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Abstract. The hygroscopic growth of the atmospheric lating to an internal mixture with respect to hygroscopicity
aerosol is a critical parameter for quantifying the anthro-did not change the CCN concentration as a function of su-
pogenic radiative forcing. Until now, there has been a lackpersaturation significantly.

of long term measurements due to limitations in instrumen-
tal techniques. In this work, for the first time the seasonal
variation of the hygroscopic properties of a continental back-
ground aerosol has been described, based on more than twlo Introduction

years of continuous measurements. In addition to this, the

diurnal variation of the hygroscopic growth has been in- The hygroscopic properties of atmospheric aerosols are of ut-
vestigated, as well as the seasonal variation in CCN conmost importance for the climate. As aerosol particles move
centration. These physical properties of the aerosol haveround the atmosphere, they continuously interact with the
been measured with a Hygroscopic Tandem Differential Mo-surrounding water vapour, changing in size with the relative
bility Analyzer (H-TDMA), a Differential Mobility Particle ~ humidity (RH). As the light scattering properties of parti-
Sizer (DMPS), and a Cloud Condensation Nuclei Countercles are highly dependent on particle size, the hygroscopic-
(CCNC). The results show that smaller particles are generity of the aerosol at subsaturated conditions will have great
ally less hygroscopic than larger ones, and that there is @mplications for the light scattering of the atmosphere (Fierz-
clear difference in the hygroscopic properties between theéSchmidhauser etal., 2010; McFiggans et al., 2006). The light
Aitken and the accumulation mode. A seasonal cycle wasscattering and light absorption of the aerosol is commonly
found for all particle sizes. In general, the average hygro-called “the direct aerosol climate effect” and is believed to
scopic growth is lower during wintertime, due to an increasecool the atmosphere, an effect that is enhanced by anthro-
in the relative abundance of less hygroscopic or barely hyfogenic emissions (Solomon et al., 2007).

groscopic particles. Monthly averages showed that the hy- The particle-water vapour interaction also plays a vital
groscopic growth factors of the two dominating hygroscopicrole in cloud formation, as the particles provide a surface on
modes (one barely hygroscopic and one more hygroscopicyvhich to condense when the air is saturated with water. At a
were relatively stable. The hygroscopic growth additionally water vapour saturation ratio just above 100 %, the particles
showed a diurnal cycle, with higher growth factors during leave the equilibrium domain and start to grow unrestrained
day time. CCN predictions based on H-TDMA data under-as long as water vapour is available for condensation. The
predicted the activated CCN number concentration with 7 %patrticles are said tactivateinto cloud droplets, often grow-
for a 1 % water supersaturation ratio. The underprediction ining from 100 nm to 10 um in a few hours. The number of
creases with decreasingmost likely due to a combination activated particles in a cloud is highly dependent on the hy-
of measurement and modeling uncertainties. It was foundyroscopic properties of the particles (McFiggans et al., 2006)
that although the aerosol is often externally mixed, recalcu-as well as the size distribution of the aerosol (Dusek et al.,
2006) which determines how many activated cloud droplets
will form for a given supersaturation’) ratio. This in turn
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believed to exert a cooling of the atmosphere, and which aréend to consist of different kinds of organic substances, both

known as the first and second aerosol indirect effects. from primary (meaning emissions of particles at the emission
To quantify the water uptake at subsaturated conditionssource) and secondary (meaning that the particle mass origi-

the concept of hygroscopic diameter growth factor (GF) isnates from condensation) sources. Fresh emissions from e.g.

commonly used where the GF is defined according to diesel car exhaust contain a combination of non-hygroscopic
Hydrocarbon-like Organic Aerosol (HOA) in the particle
__ Dy phase, gas phase Volatile Organic Compounds (VOCs) and
GF=— (1) i L . o
Dp a myriad of combinations in between with different vapour

pressures. As the different VOCs are oxidised in the atmo-
whereDy, is the wet particle diameter at a given RH abg  sphere, the molecules tend to grow, due to an increasing num-
is the dry diameter of the particle. At subsaturated condi-ber of functional groups. This chemical ageing is also linked
tions (RH< 100 %), particles rapidly reach equilibrium with to volatility, and as the vapour pressure decreases, the or-
the surrounding atmosphere, with GFs ranging between Yanic vapours are driven towards the particle phase. As the
and~2.1 at 90% RH, where 1 represents completely non-photochemistry continues to oxidise the organics, the O:C ra-
hygroscopic particles, such as fresh soot, and1 repre- tio in the organic aerosol (OA) increases, which in turn also
sents sea salt particles (Swietlicki et al., 2008). increases the hygroscopicity of the OA (Jimenez et al., 2009).

Hygroscopic measurements of atmospheric aerosol par- To estimate how many particles in a given aerosol will ac-
ticles have been carried out for many years, with Seki-tivate into cloud droplets at a certain supersaturation ratio
gawa (1983) and Rader and McMurry (1986) doing pioneer-(s), it is possible to use H-TDMA measurements in combina-
ing work in using the measurement principle of two DMAS tion with size distribution measurements. Unfortunately, H-
in series with a humidification conditioning unit in between TDMA measurements of aerosol particles have until recently
on an atmospheric aerosol. This setup is commonly knowrbeen limited to short field campaigns of maximum a few
as the Hygroscopic Tandem Differential Mobility Analyzer months in duration, since these instruments typically require
(H-TDMA). Since the first measurements, there have beerfrequent attention, and have therefore not been suitable for
a multitude of measurement campaigns using H-TDMAs inunattended long-term operation. An alternate way to mea-
various environments all over the globe. Results from thesgsure CCN concentration is using a CCN counter (CCNC).
measurements show that the hygroscopicity of a particle iBBesides being easier to handle, CCNCs have the advantage of
highly dependent on the source and physicochemical age o direct measurement — no modelling or combining of differ-
the particle. ent measurement techniques are necessary. However, when

The hygroscopic growth can be subdivided into different operated as in this study, they do not give any information
classes with respect hygroscopicity. One classification isabout the degree of external mixture of the aerosol, some-
based on diameter growth factor at 90 % RH with respect tathing that is essential for a deeper understanding of the atmo-
ammonium sulphate. For 100 nm dry particles diameter thesgpheric processes that governs the number of CCN. The H-
boundaries are: Barely hygroscopic (BH; GF=1.0-1.11), TDMA, though somewhat more complicated, provides this
Less Hygroscopic (LH; GF =1.11-1.33), More Hygroscopic link between the atmospheric aerosol size distribution and
(MH; GF =1.33-1.85) and Sea Salt (GFL.85) (Swietlicki  the number of activated CCN for a given
et al., 2008). Often the ambient aerosol is externally mixed, During the last years several H-TDMAs have been de-
meaning that for any given size, there are particles presengigned for long term measurements within the European
in two or more of the hygroscopic classes, with different Supersites for Atmospheric Aerosol Research (EUSAAR)
GFs dependent on air mass origin and different chemical ageproject (vww.eusaar.ngt(Duplissy et al., 2009; Nilsson et
However, the degree of external mixture is dependent both orl., 2009) and Kammermann et al. (2010a) were the first ones
location and on size. to describe a full year of H-TDMA data. Even though diur-

