Atmos. Chem. Phys., 14, 73749, 2014 Atmospheric [e
www.atmos-chem-phys.net/14/737/2014/ . g
doi:10.5194/acp-14-737-2014 Chemistry z
© Author(s) 2014. CC Attribution 3.0 License. and Physics &

Hygroscopic properties of the Paris urban aerosol in relation to its
chemical composition

K. A. Kamilli 1", L. Poulain?, A. Held", A. Nowak!™, W. Birmili 1, and A. Wiedensohlet

ILeibniz-Institute for Tropospheric Research, Leipzig, Germany
“now at: University of Bayreuth, Bayreuth Center of Ecology and Environmental Research, Bayreuth, Germany
" now at: Physikalisch-Technische Bundesanstalt, Braunschweig, Germany

Correspondence t. Kamilli (katharina.kamilli@uni-bayreuth.de)

Received: 25 January 2013 — Published in Atmos. Chem. Phys. Discuss.: 31 May 2013
Revised: 22 November 2013 — Accepted: 7 December 2013 — Published: 22 January 2014

Abstract. Aerosol hygroscopic growth factors and chemi- position, cloud condensation nuclei activation, and light scat-
cal properties were measured as part of the MEGAPOLItering. In the atmosphere, particles take up water well below
“Megacities Plume Case Study” at the urban site Labora-deliquescence, depending on particle hygroscopicity and am-
toire d’'Hygiéne de la Ville de Paris (LHVP) in the city cen- bient relative humidity (Swietlicki et al., 2008). Because the
ter of Paris from June to August 2009, and from Januarydegree of particle hygroscopicity influences ambient particle
to February 2010. Descriptive hygroscopic growth factorssize and therefore light scattering, hygroscopicity has a direct
(DGF) were derived in the diameter range from 25 to 350 nmimpact on direct radiative forcing (Haywood and Boucher,
at relative humidities of 30, 55, 75, and 90 % by applying the 2000). Emphasizing the fact that aerosol water uptake affects
summation method on humidified and dry aerosol size dis-both the direct and indirect effect of aerosols, an incomplete
tributions measured simultaneously with a humidified differ- understanding of aerosol hygroscopicity has been identified
ential mobility particle sizer (HDMPS) and a twin differen- as a major limiting factor in estimating the aerosol climate
tial mobility particle sizer (TDMPS). For 90 % relative hu- forcing (IPCC, 2007).
midity, the DGF varied from 1.06 to 1.46 in summer, and The scientific understanding of the hygroscopic proper-
from 1.06 to 1.66 in winter. Temporal variations in the ob- ties of atmospheric particles has improved considerably dur-
served mean DGF could be well explained with a simpleing the recent years. While the hygroscopic growth of pure
growth model based on the aerosol chemical compositiorsoluble ionic species is known quite accurately (Tang and
measured by aerosol mass spectrometry (AMS) and blacunkelwitz, 1994; Brechtel and Kreidenweis, 2000), the
carbon photometry (MAAP). In particular, good agreementgrowth of atmospheric organic matter (Saxena and Hilde-
was observed when sulfate was the predominant inorganicnann, 1996; Gysel et al., 2004) or complex mixtures of var-
factor. A clear overestimation of the predicted growth fac- ious substances that are typical for the atmosphere are more
tor was found when the nitrate mass concentration exceededncertain.
values of 10 ugm?, e.g., during winter. In the atmosphere, a few inorganic salts constitute the
major part of the inorganic aerosol fraction (Heintzenberg,
1989; Putaud et al., 2010). While the impact of the organic
fraction on aerosol hygroscopicity has been neglected for a
1 Introduction long time, some recent studies have stressed the influence of
organic compounds on overall particle hygroscopicity (e.g.,
Aerosol particles are ubiquitous in the atmosphere and p|aX3yseI et al., 2007). Organic matter can contribute 20 % to
an important role in a variety of fields such as the terrestrialgg o4 of the mass of fine particles, depending on location
radiation budget, atmospheric chemistry, climate, and humar@ChOW etal., 1994; Duce et al., 1983; Krivacsy et al., 2001a,

