equilibrium state in the measurements. Indeed,
This continuous absorption of water was not observed withusing attenuated total reflection Fourier transform infrared
our H-TDMA, as well as in several previous studies using spectroscopy, Schuttlefield et al. (2007) observed that wa-
this instrument (Duplissy et al., 2009; Gysel et al., 2001).ter was continuously absorbed on ammonium sulfate parti-
There are three main differences between the H-TDMA andcles starting from as low as 3% RH. In their experiment,

5000 4
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Fig. 11. Hygroscopic growth factor Gia) and scattering growth
factor f (RH) (b) as a function of RH within the chamber (bottom
axis) and the RH within the measuring instrument (upper axis) ob-
tained for the experiment E1212. The measurements are shown in
black circles. The modelled growth factors based on the theory de-
scribing ammonium sulfate particle surrounded by a shell of water
(red line) and solution droplet (green line) is also added. The black
line represents a fit through data measurement.

electron microscope. In particular, at 75 % RH, these authors
may find that over a 35 min period, particles become more
spherical, although a solid NaCl core remained. Trainic et
al. (2012) also showed that ammonium sulfate particles ex-
posed to varying RH from 30 % to 90 % RH during 1 h, and

then dried, exhibit a trend of increasing growth in size. The
results indicate that care need to be taken of the equilibrium

Fig. 10.Method used to compare measured and predicted size anﬂme for water uptake in investigating the aerosols hygro-

scattering growth factor.

particles were allowed to equilibrate with water vapour for

scopic properties. H-TDMA instruments induce limited resi-
dence time for humidification that might not be sufficient for
complete water adsorption on ammonium sulfate particles.

20 min. Krueger et al. (2003) observed water uptake on NaCl
particles prior to deliquescence with environmental scanning

www.atmos-meas-tech.net/7/183/2014/
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RH SMPS (%) consequences in the gas-particle partitioning of organic com-

e a0 s AF Bt W a0 B pounds, contributing to the Secondary Organic Aerosols for-
o MessuFerist mation (SOA). This is consistent with finding by Kroll et

Theorstical deliquescence curve al. (2005), who observed that the reactive uptake of glyoxal

3 | =R eliorescenchinime on aqueous seed contributes significantly to particle growth.
o Volkamer et al. (2009) also found SOA formation from gly-

& 12 ] . oxal in the presence of ammonium sulfate particles at high
= - RH.
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1.0 t :'m .I'_
We presented in this paper an optimized experimental set up

08 S S S— to study, in situ and under controlled conditions close to those
O 10 20 30 40 50 B0 70 80 90 100 in the atmosphere, the hygroscopic behaviour of the size dis-
R CESAM () tribution and optical properties for polydispersed aerosols.

Fig. 12. Hygroscopic growth factor GF as a function of RH within This set up is .based on the use of a high-volume atmo-
spheric simulation chamber, CESAM, where water vapour

the chamber (bottom axis) and the RH within the measuring instru- - i .
ment (upper axis) obtained for the experiment E1212. The mea@nd aerosols can be injected at various concentrations and

surements (black circles) are compared with the theoretical growtrkept at equilibrium for several minutes. The in situ relative
factors based on the Kohler theory for deliquescence (red line) andiumidity in the chamber can be varied from 0 to 100 %. In
efflorescence (blue line). Theoretical curves take into account thehis paper we have presented the validation studies of the par-
Kelvin effect for particles smaller than 100 nm. ticle complex refractive index (CRI), representing the aerosol
optical properties, and the size and scattering growth factors
(GF andf (RH), respectively) of the ammonium sulfate par-
6 Atmospheric implications ticles, which we used as a reference species of known optical
and hygroscopic behaviour. Henceforth, our experimental re-
Our results suggest that the absorption of water by ammosults can be compared with literature values, as well as with
nium sulfate particles occurs well below the deliquescenceheoretical calculations based on the Kéhler and Mie theories
point for RH ranging between 30 and 80 %, which is com- for hygroscopicity and optical properties, respectively.
mon in ambient atmospheric conditions. Humidification was Values of CRI retrieved at dry conditions at one specific
performed during few minutes that may be of relevance ofwavelength and also at an average in the visible spectrum
the aerosols transport in the atmosphere. As a consequencare in good agreement with expected results from the liter-
depending on their RH history, ammonium sulfate particlesature. On the contrary, the comparison of our results on the
may be surrounded by water layers or exist as an aqueouserosol hygroscopic behaviour depends on the experimental
solution over a broad region for a wide range of RH valuesprotocol. The expected hygroscopic behaviour of water up-
ranging from 30 to 80 %. The implications of this observation take by ammonium sulfate aerosols on the growing branch on
are important as water uptake below deliquescence will altethe humidification curve is obtained when measurements are
the scattering properties even on the deliquescence branch performed on a narrow size class centred on 150 nm by our
the humidity growth curve, regardless of the fact that parti- custom-built H-TDMA, in agreement with literature results.
cles have undergone various cycles of evapo-condensatiofConversely, polydisperse aerosols humidified for a longer
This effect is not taken into account to date by most globaltime in the chamber display a different behaviour suggesting
models, which would consider that no growth occur beforewater uptake far below deliquescence for RH values as low as
the deliquescence point (e.g., Martin et al., 2004; DeAndreis30 %. Modelling of our experimental results can be achieved
etal., 2012). by assuming that, starting from RH=30%, continuous ab-
The implication for heterogeneous chemistry may also besorption of water occurs in the form of a shell around the
significant. Knipping et al. (2000) have showed that the ki- ammonium sulfate core particle. In the future, it will be in-
netics of many heterogeneous reactions depend on the phaseresting to generalize this kind of studies to other inorganic
of particles. As an example, dry ammonium sulfate par-salt particles (NaCl, N&5Qy, . ..) that exhibited prompt del-
ticles have been found to be highly unreactive teQO¥, iquescence in previous H-TDMA experimental studies.
an important ozone precursor in the daytime (Mozurkewich In conclusion, we consider that this pilot study is success-
and Calvert, 1988). However, significant reactivity of®$ ful inillustrating the potential of the humidity-controlled CE-
with liquid ammonium sulfate particles was observed (Hu SAM simulation chamber in providing accurate data on the
and Abbatt, 1997). Therefore, the wetting of ammonium hygroscopic growth of both particle size and optical proper-
sulfate particles below deliquescence may have importanties, and their mutual links. In particular, this protocol seems

7 Conclusions
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particularly adapted to the investigation of the optical andBohren, C. F. and Huffman, D. R.: Absorption and Scattering of
hygroscopic properties of secondary organic aerosols (SOA) Light by Small Particles, Wiley, New York, 1983.
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tended humidification times are required to achieve their>®"%: T- €., Anderson, T. L., and Campbell, D.: Calibration
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. light absorption by aerosols, Aerosol Sci. Tech., 30, 582-600,
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optical properties at dry conditions for weakly absorbing Cappa, C. D., Lack, D. A., Burkholder, J. B., and Ravishankara,
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