In previous H-TDMA measurements, the occurrence ofnal cycles were observed, no clear seasonal trend could be
external mixtures varies a lot between different measuremensbserved over a 13 month measurement period in the Swiss
campaigns. The aerosol tends to be less externally mixedree troposphere.
for Aitken mode particles than for accumulation mode par- In this work, more than two years of H-TDMA, size dis-
ticles (Swietlicki et al., 2008). This might be explained by tribution and CCNC data are presented, for the first time re-
the fact that some of the larger particles have been cloud provealing the annual cycle of the hygroscopic properties at sub-
cessed, during which they absorbed soluble gases such a&aturated conditions as well as the CCN concentrations of a
SO, H2SO4, HNO3 or NHz. When the particles dry out, European background aerosol. The aims of this work were
soluble ions tend to stay in the particle phase, increasing its

solubility. 1. To characterize the hygroscopic properties of the
On the other hand, also the smaller particles are often  aerosol at the EMEP/EUSAAR field station Vavihill
externally mixed. This is most likely due to a combina- (56° 0T N, 13?09 E, 172ma.s.l.), which is situated in

tion of different sources and different age. Small particles a rural environment in the southern part of Sweden
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(Kristensson et al., 2008), including the diurnal and sea-DMA2 using a Condensation Particle Counter (CPC) (TSI
sonal variation of the hygroscopic growth. model 3760A). In this case the dry sizes were selected cycli-
cally to 35, 50, 75, 110, 165 and 265 nm, with two scans of

2. To quantify how well we are able to predict CCN con- 300's per size (one up- and one down scan), making the time
centrations using size distribution and H-TDMA data. egglution of the measurements roughly one hour.

3. To derive seasonal CCN concentration functions as de- 10 Validate the measurements, automatic (S0
pendent on supersaturation for all four seasons. scans were carried out on a daily basis, as required by EU-
SAAR standards. These measurements consisted of one cy-

cle, meaning that roughly 4 % of the data consisted of salt
2 Methods scans. Dry scans were carried out on an irregular basis, with

about 2—-3 month intervals, and dry sizes were found stable
The measurements included in this work were carried outwithin 2% of the nominal dry sizes. For further details re-
the measurement station Vavihill. The aerosol was sampledarding the H-TDMA system, see Nilsson et al. (2009).

through a PM10 inlet, excluding all particles with an aero- H-TDMA measurements started May 2008 and this pa-
dynamic diameter larger than 10 um. The temperature insider covers the first 27 months of operation, ending in July
the measurement station was kept constant with air condi2010. During this time data coverage varied from month to
tioning at 21 2°C. month with an average of 66 %, corresponding to roughly
200000 scans. To facilitate the inversion, the TDMAinv

software was used and continuous GF Probability Density

. . . Functions (GF-PDFs) were extracted from the data (Gysel
The hygroscopic properties at subsaturated conditions WErgy al., 2009). Criteria for a scan to be considered for inver-

measured with an H-TDMA constructed at Lund University sion were that the average DMA2 RH in the scan should be

which was specifically constructed for long term measure-p . oon 88 and 92 % that the total number of counted parti-
ments, in accordance with the design and operation criteri%IeS should be more tr’1an 20 that DMA1L RH should be lower
decided within the E.U FP.G Infrast_ructur_e Project EUSAAR' than 20% (to avoid an und,erestimated growth factor) and
Th%Saero§oI was dried with a nafl.on drier and charged Withy ot the (NH)2S0y4 scans confirmed the system functionality
an °°Kr diffusion charger before it entered the first DMA L ;

DMAL). a Vi ; o8eml hich h di by a growth factor that was within corresponding values of
.( I t)1dab |en?a ypﬁ,d f.cmd(:ng, w I(t: wats puTIe ng an 1 1.29% RH of what can be expected according to growth fac-
insulated box at a well defined temperature, typically tors predicted by the data from Tang and Munkelwitz (1994)

The_ dRH bf_forebDlt\/lAl V\f[?]s aIV\;gysdlo_wer tzaSN?AO:A’ - The and Potukuchi and Wexler (1995). To increase the compa-
residence ime between the nafion drier an - was ap'rability between different scans, the GF-PDFs were recalcu-
proximately 1s. In DMAL a fixed voltage was applied, cor-

. . : i lated to 90 % in TDMAInv, using the model described in
responding to a certain dry size, or more precisely to a cer-,

tain electrical mobility. After DMAL, the aerosol was quasi- section 2.4 (Gysel etal., 2009).
monodisperse, meaning that it had a mobility distribution
corresponding to the transfer function of DMA1. The flow
ratio between the aerosol and the sheath flow was set to 1:10,
to minimize broadening of the spectrum. To measure the particle size distribution, a Differential Mo-
After DMAL, the aerosol passed through Gore-Tex tubing, bility Particle Sizer (DMPS) was used. The DMPS was con-
with temperature controlled water flowing on the outside of structed at Lund University and is a so called ‘twin-DMPS’,
the membrane in opposite direction. The water migrationmeaning that two parallel DMAs were used. The aerosol
through the membrane was controlled by the temperature oflow was dried and charged with &Kr diffusion charger,
the water. After this conditioning unit, the aerosol flowed Whereafter the flow was split into two parts. One part of the
into a second housing, with a temperature 2 K lower than theflow was directed towards a Vienna-type nano DMA measur-
first. Since the saturation vapor pressure of the water deing diameters from 3.4 to 21.5nm with a flow ratio of 3:21
creases with temperature, the RH increased before it entere@nd the other part to a Vienna type long DMA, measuring
the second DMA (DMAZ) and the use of a closed |00p for the between 21.5 and 857 nm with a flow ratio of 0.9:6.5.
sheath and excess flow made the RH inside DMA2 asymp- By measuring the 21.5 nm concentration with both DMAs,
totically approach the RH of the aerosol entering the DMA. an internal check was included in the measurements, as the
By ensuring a well controlled temperature at°#f) the  two parallel systems should produce the same concentration,
DMA2 RH was kept at 96:-0.1 %. The residence time after taking into account flows, CPC calibration curves and diffu-
the humidifier was~1s, after which the voltage in DMA2 sion losses. The particles selected in the nano DMA and the
was continuously scanned over sizes corresponding to dilong DMA were counted using two CPCs (TSI models 7610
ameter growth factors of 0.85-3.0, to ensure that no parti-and 3025, respectively). The system was operated in a step-
cles were missed. The particles were detected downstreamise manner over a total of 37 separated bins, with a time