size, including aerosol dynamical reaction rates, particle de-
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toward organic hygroscopicity in the last decade. A num-ity and weather with global atmospheric chemistry and cli-
ber of theoretical (e.g., Clegg and Seinfeld, 2006; Topping etmate (Baklanov et al., 2008). Two intensive field campaigns
al., 20054, b), laboratory (e.g., Peng et al., 2001; Sjogren etvere conducted in the summer of 2009 and the winter of
al., 2007; Cruz and Pandis, 2000; Massling et al., 2007) an®010 in Paris, a European megacity of more than 10 million
chamber (e.g., Ansari and Pandis, 2000; Cocker et al., 2001anhabitants. Quantifying sources of primary and secondary
b; Duplissy et al., 2008) studies have investigated how theaerosol in and around a megacity was a major objective
presence of organics affects the hygroscopic properties of thevithin MEGAPOLI (Baklanov et al., 2008). Our measure-
atmospheric aerosol. More in situ measurements with couments correspond to the atmospheric aerosol obtained under
pled measurements of particle composition and their hygrothe impact of various diffuse sources found in such a large
scopic behavior are needed. Conducting more of those measonurbation. In practice, detailed aerosol and precursor gas
surements, laboratory studies and hygroscopic growth modmeasurements were carried out at several urban and subur-
els can be associated with field measurements. ban sites, and using several mobile laboratories. MEGAPOLI
The standard method for calculating hygroscopic growthalso included airborne observations of the evolution of the
from the aerosol chemical composition is based on the watemegacity plume.
uptake by the individual chemical constituents, the so-called
Zdanovskii—-Stokes—Robinson mixing rule (ZSR; Stokes and2.2 Sampling site in Paris
Robinson, 1966). The prediction of water uptake for the inor-
ganic fraction of atmospheric aerosols is usually reliable. InThe measurements were carried out in the backyard of Le
contrast, the vast number of different organic species in thdaboratoire d’hygiene de la Ville de Paris (LHVP; 48.828
atmosphere (e.g., Saxena and Hildemann, 1996) combine®.359 E) situated near Place d'ltalie in the 13th quarter of
with a limited understanding of organic aerosol hygroscop-Paris, a residential and business district in the south-eastern
icity has led to the practice of assigning the water uptake ofpart of the city of Paris, which has a height of approximately
organics as the particle growth not explained by inorganic60 ma.s.l.
constituents (e.g., Malm et al., 2005). This study compares The suite of specialized measurements to characterize the
measured and calculated hygroscopic growth factors fromhygroscopic growth properties and the chemical composition
field measurements of the aerosol chemical composition anthcluded a twin differential mobility particle sizer (TDMPS),
particle number size distributions in the city center of Paris,a humidifying differential mobility particle sizer (H-DMPS),
France. an aerodynamic particle sizer (APS), a high-resolution time-
A limited number of studies (Eichler et al., 2008; Meier of-flight aerosol mass spectrometer (HR-ToF-AMS), and a
et al., 2009; Achtert et al., 2009; Birmili et al., 2009) using multiangle absorption photometer (MAAP). All instruments
the humidified differential mobility particle sizer (HDMPS) were placed inside a laboratory container. Air conditioning
system are available. Whereas Meier et al. (2009), Birmiliwas used to stabilize room temperatures, which is crucial
et al. (2009) and Eichler et al. (2008) obtained chemicalfor reliable measurements of humidified particle number size
particle information by impactor measurements, Achtert etdistributions. A PMg inlet on the container rooftop served as
al. (2009) were the only with combined HDMPS and aerosolthe main inlet for all instruments. A custom-built regenera-
mass spectrometry (AMS) data, but at a rural/suburban sitéive adsorption drier (Tuch et al., 2009), which was installed
in the North China Plain. Our study is therefore the first on the rooftop, kept the relative humidity of the sample flow
one investigating HDMPS size resolved particle growth (cf. under 25 %.
HDMPS vs. HTDMA differences in Sect. 3.1) in combina-
tion with chemical measurements with high time resolution2.3 Instrumentation
in a European megacity.
2.3.1 Twin differential mobility particle sizer

2 Experimental The particle number size distribution (PNSD) under dry con-
ditions was measured with a twin differential mobility parti-
2.1 The MEGAPOLI field study cle sizer (TDMPS) at a time resolution of 10 min. The par-

ticle diameter range was 3—700 nm during the summer cam-
The measurements analyzed in this study were performegaign and 3—800 nm in winter. The TDMPS follows the prin-
under the umbrella of the European FP7 project “Megaci-ciples outlined in Birmili et al. (1999). Briefly, two Vienna-
ties: Emissions, urban, regional and global atmospheric poltype differential mobility analyzers (Vienna DMA, Winkl-
lution and climate effects, and integrated tools for assessmayr et al., 1991) and two corresponding condensation par-
ment and mitigation” (MEGAPOLI), investigating interac- ticle counters (UCPC 3025 and CPC 3010; TSI Inc., St.
tions of megacities, air quality and climate. MEGAPOLI in- Paul, MN, USA) are used in the TDMPS. The particles were
cludes both basic and applied research, and bridges spatiaharged and brought into charge equilibrium as described
and temporal scales connecting local emissions, air qualby Wiedensohler et al., 2012 (their Table 3 for IFT-TDMPS
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composition). With the aid of additional regenerative diffu- 2.3.3 Chemical composition and black carbon
sion dryers inside the TDMPS, typical conditions were be-
tween 5 and 26 % relative humidity (RH) of the aerosol inlet In order to measure the chemical composition, we used
flow, which was continuously monitored. The measured rawa high-resolution time-of-flight aerosol mass spectrometer
mobility concentration was inverted, taking individual CPC (AMS, Aerodyne Research Inc., Billerica, MA, USA), which
collection efficiencies and DMA transfer functions into ac- uses flash thermal vaporization under high vacuum followed
count, as described by Wiedensohler et al. (2012; Table A2)by electron impact ionization and time-of-flight mass analy-
sis (Jayne et al., 2000, Jimenez et al., 2003; Canagaratna et
2.3.2 The humidifying differential mobility particle al., 2006). The AMS provides quantitative information of all
sizer non-refractory species that are vaporized in a few seconds at
a temperature of 60CC, including organics, sulfate, nitrate,
Measurements of humidified particle number size distribu-5mmonium and non sea-salt chloride. The non-refractory
tions were carried out using a humidifying differential mo- fyaction includes the majority of atmospheric components,
bility particle sizer (HDMPS, Nowak, 2006; Birmili et al., \ith the notable exception of black carbon, crustal oxides
2009), which has been successfully deployed in several at¢qyst) and sea salt, which require vaporization at higher tem-
mospheric field experiments (Eichler et al., 2008; Meier etperatures. The AMS mass spectra were analyzed using the

al., 2009; Achtert et al., 2009; Birmili et al., 2009). The mea- yata analysis software Squirrel v1.51. (D. Sueper, University
surement principle is similar to the TDMPS except that the ¢ Colorado-Boulder, CO, USA).