2.1 H-TDMA

DMPS
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resolution of 10min. For more details on the twin-DMPS the number of soluble entities is assumed to be independent

system, see Kristensson et al. (2008). of water activity.« is defined according to
1 Ve

2.3 CCN counter =14k (2)
aw w

The cloud nucleating properties of the aerosol was measurewherea,, is the water activityViy is the water volume and
with a commercial CCNC (DMT model 100). The working Vs is the soluble volumex is presently the most commonly
principle of the instrument is to expose the aerosol to a fixedused parameter to describe particle hygroscopicity, where
s value, and with an Optical Particle Counter (OPC) deter-values close to zero points to non-hygroscopic particles, and
mine the number of activated particles. The aerosol continuwhere values close to 1 are typical for hygroscopic aerosol,
ously flows through the center part of a cylinder with wetted such as over marine areas. There are many differet kinds of
walls. Between the aerosol flow and the walls, there is amodels to describe aerosol hygroscopicity. For a review, see
particle free sheath flow. By controlling the temperature of Rissler et al. (2010).

the walls and keeping them wet (i.e. assuring that the RH is

100 % just outside the cylinder wall), the migration of heat 2.5 CCN closure

and water vapour towards the middle of the cylinder and the

s value can be controlled. The working principle relies on the TO validate measurement data, as well as test theoretical
fact that the water molecules diffuse towards the center fastefodels and assumptions, so called “closure studies” can be
than the heat added from the walls (which diffuses mainlyPerformed. In principle, two or more independent measure-
via the heavier nitrogen and oxygen molecules), hence givinents are linked together using relevant theoretical consid-
ing saturation ratios above 100 %. Thealues are altered in  €rations, and in this way it is possible to indirectly evaluate

acycle, and an activated CCN concentration as a function off the instruments and models are consistent within errors of
s is determined. measurement. In this work, a CCN closure study has been

carried out, comparing CCNC data with the predicted con-

In this case the values were 0.1, 0.2, 0.4, 0.7 and 1%, centration of activated CCN) for each hour, using a com-
which covers basically all cloud formationvalues found in o ' 9
bination of DMPS and H-TDMA data.

the atmosphere (Twomey, 1959; Warner, 1968). The acti- . .

vated CCN concentration is given with a time resolution of . The hygroscqp|c growth.of an aerqsol particle can be de-

one second, but since it takes time to equilibrate the systerﬁ'ved from the Kohler equation according to

with respect to, a measurement cycle take80 min. (
R

0 4Myo
The CCNC was calibrated in a laboratory environment Pw(Dp) = p~awexp W) 3
before field deployment using ammonium sulphate particles e

with a DMA upstream the aerosol flow. The CCNC was Setwherepw is the water vapour partial pressuné? the satu-

to a fixs, while the DMA selected a span of different sizes, t0 ation water vapour pressura, the water activity, My, the
investigate at which size the selected particles activated. Thg, 5y weight of waterg the surface tension of the solution
CCNC calibration was conducted at approximately the Samein this case set to 72.8 MNTh which corresponds to the
pressure and temperature (7Oma.s.l. &nd293+2K)as  gyrface tension of water)g the universal gas constart,
the field measurements (180ma.s.l. and 22X). This  he temperaturen, the density of water, and,, the wet di-
procedure was repeated when the CCNC was returned tgmeter. In this work we describe the hygroscopicity of the

the laboratory during the summer of 2010. For high SUPerparticle with the parameter defined in Eq. (2). After cal-
saturations, the old calibration was valid within 2% down culating thex from a specific growth factor and dry size, it

tos=0.6. Ats=0.25, the CCNC measured 7% higher 5 nossible to find the critical supersaturatiog= Sc— 1, as
than indicated by the instrument, andsat 0.2% the error  yoscribed in Petters and Kreidenweiss (2007):
was 14 % in the same direction. In the field, the flows of
the CCNC were monitored and checked on a weekly basis, 4A3
but no salt measurements were conducted. More details ot = 27D3 In2s.

. .. . p n Sc
measurement uncertainties and principles of operation can be

found in Rose et al. (2008). whereA = %11% By combining DMPS and H-TDMA data,

a prediction on the number of activated CCN at a certain su-
persaturations, can be derived. By simply summarizing up
all particles withS; < s, it is possible to make a prediction
The parameterx, first introduced by Petters and regarding the number concentration of activated GEN(
Kreidenweiss (2007), was used to describe the hygro- Forthe CCN prediction, the GF-PDFs measured at 35, 50,
scopicity of the aerosol. It is an ideal model, meaning that75, 110, 165 and 265 nm were linearly interpolated to create

(4)

2.4 Petters’x model
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a hygroscopic growth factor surface functietDp,GP), Time resolution is another issue that introduces errors in
where the predicted concentration. In this aspect, the predicted con-
3 centration is limited by the H-TDMA data, which has a time
/ ¢(Dp,GPAGF=1 (5) re_solution_of 1 h, meaning t_hat in a worst case scenario, there
— will be a difference of 15 min between the H-TDMA and the

f venDw. F ticl ller than 35 the 35 CCNC data. Fast changes in air masses can thus give large
g;r:agég“\f P Or;pzrtlct? S\?nl]iz ?rr1 than mnmvx,/ € rtr:r? errors in the predicted concentrations. However, seen over a
i as assumed to be vaid. € same way, particleg nger time period, no systematical error will be introduced

larger than 265 nm were assumed to have GF-PDFs identic . . )
) ) : . his effect, rather a slightl r rrelation co-
to that of 265 nm particles. Since every point on the functlon&ii)yt s effect, but rather a slightly decreased correfation co

2 . efficient.
c(Dp, Cy) corresponds to a specific critical supersaturation,

sc, the function can be rewritten @y Dy, c;), where 2.6 CCN(s) concentrations
(0.¢]
/ ¢ (Dp.se)dse =1 (6) In models, one often wishes to describe complex phenomena
5¢=0 in a simple but still accurate way. As shown above, calcula-

. tions of the CCN concentration for a given aerosol is a rel-
for any glve.anp.. S . IN atively complicated and calculation. However, it is possible
The particle size distribution is describeddyger (Dp) 1o simplify the calculations, by making some basic assump-
function. It is now possible to calculate the CCN concentra-tions. Here, we investigated how well the CCN concentra-
tion for any givens value according to tions could be described assuming a size dependent average
GF from H-TDMA data, as well as log-normally fitted aver-
age size distributions. Cumulative log-normal functions were

850 s N
CCN(s) = / L(Dp) -¢/(Dp,g,)dscdlogDp (7)  used according to Seinfeld and Pandis (2006):
Dp=3J5c=0d109Dp
In this case the GF integration steps were 0.05 andxhie- N(Dp) = N n Eerf<log(Dp/ng)) ®)
tegration steps followed the DMPS data resolution. The cal- 2 2 v2log(og)

culated CCN concentration can now be compared to CCNC
data, or used independently of the CCNC data, to create func- Where
tions of the number of activated particles as a function. of e

If the « model accurately describes the hygroscopic behav-erf(z) = —/ e "dn 9)
ior of the aerosol and the instruments all were ideal, the mea- v Jo
sured CCNCY) concentrations would be identical to the con-
centrations calculated from H-TDMA and DMPS data. How- b ) .

n%ewatlon andn is the number concentration. By calculat-

ever, considering a number of measurement uncertainties a s . . i .
INg a critical dry diameter for a certain supersaturation ratio

assumptions, certain imprecision can be expected. The IIneaa{nd then integrating the size distribution from that diameter
interpolation of the GF-PDFs can be too coarse of an assump- . L .
. . and upwards for each size mode separately, it is possible to
tion, as can the extrapolation of the GF-PDFs correspond-

calculate CCNY).

ing to the smallest and largest particles measured by the H- In this work, CCN§) concentration functions were pro-

TDMA. In addition to the resolution issues of the hygroscop- L
o . . .duced, characteristic for the four seasons, and compared to
icity measurements, the closure will underestimate the acti-

vated CCN() concentration if there are particles present that(cl\/lca'\rlcchijataa') Zﬁ?n;eeis((‘)]:?\eviiﬁ Cli;ftl)n:l%tiaaog\gst:e;%gg
are larger than the DMPS can detect. Y), gusb, P

I oo -~ November) and winter (December—February). In this case,
Other possibilities are poor CPC calibration efficiency ) .
) . . two log-normal modes were used to fit averaged seasonal size
curves or a badly calibrated DMA flow which will affectthe .~ "% ; . )
o . . . distribution data, neglecting nucleation particle bursts. From
sizing. Problems with DMA sizing will have a more pro-

: the H-TDMA, four seasonal average sets of GF-PDFs were
found effect on lower values because (1) fewer particles

have activated, making the relative error larger and (2) thedenved'

size limit to which particles will activate is somewhere in

the middle of the size distribution. At highvalues, alarge 3 Results

portion of the size distribution is activated and the relative

effect is smaller if you add or remove a few activated parti-3.1 Data coverage

cles. In addition to this, there are often fewer particles in the

size limit which is relevant to high ratios. As an example During the full 27 months of operation, the H-TDMA data
100 nm particles with a GF of 1.6 activate at around 0.2 % coverage varied strongly, from 10 % up to 95 % on a monthly
while 40 nm particles with a GF of 1.3 activate at 1s% basis (Table 1). The data gaps were due to power failures

andDpg is the median diametesg is the geometric standard

www.atmos-chem-phys.net/11/8343/2011/ Atmos. Chem. Phys., 11, 83432011
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Table 1. Data coverage in percent on a monthly basis. During the full measurement period the data coverage was on average 66 %.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2008 - - - - 79 16 51 56 52 88 63 68
2009 98 19 74 98 94 59 50 97 99 66 69 79
2010 74 13 53 83 97 79 47 - - - - -

3.2 Air mass origin during measurement period

195 S Salt data H
o Trajectories have been used to investigate the origin of the
RN P air masses arriving at Vavihill during the H-TDMA measure-
ment period. This data has also been compared to trajec-
tory data from the entire previous period when DMPS mea-
1= surements have been performed at Vavihill (January 2001
1L e to July 2010). The trajectory model Hysplit4 (Draxler and
Hess, 1997) has been used to calculate the trajectories and
meteorological data from the Centre of Environmental Pre-
20 dictions (NCEP) and GDAS (Global Data Assimilation Sys-
tem) archive have been used to calculate the trajectories.
72 h back trajectories originating at Vavihill 100 ma.g.l. have
1555 1 been used in the analysis and the centers of gravity of the
5 o s trajectories have been calculated for each day. The azimuth
Water Activity angles and distances to the centers of gravity compared to
Vavihill have then been calculated and the data divided ac-
cording to season.

Hygroscopic Growth Factor

Fig. 1. Growth factor data as function of water activity and parti- The results show that most air masses arrive to Vavihill
cle diameter from automated salt scans for the complete data set, . -
The data was collected at 90% RH. The graph shows the densit%rom the west during all seasons and that they originate fur-

of measurement points, based on 451 days of measurements for h1est from VaY'h'” during t'he winter and autumn, indicating
dry sizes. In all 4392 measurement points. The density is based@St moving air masses (Fig. 2). The H-TDMA measurement
on a grid of Aay = 0.0016 andAGF=0.01. The black line is Period May 2008 to May 2010 seem to be representative of
based on data from Tang and Munkelwitz (1994) and Potukuchithe whole period for the spring, summer and autumn but not
and Wexler (1995). Dotted lines represent.2 % RH from this  for the winter. The winters of 2008/2009 and 2000/2010 had
line, which is the instrument uncertainty (Nilsson et al., 2009). fewer fast moving westerly air masses than the whole pe-
riod between 2001 and 2010 and is instead dominated by
slow moving air masses from the north and southeast. If
and software malfunctions as well as hardware issues. Seethe two winters are separated one can see that the winter
over the whole period of operation the data coverage was 012008/2009 is more similar to the whole period with some
average 66 %. fast moving westerly episodes but also a lot of northerly air
The data was quality checked with daily (WHSOy masses. The winter 2009/2010 is instead dominated by slow-
scans. The results are illustrated in Fig. 1. The RH valueamoving south-easterly and easterly air masses with barely
have been recalculated to water activity,, adjusting for  any air masses arriving from the west; a result of a negative
the Kelvin effect, according to Eq. (3). In this way it be- North Atlantic Oscillation. This winter was associated with
comes possible to visually display different dry sizes in thebelow average temperatures in the region and long periods
same plot. As can be seen, the measured values vary fromith high pressure cells situated over Eastern Europe.
day to day but the average values are close to the values de-
rived from data from Potukuchi and Wexler (1995) and Tang3.3 Average GF-PDFs
and Munkelwitz (1994), and mostly within thiel.2 % which
is the measurement uncertainty of the H-TDMA derived in Figure 3aillustrates GF-PDFs for all dry sizes, averaged over
Nilsson et al. (2009). There are a number of outliers, forthe full data set (see also Table 2). Some features of the
which the cause of the deviation could not be determined. Inaveraged GF-PDFs seem to be size dependent. Firstly, the
these cases, data 12 hours before and after that measurememaller particles have a larger fraction of the GF-PDF in the
point have been discarded. These cases accounted3fes barely hygroscopic and less hygroscopic part of the distri-
of the scans. bution. Secondly, the less hygroscopic mode tends to show