PNSD is recorded in a diameter range from 25 to 800nm  gj5ck carbon (BC) was measured using a multiangle ab-
under controlled relative humidities of 30, 55, 75 and 90 %. sorption photometer (MAAP, type 5012, Thermo Scientific
In a first step, the sample aerosol was humidified t0 apnc_ Franklin, USA), which measures the amount of light
proximately 90% RH (see Fig. 2; Birmili et al., 2009) in  nat is transmitted through and scattered back from a particle-
a Nafion pre-humidifier (Model MH-110-12-S, ANSYCO |aden glass fiber filter at a wavelength of 637 nm (Petzold and
Inc., Karlsruhe, Germany) to ensure that the deliquescenc&cngnlinner, 2004). The wavelength of 637 nm corresponds
point was exceeded. Because of pre-humidification to 90 %yjith the region of the solar spectrum where BC is the pri-

RH, one can assume spherical solution droplets from hyhary absorber; thus, interferences with “orown carbon” and
groscopic particles or particles consisting of mixtures of hy- nineral dust are minimized.

grc_)scopic and hydrophobic compounds such as mineral dust |, order to obtain a more complete description of the
(Siogren etal., 2007). - aerosol chemical composition, the AMS and MAAP mea-
Subsequently, the aerosol was conditioned to the targeg,rements were combined and averaged to match the time
humidity by passing the flow through a membrane diffu- resolution of the hygroscopicity measurements. Particle den-
sion dryer (Model MD-110-12F, ANSYCO Inc., Karlsruhe, sty was calculated by comparing the time series of dry parti-

Germany). It is important to bring the aerosol to the tar- c|e yolume derived from the PNSD measurements to the total
get humidity before entering the neutralizer to guaranteeap;s plus MAAP mass concentration.

constant RH conditions when reaching the charge equilib-
rium. The sheath air was also conditioned to reach the tar-
get RH before entering the DMA. Finally, the aerosol parti-
cles were classified according to their electrical mobility in
the DMA and counted with a condensation particle counters 1 petermination of hygroscopic growth factors
(CPC 3010, TSI Inc., St. Paul, MN, USA). To ensure re-

liable measurements, at least three complete PNSD scang special data reduction method, the so-called summation
were performed at each humidity step. Thus, a complete Cyiethod (SM, Birmili et al., 2009, Eichler et al., 2008; Achtert
cle through all four target RHs and the selected particle sizg,; al., 2009), is employed on combined HDMPS/TDMPS
ranges lasted 2.5to 3h, e.qg., the data forachose_:n diameter gt to extract hygroscopic growth factors with high time
the target RH=90 % were available every 150 minutes. Af- oq01ution, The summation method is different from the pro-
ter 3 data points followed a gap of approximately 125min, caqyre ysed to derive hygroscopic growth factors from hu-
where the other humidity conditions were recorded. The hu+nigified tandem differential mobility analyzers (HTDMA,
midity, temperature and flow conditions inside the HDMPS e.g., Rader and McMurry, 1986). While in an HTDMA mea-
were constantly m(_)nitored using t_em_per_ature/humidity SeNsurement, one or more hygroscopic growth factors repre-
sors (HMP230, Vaisala Inc., Helsinki, Finland) and differ- qentative of different particle fractions are derived directly
ential pressure transducers. The humidity sensors were calky, 5 particular preselected particle diameter; the SM yields
brated before the campaign with a dew point mirror. a number of descriptive hygroscopic growth factors (DGF)
for different particle diameters because of the combined
HDMPS/TDMPS method. Through the use if these coupled
instruments both a dry and a humidified size distribution are

3 Data processing
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Fig. 1. Dry and humidified size distributions and the corresponding DGF calculated by the summation method. The left panel has been
adapted from Nowak (2006). The right panel shows data from the Paris summer campaign.
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One notable requirement for successful application of the
- SM is that the total number under the complete PNSD re-
12 W WW M W\.W mains constant with humidification. This implies that no par-
. ticles are lost or formed during the humidification process.
If this is the case, the particle number concentrations mea-
sured by the TDMPS and the HDMPS are the same, and the
humidification may be considered as a size distribution rear-
rangement (Birmili et al., 2009). In this study, the total par-
ik FR— i ticle number concentration ratio TDMPS/HDMPS was 1.12
Pt A on average in summer, and 1.18 in winter for 90 % RH. Due
1 to the departing TDMPS/HDMPS ratio from unity, the com-
::j WMWWWW puted GFs had to pass a quantile filter. Data were eliminated
1 when the DGF value exceeded the 10 % or 90 % quantiles be-
cause one can assume that those extreme DGF values result
from extreme values in the TDMPS/HDMPS ratio.

The summation method (Nowak, 2006; Birmili et al.,
2009) may be considered as a tool that relates dry and humid-
s S ified PNSDs. In this method, the dry and humidified cumula-

1001010 ZLOLAOT0 26012000 SLOROTO - 0S022010 10022000 15022010 tive number size distributions are split into 500 disjunct seg-

ments with an equivalent number of particles. Note that the

Fig. 2. Time §eries of the DGF of 285 nm p_articles at a RH of 90 % segments may be different in diameter width. The SM now
and the particle compounds measured with AMS and MAAP for g5cates the lower boundary diameter of the first segment
summer(a) and winter(b). of the dry PNSD to the lower boundary diameter of the cor-
responding humidified segment, and continues with the next

obtained, which are divided into the same number of Seg_segments. This process starts from the largest particle diam-

ments. The SM assigns every dry segment a humidified Sege:erhand steps_ towar(:]s gsmaller diarzmeters until rt]he dlowe_r e_nd
ment, beginning with the uppermost segment in every sizeﬁ the PNS_D IS rez;cf ed. F.or each segment, the descriptive
distribution. So a large number of DGFs are obtained, de-Y9roScopic growth factor is computed as D@hary) =

pending on the number of segments. With this method thePpwen/ Dpry)- This procedure yields 500 DGF values rep-

DGF value represents an average of all hygroscopic particléesentative of 500 particle diameter bins distributed over the
fractions at the corresponding particle diameter. PNSD size range. As the DGF bins are usually variable, in

this study the DGF curve was re-binned onto a fixed grid
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from 25-350 nm by interpolation. An example of what the  Using the summation method, the growth factors were
dry and humidified size distributions look like is depicted in computed for conditions of 55, 75 and 90 % RH based on the
Fig. 1. The left panel shows theoretical values taken fromdry PNSD. The 30 % RH measurement of the HDMPS can
Nowak (2006). The TDMPS and HDMPS size distributions be considered a dry reference measurement providing results
in the right panel are original data measured during the Paricomparable to the TDMPS.
summer campaign.

One might argue that the segmentation of particle numbeB-2 Hygroscopic growth model
distributions is not appropriate because it assumes internall L
mixed particles. H-TDMA studies usually identify an exter- %‘he determination of the growth factor based on the

nal particle mixture with regard to their hygroscopicity (Swi- Zdanovskii—Stokes—Robinson_ relation  (ZSR)  requires
etlicki et al., 2008). The summation method is assumed tOknowledge of the volume fractions and the growth factors of

be valid as long as changes in overall hygroscopicity, Whichthe pure substances of mixed aerosol particles. The growth

includes the two sub-aspects external mixture as well as théactor is estimated from
absolute value of the growth factor, are modest compared to 3
changes in particle diameter. A failure in the SM would be GFiy (aw) ~ (Zaigi (aw)3> (1)
identified by a sharp step in the DGF curve resulting from i

the allocation of number si;e distribution_segments. There_’where Ghix is the growth factor of the mixed aerosol parti-
are several arguments against such a failure’s relevance iBle, a,, is the water activityj is the number of compounds,

the case of our MEGAPOLI data set: gi is the growth factor of compoundin pure form, anck;

1. We did not observe sharp steps in any DGF curve re-is the volume fraction of compountlin the dry particle. In

sulting from the allocation of number size distribution good approximation, the water af:tivimv can be replaced
segments. by RH (Gysel et al., 2007) to obtain a functional dependence

of GFnix on RH, Gkyix(RH). The ZSR growth model im-

2. The overall size-dependent changes in DGF wereplies internally-mixed particles and the possibility to inde-
monotonous, steady, and rather modest duringpendently calculate the water uptake of mixed particles as
MEGAPOLI, typically increasing from a campaign the sum of the water uptake of each compound.
average 1.1-1.2 at the lower end of the evaluated di- The AMS measurements provide mass concentrations of
ameter range around 80 nm to 1.3-1.4 at the upper sizammonium (NH), nitrate (NQ), sulfate (SQ) and chloride
distribution end (Fig. 6). (CI). Assuming exclusive formation of ammonium salts, am-

monium nitrate, ammonium chloride, ammonium sulfate, or

ammonium bisulfate may be formed. If the main ammonium
salts are NEHNOs, NH4Cl and (NH;)2SOy, the ion charge
balance requires

3. The urban particle number size distributions during
MEGAPOLI were relatively flat, suggesting the pres-
ence of an aerosol mixed from multiple sources, and
from sources exhibiting wide particle modes.

m(SO?f)
typically exhibit geometric standard deviations of 1.4 18 35 + 62 +2 96 @

and larger. “_q ,MEGAPOU’ black carboq was clearly wherem is the mass concentration of the ions, respectively.
found to exhibit two rather broad modes in the sub-pm For example, if the main ammonium salts are JNDs

range (Healy et al., 2012). NH4Cl and NHJHS Oy, the ion charge balance requires

4. In continental aerosol populations, the particle modesm (NH) m (CI7) m (NO3)

Validation of the summation method has been made by N B B SO
calibration measurements conducted in the laboratory with/” (NH4)=m(C| )+m (N03)+m( 4 ) 3)
ammonium sulphate and sodium chloride (see Supplement 18 35 62 9%

Figs. S1, S2). The deviation from the model is 5% for a dry |n the case of the inorganic salts, the growth factors of the
diameter above 50 nm. Growth factor distributions were eVaI'pure substances were obtained from the modified Kohler the-
uated apove 70nm, i.e., in areliable range where the SM cagyy, according to the model by Pitzer (1973). A detailed de-
be applied successfully. scription can be found in Nowak (2006). For elemental car-
Comparisons between HDMPS and HTDMA showed de-pon (EC), we assume a growth factor of unity. The hygro-
viations from 5% for a RH of 88 % in lab experiments with scopic growth curve of organics has been determined by a

ammonium sulphate (Supplement Fig. S3). During ambientcommonly used empiricay model (e.g., Massling et al.,
measurements the deviation between both instruments wagpo3; Swietlicki et al., 2000):

up to 20 % (Supplement Fig. S4). The higher deviation in _
comparison to the lab experiments can be explained by a naGF = (1 — RH/lOO %) 7 , 4)
yet enhanced HDMPS system at the time of field compari-

son, which was conducted later on. wherey is the model parameter.