Atmos. Chem. Phys., 11, 8348361, 2011 www.atmos-chem-phys.net/11/8343/2011/



E. O. Fors et al.: Hygroscopic properties of ambient aerosol in Sweden

Table 2. Average GF-PDFs with standard deviations for different dry sizes during the entire measurement period.

GF 35nm 50 nm 75nm 110 nm 165nm 265 nm
0.9 0.06t0.28 0.02:-0.14 0.02:-0.19 0.02£0.17 0.02:-0.18 0.14-0.48
1 0.68+1 0.55+0.8 0.67+0.84 0.75-0.89 0.59-0.74 0.58+0.88
1.1 1.6+£1.8 1.26+1.54 1.14+1.21 0.814+:0.89 0.6:0.7 0.64+0.79
1.2 1.414+157 132148 1.12+1.33 0.78:1.18 0.5+ 0.96 0.28+ 0.6
1.3 242179 2.28:159 192+1.28 1.3A1.12 09411 0.68+1
1.4 2.46+2 2.824+1.88 2214157 1514143 1.12-1.25 0.82-1.08
1.5 0.93+:1.43 144165 2.12-1.69 2.5+1.8 2.1+1.89 1.3A41.67
1.6 0.22+0.81 0.25-0.83 0.64t1.14 1.8242 2.85+2.29 2.83+2.31
1.7 0.08+0.5 0.07+0.48 0.114+0.57 0.3:0.86 1.05-1.75 2.1+:2.35
1.8 0.03+0.3 0.01+0.1 0.03:£0.28 0.04+-0.35 0.1+0.44 0.3H0.97
1.9 0.03:0.24 0+0.05 0.01+0.06 0.0::0.11 0.02:0.19 0.09t0.45
2 0.01+0.1 0+0.04 0+0.03 0+0.06 0.0:£0.11 0.11+0.43

2.1 0.01+0.12 0+0.04 0+0.05 0.02£0.15 0.02:0.17 0+0
2.2 0.02+:0.1 0+0.06 0+0.04 0.01+0.07 0+0.08 0+0.01
2.3 0+0.04 0+0.02 0+0.04 0+0.05 0+ 0.06 0+0
2.4 0+0.03 04+0.02 0+0.04 0+0.07 0+ 0.06 0+0
25 0.03+:0.16 0.01+0.08 0.0:0.09 0+0.28 0.05+0.3 0+0

B 2000 - 2500 \\

1500 - 2000

11000 - 1500 _

=500 - 1000

W0 -500 SoutH
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Fig. 2. Comparison between the winter 2008/2009 and the winter 2009/2010. The legend denotes distance to center of gravity in km.
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Autumn 2001-2010 Autumn 2008-2010

Winter 2009-2010

Fig. 2. Continued.

lower GFs for larger particles. Thirdly, the more hygroscopic in previous studies (Swietlicki et al., 2008). It is most likely
mode tends to show higher GFs for the larger particles. Thigdue to cloud processing of the particles. The difference in
is not only because of the Kelvin effect, but because of an in-hygroscopicity between the more hygroscopic 35 and 50 nm
creased hygroscopicity in the accumulation mode comparegbarticles is small, and part of the difference is due to the
to the Aitken mode as can be seen in Fig. 3b. Kelvin effect. 165 and 265 nm are also similar, but from 75
to 110 nm there is a clear increase in hygroscopicity, as this
The fact that the solubility of the more hygroscopic mode js giso the size at which the transition from the non-cloud
is increasing with size can be expected and has been found

Atmos. Chem. Phys., 11, 8348361, 2011 www.atmos-chem-phys.net/11/8343/2011/
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300 - 3.4 Seasonal cycles

2.50

As previously stated, the hygroscopic properties of ambient
particles are dynamic, both on shorter and longer time scale.
The seasonal variability in the average growth factor is to
large extent connected to the relative abundance of less and

2.00

~——35nm

150 ~#=50 nm

GF-PDF

750m more hygroscopic particles. Figure 4 shows monthly aver-
100 o aged GF-PDFs for all dry sizes. For 35nm particles, it is
2650 clear that during wintertime, there is an increasing fraction

of less hygroscopic particles. The growth factors of both the
less and more hygroscopic modes seem to be stable over the
000 = o annual cycle. There is some variation of the mode positions,
08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 J
but nothing that resembles an annual cycle. The 50 nm par-
ticles have a similar behavior to the 35nm ones. They also

0.50

Growth factor

3.00

X have a clear bimodal distribution, where the relative abun-

250 dance of less hygroscopic particles increases during winter,

which in turn decreases the average growth factor. Also in

200 I this case it appears as if the two modes are relatively fixed in

150 s ~8-50mm their respective growth factors.

_‘_ﬁon:m For the 75 nm particles, the distribution looks slightly dif-

100 165 mm ferent. The appearing and disappearing of less hygroscopic
j/‘l \ 265m material during winter is still visible, if not as strong, but

x-PDF

o0 the more hygroscopic mode is more scattered. It appears as
Fovs if the distribution is tri-modal at times, but this is only an
o0 010208 04 05 06 07 08 09 1 effect of the averaging. Some of the particles found in the

: Aitken mode are capable of activating during a cloud forma-
tion process. When this happens, as described in Sect. 4.3,
they increase their hygroscopicity and the GF of the more
hygroscopic mode significantly increases.