www.atmos-chem-phys.net/14/737/2014/ Atmos. Chem. Phys., 14, 78432014
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4 Results

4.1 Campaign overview

0 1 |
29.06. 06.07. 13.07. 20.07. 27.07. 0.2 03 0.4 0.5 0.6 0.7 0.8
Date MF organic matter

The measurements in the city center of Paris started in the
evening of 29 June and ended at 1 August 2009 in sum- :,,
mer and resumed from 12 January to 15 February 2010 o %u@%@
the following winter. Figure 2 gives an overview of the - : :
TDMPS/HDMPS and AMS measurements. The time series & o &6, a6 270 i O°

of the measured DGF shows a clear difference between sum- _

mer and winter; the values in winter are higher with a maxi- Fi9- 3. Correlation between DGF at a RH of 90% and the mass
mum value of 1.66 in winter compared to a maximum valuefraCt_'on (MF) of organic matter in S“F“me‘*) and the inorganic

of 1.46 in summer. This is consistent with the differences ofMF In summer(c) with the corresponding scatter pldts d). The

linear equation iy = —0.33x+1.44 with a correlation coefficient of

the aerosol chemical composition. The mass fraction of or-_ ¢, in(b) andy = 0.41x + 1.14 with a correlation coefficient of

ganic carbon, which reduces the hygroscopic growth factorg 79 jn(q).

is higher in summer than in winter, whereas the fraction of

inorganic salts is higher in winter than in summer. Also, one

can notice a shift in the mass fractions of nitrate and sulfate. 2 5o 16 b) 16

Whereas sulfate is the dominant inorganic salt in summer, :,
the influence of nitrate increases in winter. goz

1. .
15.01. 22,01 29.01. 05.02. 12.02. 00 01 02 03 04 05 06 07 08
Date MF organic matter

502
=

4.2 Correlation between DGF, organic and inorganic
mass fractions

As is obvious in the temporal patterns of the DGF and the ggg : 1
organic mass fraction depicted in Figs. 3a and 4a, and the ~ =0 200 = e w2 00 01 02 e mater - 08
negative regression between the two variables (Figs. 3b, 4b), _
the DGF and the organic mass fraction are clearly anti-Fig. 4. Correlation between DGF at a RH of 90 % and the MF of
correlated. With an increasing mass fraction of OC, the DGFO9anic matter in wintefa) and the inorganic MF in wintec) with

' the corresponding scatter plats, d). The linear equation is =

decreases. OC was therefore classified as less hydrophﬂ@osex +1.47 with a correlation coefficient o£0.52 in (b) and

and a valug of =0.075 (Gysel et al., 200_4) was chosen in y = 0.28x + 1.2 with a correlation coefficient of 0.57 ().
Eqg. (4), which leads to a GF for the organics of 1.19 at 90 %

RH. If we evaluate the linear regression presented in Fig. 3b
with the equationy = —0.33x + 1.43, the growth factor for
the OC mass fraction can be determined by setiing 1
(purely organic sample). By this computation we arrive at a
slightly lower value of DG 1.10. For the winter campaign
the linear regression with the equation= —0.36x + 1.47

balance is required. Crippa et al. (2013) calculated the ion
charge balance for three MEGAPOLI sites during winter, as-
suming the presence of ammonium nitrate, ammonium sul-
fate, and ammonium chloride. In this study, the observed
yields a value of DGE=1.11 (Fig. 4b) for the organic frac- mais. cc_>ncentrat|on of.l_\[{-!and the mass concentration of
tion. NH; in ion charge equilibrium calculated from Egs. (2) and
Figure 3c and d show the correlation of the mass frac-(3) &re compared in Fig. 5 to determine whether the ion

tion of the inorganic compounds with DGF during the sum- charges are balanced with ammonium nitrate, ammonium
mer campaign. In contrast to the organic fraction, the in-chloride, and ammonium sulfate or ammonium bisulfate. The

organic compounds have an obvious promoting effect orclor Of the symbols indicates the measurement date.
hygroscopic growth. The time series of the inorganic mass S IS apparent, in summer the relation between the ob-

fraction and DGF follow the same pattern, but with differ- S€Tved and calculated NH concentrations is split into
ing factors between them. The correlation coefficie®)t i6 two branches for the calculation with ammonium bisulfate

R = 0.79, indicating a reasonable correlation. For the winter('_:ig' 5a). This calculation shows better correlation at the be-

data we obtained a similar correlation (Fig. 4c, d); however,9inning of the campaign until 5 July, and worse correlation
the correlation coefficieng = 0.57 was lower than in sum- OF the rest of campaign, shown by a steeper slope of the
mer. correlation line deviating from unity. On average, the slope

of the regression line between the observed mass concentra-
4.3 lon balance tion of NHZr and the calculated concentration of $Hh ion

charge equilibrium has the value of 1.21. This means that the
To initialize the hygroscopic growth model on the basis of measured values exceed the calculated ones. For the whole
chemical composition measurements, knowledge of the iorcampaign the calculation with ammonium sulfate (Fig. 5b)

Atmos. Chem. Phys., 14, 737749 2014 www.atmos-chem-phys.net/14/737/2014/
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i ——————— Table 1. Overview of the density values and growth factors of the
01.07.2009 06.07.2009 11.07.2009 16.07.2009 21.07.2009 26.07.2009 31.07.2009 pure substances.
Date
a)e b) 6
E 5 g s Composition  density GF for 90% RH
= > __
. g, [gcm—3] and 285nm
Zs is NH4NO3 1.73 (Lide, 1993-1994) 171
“E; 2 g2 (NHz)2S0O4  1.77 (Meyer et al., 2009) 1.66
ER R NH4HSO;  1.78 (Lide, 1993-1994) 1.67
032 e : 0 i EC 2 (Seinfeld and Pandis, 2006) 1
o 1 2 3 4 5 6 o 1 2 3 4 5 6 oC 1.5 (Kostenidou et al., 2007; 1.19
NH, calculated (pg/m" ) NH, calculated (pg/m’) Gysel etal. 2004)
s )
16.01.2010 21.01.2010 26.01.2010 31.01.2010 05.02.2010 10.02.2010 15.02.2010
Date
<)
2" =" paign. For ammonium bisulfate, a slope of 0.98 indicates that
§ s § : ion charge equilibrium is reached, while for ammonium sul-
El s ® fate, the slope is 0.77. Overall, chloride can be neglected be-
£ g4 cause of its vanishingly low amount.
Z2 £ Using the corresponding densities (Table 1), the volume

=

T T

S ———— o ——— fractions ¢ of the particular compognds were detgrmined
NH, calculated (ug/m’) NH, calculated (ug/m’) from the observed mass concentrations of inorganic as well
as organic compounds. After the preceding considerations
Fig. 5. Comparison of N measured and predicted for ammonium concerning the ion balance, all computations were made with

bisulfate(a, c) and ammonium sulfatv, d) in summer (top) and  gmmonjum sulfate data for summer and with ammonium
winter (bottom), where denotes the slope of the regression line. bisulfate data for winter

SN (), 50, IS N, N o, 53 OC N £ . 4.4 Case studies of measured and calculated DGFs
29" June to 3™ July 2009 5 to 12' July 2009

a)i.s— b) 167

16 We measured and evaluated the DGF at three different RH
conditions, i.e., at 90%, 75% and 55% RH. All evalua-
tions of growth factors at different relative humidities were
made at a diameter of 285 nm. The reason for this is a max-

, ‘ imum of the growth factor within the measurement range of

T the HDMPS directly below a diameter of 300 nm. Thus, this

diameter range is most representative for the growth factor

of submicron particles. The maximum becomes obvious in

Fig. 6. Also, in Fig. 7, where different mass distributions dur-

ing one sample day are depicted, the peak of aerosol mass is

located around the chosen region. The chemical data mea-
sured by the AMS represents the P¥ange, as no size-

RN R R O resolved data were available for both the summer and winter
R 150, ST N IR I NO, 5] OC I EC campaigns. Therefore, the computed GF is representative of

Fig. 6. Growth factor distributions with the mean DGF and 0.1 and the_ submicron a.emSO". af‘d a dlameter of 285nm is the best

0.9 quantiles for four periods in summr, b) and winter(c, d) ob- point of comparlson_v_wthln the dlamete_r range 25-350 nm

tained by TDMPS/HDMPS measurements at a RH of 90 %. The pief,or the HD,MPS' Addltlonally, at larger dlameFers uncertain-

charts show the corresponding volume fractions of the main aerosdli€S a@ssociated with the growth factors are higher due to the

evaluation method. The averaged DGF at 285 nm particle di-

ameter are summarized in Table 2 for both the summer and

winter campaigns. While the average DGF at 90% RH is
fits the observations best. The correlation line has a slope oflearly higher in winter than in summer, the average DGF

n = 0.92, which means that on average there is only an 8 %values at 75% and 55% RH are similar in winter and sum-

deviation from perfect charge equilibrium. mer.

In winter (Fig. 5c¢, d), there is no evident separation of cer- In order to investigate the dependence of hygroscopic
tain time periods, neither for the calculation with ammonium growth on particle composition in more detail, several pe-
bisulfate nor ammonium sulfate. The computation with am-riods of constant meteorological conditions were examined.
monium bisulfate yields the best results for the whole cam-In summer, we determined one period with a strong diurnal

2 to 5 February 2010

d) 1.6+

compounds.
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T T - T T T dependence of the corresponding DGF at an RH of 90 % is

0.7 ) also represented in Fig. 6a, as well as in b—d. Obviously, the
0.6 / . DGF increases with increasing particle diameter. In general,
051 ] due to aging processes one can expect more hydrophilic ma-
B terial in older, larger particles than in fresh, smaller particles.
f,, 041 |V )} Because the volume fractions of the aerosol compounds are
% 0.3- \ i derived from AMS measurements roughly representing PM
& the upper size range of the DGF distribution is crucial for an
= 0.2 . . )
intercomparison of measured and calculated growth factors.
0.1+ . The second time period of interest lasted from 5 to
0.0 . . . . . . 12 July 2009, when air masses were brought from over the
0 100 200 300 400 500 600 700 Atlantic Ocean to Paris (Fig. 8b). The particle mass concen-

Dp [nm] tration, which is based on TDMPS data applying a density
of 1.6 gcnt3, varied from 3 to 18 ug m?, and the concen-
tration of the chemical compounds were lower than in the
first period. Also, the change in air mass origin led to a

) shift in the particle composition (Fig. 6b). In the maritime air
Tgble 2. Measured growth factors on averag.e.durlng summer andmasses, precursor gases formed by combustion are less abun-
winter for 55 %, 75 %, and 90 % relative humidity. dant than in the urban aerosol. Therefore, less ammonium ni-
trate (3.8 %) was formed, whereas the organic volume frac-
tion (58 %) increased. All other volume fractions remained
roughly the same. One would expect a lower DGF than in the

Fig. 7. Mass size distributions of humidified samples at an RH of
90 % for a sample day during the summer campaign.