For 110 nm particles there are also both cloud processed
processed Aitken mode to the cloud processed accumulatioand non-cloud processed particles present, and the tri-modal
mode occurs. appearance of the 75nm particles is here even more pro-

It is important to be aware that the averaged functions camounced. The less hygroscopic particles are now barely hy-
be somewhat misrepresentative. There are rarely any individgroscopic, but still follow the seasonal pattern, being more
ual GF-PDFs with the shape of those in Fig. 3. The somewhafrequent during winter. However, the relative frequency of
smeared appearance of the GF-PDFs is mostly an averagirtyese particles is considerably lower than for the smallest
effect. In reality the individual GF-PDFs are commonly bi- ones.
modal with a clear separation of the two modes. For Aitken Unlike the 110 nm particles, there is only a weak mode
mode particles and below, a mono-modal distribution is moreof barely hygroscopic particles appearing in the GF-PDF for
frequent than for the larger particles, and the GF-PDF is usuthe 165 and 265 nm patrticles, and it only appears during win-
ally very dynamic, often changing several times per day. Fortertime. As the particle size increases into the accumulation
the larger particles, the more hygroscopic mode is generallymode, the more hygroscopic mode increases in GF, and the
stable, while the less hygroscopic mode is more variable. barely hygroscopic particles become even less hygroscopic.

The reason for this difference is probably that the small-The reason for the appearance of particles with a GF around
est particles are not as aged, and that fluctuations in met.3 in the summer for 165 and 265 nm diameter particles is
teorological conditions or air mass trajectories significantly unknown. While it might be an effect of air mass origin, it is
alter particle properties. For the cloud processed particlesput of scope of this paper to make a lengthy analysis of back
variations in the origin of the particles are not as important, trajectories.
since a large fraction of the particle consists of inorganic To conclude, the GF-PDFs for all particle sizes measured
salts, originating from Ni, HNO3, H,SO; and SQ which have seasonal cycles, with a larger fraction of less hygro-
are dissolved as gasses in the aerosol liquid phase.c&®  scopic or barely hygroscopic particles present during winter.
subsequently be oxidized to,BOy, primarily by HbO, and  Tables 3 and 4 summarizes the seasonal trend, both with av-
these substances recombine into inorganic salts composed efage GFs and values for each month according to Petters
NHZ, NO3, HSO, and S(j‘ ions, with higher hygroscopic and Kreidenweis (2007) and with seasonal size dependent
growth factors than organic substances. GF-PDFs.

0.00

Fig. 3. Mean values of the GF-PDFs ardPDFs for different dry
sizes for the entire data set.
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35nm 50 nm
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Fig. 4. Linearly interpolated contour plots of the GF-PDFs for different dry sizes based on monthly average values. The white line is the 3rd
moment averaged hygroscopic growth factor.

Potential sources of the barely hygroscopic particles3.5 Diurnal cycles
present during winter are not investigated in this study. How-
ever, it is likely that they originate from some form of com- Seen over shorter periods of time, the GF-PDFs of the growth
bustion, such as residential biomass burning from woodfactors are highly variably, especially for the smaller particle
stoves or oil burners, which are more intensively used dursizes. From one hour to the next, the GF-PDF can change,
ing winter time and could produce soot particles in a wide due to changes in meteorological conditions as e.g. mixing
size range. Parallel measurements of levoglucosan (Genbeigyer height, temperature fluctuations, or precipitation, as
et al., 2011) which is a trace element for biomass burningwell as the origin of the air mass. These changes are seem-
(Simoneit et al., 1999) confirms this by showing a strong in-ingly random, but Fourier analysis revealed a diurnal cycle
crease during winter. in the average growth factor. When averaging the volume

On the other hand, measurements of organic and elemer‘weighted growth factors for the full data set, it turns out that
tal carbon (OC and EC) on the site have shown that thehe GF peaks at noon or early afternoon (Fig. 5a). This be-
soot concentration is relatively stable over the year, whilehavior is similar for all sizes, with the exception of 265 nm,
the OC concentration increases during wintertime. Duringwhich has its GF peak before noon. The reason for the dif-
an intensive campaign at Vavihill in October 2008, Aerosol ferent times of the maximum of GF for the 265 nm particles
Mass Spectrometer (AMS) data was available from the meais not known.
surement site, and in a hygroscopicity closure between H- The diurnal cycles found in this work are similar to those
TDMA and size resolved AMS data it was concluded that thederived by e.g. Ehn et al. (2007) on freshly formed particles
barely hygroscopic particles found at 265 nm are not entirelyin boreal forest. Those particles also showed a strong di-
composed of soot, as there was a clear correlation betweenrnal cycle with GFs peaking in the afternoon for particles
the appearing of barely hygroscopic material and the organiaip to 50 nm, although the GFs of those particles was gen-
fraction measured by the AMS. It is possible that the barelyerally lower and the amplitude of the cycle slightly higher
hygroscopic particles consist of a combination of soot and(for 35 nm the Finnish boreal particles had an average growth
HOA. factor of 1.2 and an amplitude (defined as the difference
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Table 3. Monthly GFs andc values averaged over 27 months.

Growth factor mean

Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec
35nm 127 130 132 133 132 131 131 130 130 127 127 1.27
50nm 1.30 133 134 136 135 134 134 133 131 129 129 1.29
75nm 135 136 137 139 139 137 137 135 133 131 131 1.30
110nm 141 145 144 142 145 142 141 140 137 137 138 1.37
165nm 147 146 151 148 152 147 147 147 144 145 146 144
265nm 149 144 158 154 157 151 150 150 148 150 152 1.52
Growth factor median
35nm 127 131 132 133 133 130 131 131 130 128 1.28 1.28
50nm 131 134 135 136 135 133 134 134 132 131 130 1.30
75nm 1.35 137 137 139 139 136 136 136 133 132 131 131
110nm 142 146 143 143 146 141 141 141 138 138 138 1.37
165nm 149 147 151 149 153 145 147 147 144 146 146 144
265nm 151 145 159 154 158 150 152 150 148 151 153 152
Growth factor std
35nm 0.10 0.08 0.08 0.09 0.10 0.11 0.09 0.09 0.0 0.09 0.08 0.09
50nm 0.08 0.07 0.07 0.09 0.10 0.10 0.09 0.08 0.09 0.08 0.07 o0.08
75nm 0.07 006 007 0.09 0.10 0.10 0.09 0.08 0.08 0.08 0.06 0.06
110nm 0.09 0.12 0.08 0.08 0.11 0.11 0.10 0.09 0.08 0.08 0.07 0.07
165nm 0.10 0.11 0.07 009 011 0.12 0.12 0.10 0.09 0.09 0.08 0.08
265nm 0.12 0.11 008 0.10 0.0 011 0.11 0.09 0.0 0.11 0.09 0.09
Kk mean
35nm 0.16 018 020 021 020 0.19 0.19 0.19 0.18 0.16 0.16 0.16
50nm 0.17 019 020 021 020 0.20 0.20 0.19 0.18 0.16 0.16 0.16
75nm 0.19 020 021 022 022 021 020 0.19 017 0.17 0.16 0.16
110nm 022 026 024 023 026 024 023 022 020 0.20 0.20 0.19
165nm 0.26 0.25 0.29 0.27 030 026 026 026 024 024 025 0.24
265nm 028 024 034 031 034 029 028 028 026 028 0.29 0.29
x median
35nm 0.16 019 020 020 020 0.18 0.19 0419 0.8 0.17 0.17 0.17
50 nm 0.17 019 020 021 020 0.19 0.19 0.19 0.18 0.17 017 0.17
75nm 0.19 020 020 021 021 020 0.20 0.19 0.18 0.17 0.16 0.16
110nm 0.22 026 0.24 023 026 022 022 022 020 020 0.20 0.19
165nm 0.27 026 029 027 030 024 026 026 024 025 025 0.24
265nm 029 024 035 031 034 027 029 028 026 0.28 0.30 0.29
K« std
35nm 0.07 006 0.06 0.07 0.07 0.08 0.06 006 0.07 0.06 0.05 0.06
50nm 0.06 005 005 0.06 0.07 0.07 0.06 006 006 0.05 0.05 0.05
75nm 0.05 004 005 0.06 0.07 0.07 0.06 005 005 0.05 0.04 0.04
110nm 0.06 0.07 0.06 0.06 0.08 0.08 0.07 0.06 0.05 005 0.05 0.05
165nm 0.07 0.06 0.06 0.07 0.09 0.09 0.08 0.07 0.06 0.06 0.06 0.06
265nm 0.08 0.08 0.07 0.08 0.08 0.09 0.09 0.07 007 0.09 0.07 0.07