RH Average DGF Average DGF
in% for 285 nm, summer  for 285 nm, winter

55 1.05 1.04 first period, as less hydrophilic material (OC) is more dom-
75 113 113 inant and the volume fraction of hygroscopic inorganic salts
90 1.27 1.35 is reduced. However, the maximum DGF is slightly higher in

the second period than in the first period. One can speculate

that the organic fraction of the second period is more hy-
variation of nitrate in the beginning of the campaign from drophilic than in the first period. When the air masses were
29 June to 3 July, shown in the time series of the AMS mea-brought over the Atlantic Ocean, NaCl is not considered be-
surements in Fig. 2a. In the course of the initial three days thecause a minor contribution of sea salt to PM expected.
nitrate mass variation between daily minimum and maximumMoreover, no direct sea-salt measurements in the Rivige
was about 4 ug m? during the first, 13.3 ug e during the  were performed, as the used AMS cannot detect NaCl under
second and 6.6 ugmi during the third day, whereas the ni- normal operating conditions due to vaporization at 800
trate mass varied by 1.8 pgthin maximum excluding these  under high vacuum.
first days of the campaign. A third interesting period was found during the winter

In this period, the air masses were advected slowly tocampaign from 26 to 27 January. Air masses from the east,

Paris, as can be seen in the trajectory plot (Fig. 8a) calculatedhich crossed densely populated industrial areas in Poland
with the HYSPLIT model provided online by the NOAA and Germany (Fig. 8c), brought continental aerosol to Paris.
Air Resources Laboratory (Draxler and Rolph, 2012; Rolph, Due to the long residence times over these areas, high par-
2012). The two backward trajectories arriving at 300 m andticle mass concentrations of aged particles were advected.
750 m above ground level traveled over eastern Germany andihis is also reflected in the aerosol composition with a high
northern France 96 h before arriving in Paris. The upper airvolume fraction of ammonium nitrate of 40 % and ammo-
layer arriving at 1850 m above ground level traveled a longemium bisulfate of 20 %. Ammonium chloride volume frac-
distance above the Atlantic Ocean; however, it did not mixtions are slightly higher with 1.2 % but still negligible. The
with the other layers and, therefore, did not affect Paris inOC volume fraction of 31 % is distinctly lower than in sum-
the lower boundary layer. Due to the slow horizontal trans-mer. Therefore, the maximum DGF of 1.4 is higher than in
port where the wind speed did not exceed 3th $iigh total ~ summer.
particle as well as black carbon concentrations and a diur- During a fourth period from 2 to 5 February 2010, the
nal variation in nitrate developed, which is clearly visible in air masses coming from the Atlantic were transported over
Fig. 2a. The volume fractions of the aerosol compounds aresouthern France (Fig. 8d). Similar to the second period in
depicted as pie charts in Fig. 6. Organic carbon is the presummer (Fig. 8b), this period is influenced by maritime air
dominant compound in this period (Fig. 6a) with a volume masses. The size dependence of the DGF is approximately
fraction of 49 %. Ammonium sulfate has a volume fraction the same in these two periods. As in the summer period, the
of 28 %, ammonium nitrate of 13 %, EC of 10 %, and am- OC volume fraction of more than 50 % is dominant; however,
monium chloride a negligible fraction of 0.27 %. The size
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NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
a) Backward trajectories ending at 00 UTC 30 Jun 09 b) Backward trajectories ending at 00 UTC 07 Jul 09
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Fig. 8. HYSPLIT trajectories for the 2 periods in summer (top) and winter (bottom).

the inorganic salts are mainly ammonium nitrate (21 %) andcampaign (Fig. 9a). The median of the measured DGF has
less than 10 % of ammonium bisulfate. a value of 1.36 and the median of the calculated GF is 1.28.
Overall, the absolute values and the size dependence of thEhe diurnal nitrate variation and the associated expected vari-
DGF do not show pronounced variations even if the chemicalation in the hygroscopic growth factor is indeed well repro-
composition and the air mass origin are quite variable. Part ofluced by the calculated growth factor, but not by the mea-
the reason for the small variability of the DFG may be due tosured DGF. Possible reasons for this discrepancy are either
the averaging over extended time periods, which may reduc¢he increased nitrate concentrations or inaccurate assignment
the differences between the four selected periods. of the corresponding ions in the calculation of the growth
factor. In the scatter plot of measured DGF and predicted GF
4.5 Overall statistics of measured and calculated DGFs  (Fig. 9b), the measurements from 29 of June to 3 July 2009
are indicated in red. Removing these data points, the corre-
As already mentioned in Sect. 4.4, the first few days of thelation coefficient isk = 0.76. Overall, the pattern of the two
summer campaign are different from the rest of the cam-{ime series is similar, but the absolute values differ. It is re-
paign. This is also evident in the strongest deviation ofmarkable that the measured time series of the DGF show a
the measured and the calculated DGF during this periodnuch higher variability in winter than in summer. The max-
(Fig. 9a), which has a mean value of 10.2 % for the begin-imum deviation between the measured and the predicted GF
ning of the campaign and 5.4 % when excluding this period.is 37.1% in winter and 27.1% in summer. Also, the aver-
Therefore, the rest of the time series agrees well if one conage value of the deviation for the wintertime data is 8.5 %,
siders the use of a simplified growth model. The correlationand thus higher than in summer with 6.5 %. For the winter-
coefficient of the two time series of measured DGF and caltime data, the correlation coefficient is decrease t60.52
culated GF at 90% RH is 0.66 for the total of the summer (Fig. 9¢). The median of the two time series differs for the
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b) 17, at the beginning and end of the campaign when the parti-
T a4 g 1ol Lagene s cle mass exceeded 25 ug Due to the fact that we only
iy iy W/&MMW TEE o I 5 sy obtained one organic mass fraction containing many differ-
e e MDGFL%;%;Z:Cf":a'gnle = ent organic compounds from the AMS measurements, for the
LA, model calculation an artificial organic model compound was
" WW'% T 13 i created. As a representative model compound, we used the
'MW k) | '“\\WWWMW w\E thermodynamic properties of L-malic acid and a molar mass
15b1. 22.01. 29.01. 05.0v2. 12.02. . blvD : :I.e‘jm'ci.‘nz‘pa‘gnl‘i 1‘4 1‘5 1‘6 1‘7 Of 250 g morl'
one pormessied The result was not in full agreement with the previous as-
Fig. 9. Time series(a, ¢) and scatter plot€b, d) of the measured ~ Signments. Ammonium sulfate and ammonium bisulfate oc-
DGF and the calculated GF for 285 nm particles, respectively, com-curred in parallel. In summer, at the beginning of the cam-
puted with the bulk chemical composition measured by the AMS. paign the computed mass of ammonium sulfate was two to
The correlation coefficient of the two time series &e= 0.66 (a) three times higher than the mass of ammonium bisulfate.
andR = 0.52(b). Red dots in the scatter plots denote periods underThis is similar to our original assignment, where charge equi-
high NOx conditions. librium is reached with ammonium sulfate, ammonium ni-
trate and ammonium chloride for the summer period. How-
ever, for the end of the campaign, the AIM model calculation
whole winter campaign by a value of 0.09. While the mea-reached ion balance with ammonium bisulfate in absence of
sured DGF is 1.35, the calculated GF is 1.44. During twoammonium sulfate. This is in contrast to our original assign-
winter periods, the calculated GF is distinctly higher than thement. For the winter period, the AIM model results were in
DGF. During these periods, 23 to 29 January 2010 and 6 tdetter agreement with our original assignment. Although am-
15 February 2010, the nitrate mass fraction is increased. Jushonium sulfate and ammonium bisulfate existed in parallel,
like in summer, the correlation between measured and calcuammonium bisulfate concentrations were one to two orders
lated growth factors improves froR = 0.52 to R = 0.63 if of magnitude higher than ammonium sulfate concentrations,
these periods (indicated in red in Fig. 9d) are not taken intowhich is consistent with ammonium bisulfate as the domi-
account. nant sulfate compound.

Previously, McFiggans et al. (2007) obtained reasonable The water uptake not explained by inorganic constituents
agreement of measured and predicted GF if sulfate wagMalm et al., 2005) is often assigned to organics. Then, it
the predominant inorganic compound. Worse agreement wass possible to compare the growth factor of the unexplained
found under nitrate enriched conditions. In these cases thevater uptake with the growth factor of organic matter esti-
computations overestimated the hygroscopic growth. It wagnated from the empiricgk model in Eq. (4) (i.e., 1.19; cf.
speculated that either the ZSR failed for this case, or that niTable 1), thus evaluating the accuracy of the selected growth
trate measured in the AMS was not from ammonium nitratefactor. By rearranging the ZSR-relation to yield the growth
but from organic nitrates. Similar observations were made byfactor for the organic fraction, and applying all the known
Swietlicki et al. (1999) and Gysel et al. (2002, 2007). Thesevalues for the inorganic constituents, a growth factor for the
authors reached hygroscopic closure only in the absence ajdrganic fraction can be determined, for which the DGF and
significant nitrate masses. They all concluded that the ZSRhe calculated GF coincide. The computations for this study
could predict the hygroscopic growth with sufficient accu- yielded growth factors even below unity for the organic frac-
racy; however, nitrate loss based on evaporation within thetion, which corresponds to shrinkage with humidification.
HTDMA could induce a discrepancy. For a short-term mea-Thus, the discrepancies between measured DGF and calcu-
surement during the MEGAPOLI campaign, the AMS was lated GF could not be equated by a lower growth factor for
directly connected to the HDMPS inlet and showed a sudderorganic compounds. The median growth factor of organics
drop in the nitrate concentration. After connecting the AMS for a relative humidity of 90 % was 1.06 in summer and 0.87
to the standard inlet again, the nitrate concentration was back winter, respectively. In summer, values below unity only
at the higher level. Therefore, we cannot exclude the possieccurred in the beginning when the fluctuations in the GF
bility of nitrate losses due to evaporation in our system. values were strong. In winter the time series for the mea-

The possibility of inaccurate assignment of the ions sured GF fluctuated steadily, so the computed GF for organ-
in the GF calculations was evaluated using the Extendedcs reached values below unity more often.

Aerosol Inorganics Model (E-AIM, Aerosol Thermodynam-

ics Model, Model 2; Clegg et al., 1998; Carslaw et al., 1995;

Massucci et al., 1999; Clegg and Brimblecombe, 2005). Thes Conclusion

ion pairing scheme was evaluated under the constraint that

only ammonium sulfate, ammonium bisulfate and ammo-Aerosol hygroscopicity has been investigated for the in-
nium nitrate may form. To run the model, the mole frac- ner city of Paris using growth factor measurements by
tions of the different ions at a specific time were determinedHDMPS/TDMPS. In addition, the ZSR mixing rule was used
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—— GF_calculated (285 nm)
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