8353

between maximum and minimum value) of 0.15 while our al. (2005). All these studies were conducted in boreal forest
study found an average growth factor of 1.3 and an ampli-at the SMEAR Il station in Hyy#la, Finland.
tude of 0.08). Other studies that have found the same type of | this study, most of the difference in GFs for 35, 50 and
diurnal trend with GF maxima in day time and minimum at 75 nm can be explained by the Kelvin effect, and when recal-

night are Himeri et al. (2001), Boy et al. (2004) and &atet

www.atmos-chem-phys.net/11/8343/2011/
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Table 4. Seasonal averaged GF-PDFs with corresponding standard deviations.

Spring | Summer

GF 35nm 50nm 75nm 110nm 165nm 265nm \ 35nm 50nm 75nm 110nm 165nm 265nm

0.9 0.04£0.13 0.02£0.09 0.03:0.09 0.02£0.1 0.02:0.14 0.08+0.28 0.05+0.38 0.01+0.14 0.01+0.07 0.02£0.14 0.02:-0.15 0.0A0.29
1 0.49+0.74  0.4:0.63 0.48:0.69 0.53:0.7 0.44£0.61 0.37#0.56 0.48+0.86 0.28£0.56 0.3740.55 0.43:0.63 0.35:0.53 0.3%0.55
1.1 129145 1.05:1.28 0.96-1.02 0.76:0.72 0.62:0.66 0.61+0.73 1.35+1.68 0.88:1.34 0.66-1.04 0414072 0.26£0.5 0.33:0.47
12 1.35:156 1.19-1.33 1.0H1.04 0.74+0.88 0.44-0.69 0.25:0.46 1.72+1.92 1.6+1.98 143196 113189 0.82:1.62 0.45:0.95
13 247+171 229138 19111 129089 0.79£0.69 0.51+0.58 254+197 2.4£182 204158 156:£1.52 137169 1.1%1.74
14 268:188 294169 23%137 1614112 101085 0.66:0.65 2.64+£2.26 298:2.13 263175 1.79:1.63 1.42-154 1.18:147
15 113131 16+159 213147 24+148 2074148 1311.26 1.01+157 159197 2.2H-2.08 279227 233216 1.9£2
16 0.33:0.93 0.35:0.82 0.85-1.31 205185 299%2.05 285:1.74 0.16+0.73  0.25:0.8 0.6+1.17 1.66-22 2.68:2.7 2974267
1.7 01+051 0.1+041 0.16:039 05-0.88 1.4£1.57 262:2.08 0.01£0.11 0.0:0.13 0.04£0.23 0.2£0.66 0.7+1.43 1.34-1.94

1.8 0.01+0.08 0.010.11 0.03:0.15 0.140.58 0.15:0.32 0.52:£1.05 0+0.13 0+0.05 0.010.06 0.0%0.1 0.05:0.38 0.15:0.65
1.9 0.01+0.08 0.01+0.03 0.0:0.06 0.040.08 0.04:0.07 0.15:£0.24 0+0.05 0+0.02 0+0.04 0+0.02 0+0.06 0.01+0.12
2 0.01+£0.05 0+0.02 0+0.03 0+0.02 0.0:£0.06 0.07+0.35 0-+0.03 0+0.01 0+0.01 0+0.01 0+0 0.02+0.16
2.1 0.01+£0.05 0.01£0.04 0+0.04 0.01+0.05 0.0:0.07 0+0 0=+0.06 0+0.01 0+0.01 0+0.03 0+0.02 0+0
2.2 0.02£0.06 0.0:0.04 0.0:0.04 0+0.02 0+0.02 0+0 0.01+0.1 0+0.01 0+0.01 0+0.03 0+0 0+0.03
2.3 0+£0.04 0+0.01 0+0.04 0+0.01 0+0.01 0+0 0+0.01 0+0.01 0+0.01 0+0.01 0+0.04 0+0
2.4 0+£0.02 0+0.02 0+0.05 0+0.01 0+0.01 0+0 0+0.01 0+0.01 0+0 0+0 0+0.03 0+0
25 0+0.11 0+0.07 0+£0.07 0+£0.07 0+0.1 0+0 0.01+0.07 0+0.02 0+£0.01 0+0.08 0+£0.02 0+0
Autumn | Winter
GF 35nm 50nm 75nm 110nm 165nm 265nm 35nm 50nm 75nm 110nm 165nm 265nm
0.9 0.04+0.17 0.02£0.09 0.02:0.14 0.03:0.13 0.0:0.09 0.14+-0.36 0.084+0.23 0.03:0.14 0.02:0.1 0.03:0.14 0.05:0.27 0.56+0.67
1 0.78+£0.97 0.75:0.86 1.1+1.05 1.29£1.07 1.040.88 0.93+1.02 1.14+1.27 0.93t1 1.04+0.87 0.98:0.92 0.9+£0.83 0.85-1.09

1.1 206+2.01 1.69-1.68 152-1.24 1.03:0.89 0.74:0.71 0.79:0.77 216+1.79 17154 1674112 1.08:0.91 0.9HH0.79 1+1.03
12 1.38:139 1.3+127 102102 0.63:0.83 0.35£0.59 0.21+0.42 1.31+1.17 1.12:0.89 0.930.75 0.62:0.63 0.49-0.54 0.35£0.53
13 247+154 224-135 1.92-1.09 1.44-094 0.96:0.81 0.62£0.64 2.07£1.21 1981 167+0.74 1.1+069 0.8%0.64 0.6£0.58
14 238:178 279%17 216-141 13513 1.01£119 0.740.99 2.03£1.56 265:1.51 1.44:1.02 0.74:0.79 0.79:0.71 0.68:0.71
15 06811 104122 185138 269166 224181 136155 0.76£0.97 1.28:0.98 237133 22%149 153157 074112
16 0.08:038 0.1+0.39 0.32061 13A156 2974215 3.08:2.24 0.24+0.62 0.21+0.62 0.72£0.79 2.15:1.77 2.82:2.02 2.73+2.24
1.7 0.03+0.12 0.03:-0.18 0.04-0.23 0.114+0.37 0.63:1.13 1.69-2.08 0.07£0.42 0.05£0.43 0.06£0.45 0.15-0.45 0.731.15 1914228
1.8 0.01+0.05 0.040.09 0.02:0.15 0.0+0.09 0.02£0.15 0.16+0.49 0.02+0.08 0.00.05 0.00.06 0.1:4+0.22 0.14:-0.28 0.23:0.64

19 0.02£0.09 0.0H0.04 0.00.07 0.010.06 0.040.05 0.08:0.38 0.02+0.1 0.01+0.05 0.0:£0.06 0.06:-0.12 0.05£0.13 0.14-0.27
2 0+0.04 0+0.03 0+£0.03 0.0:40.05 0.0:0.07 0.16:0.6 0.01+0.07 0.0140.07 0+£0.04 0.03:0.1 0.09£0.17 0.22-0.4
2.1 0.0140.06 0+£0.02 0+£0.03 0.014-0.04 0+£0.02 0+£0 0.01+0.07 0+0.04 0.0:0.07 0.16£0.26  0.2:0.26 0+£0
2.2 0.02:0.09 0+£0.02 0+£0.02 0+£0.02 0+0.01 0+0 0.02+0.08 0.0+0.11 0.0H0.07 0.05:0.12 0.02£0.14 0+0
23 0+0.02 0+£0.01 0+0.01 0+£0.02 0+0.02 0+0 0.01+0.05 0+0.02 0+£0.04 0.02:-0.07 0.0:£0.07 0+0
24 0+0.02 0+£0.01 0+£0.02 0+£0.01 0+£0.01 0+£0 0+0.03 0+0.01 0+£0.01 0.02:0.12 0+£0.09 0+£0
25 0.04:0.17 0.00.05 0.0H0.05 0.010.05 0+£0.02 0+£0 0+0.14 0.02:0.09 0.02£0.14 0.040.46 0.01:0.48 0+£0

of the three smallest sizes were in principle identical, whichthese meteorological considerations, partitioning of semi-
can be interpreted as if they had the same chemical comporolatile species will follow the temperature which in turn
sition (Fig. 5b). It can be noted that the 35 nm particles arefollows the diurnal cycle. Primarily it is N®(in the form
slightly more hygroscopic than the 50 and 75 nm particles.of HNOs) and semi-volatile organic species that follow a
The reason for this is unknown. diurnal cycle (Lanz et al., 2007;Raatikainen et al., 2010).
There are a number of possible reasons for the diurnal cyHiNOs dissolves in water and forms inorganic salts with rel-
cle in hygroscopicity. One is the diurnal evolution of the atively high GFs, which means that daytime evaporation will

planetary boundary layer (PBL) as discussed in e.g. Risslefe@d to a decrease in hygroscopicity. Evaporation of semi-
etal. (2006). In the moming, when the sun rises, the pp Volatile organics will on the other hand lead to an increased

increases in height and older particles are mixed down. If'Ygroscopicity, since the average hygroscopicity of the par-
general, older particles are more hygroscopic, due to both aficle generally is higher than the organics which evaporates.
increased fraction of cloud processed patrticles, and to the fact AMS measurements carried out at Vavihill during Octo-
that aging of the organic fraction in form of photolysis and ber 2008 confirm strong diurnal cycles in organic mass ra-
oxidation increases its hygroscopicity (Jimenez et al., 2009)tios as well as N@, but the NQ was only found in sizes
For these reasons, the average particle will become more arldrger than 80 nm with a strongly increasing volume fraction
more hygroscopic as the boundary layer increases in heightvith increasing particle size. For particles below 80 nm, the
When the sun sets and the boundary layer collapses, localerosol mass consisted almost exclusively of organics and
particle sources will have a bigger influence than they wouldsmall amounts+{10 %) of (NH;)2SOy. With this in mind, it
have had during daytime, due to the low mixing height. seems likely that the diurnal cycle seen for the 35 nm parti-
Nucleation mode particles have relatively short lifetimes. €/€S is at least partially driven by condensation and evapora-
They either grow into the Aitken mode or coagulate with tion of organics.
larger particles, which means that the diurnal cycle of the Finally, diurnal cycles in the aerosol can be attributed to
boundary layer will have less of an effect on the hygroscop-diurnal patterns of local sources. E.g. car emissions typically
icity of small particles compared to larger ones. Apart from show peak values during rush hours. Massling et al. (2005)
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029 g0 < > found a clear peak in barely hygroscopic particles during
027 = morning rush hours at an urban measurement site. However,
025 e ~ s this pattern could not be found at the background station used
R nm .

. —a—50mm for this study. ' .

S =751 There was no clear annual pattern found in the amplitude
021 —=110nm of the diurnal GF cycle in any of the dry sizes. This would
o1 —1esnm have been expected if variation in boundary layer height was

! =®-265nm . . . ..
the dominating effect, since the variation of the boundary
o1 layer height is strongly dependent on season. Instead we
015 ; ; ; ; ; : : ‘ noted seemingly random monthly variations, most likely due
00:00 0300 06:00 09:00 1200 15:00 18:00 21:00 0000 to changes in meteorological conditions, and with the ampli-

_ ) o ) tude consistently higher for the smaller particles.
Fig. 5. Diurnal variation for the full data set for the different dry

sizes.(a) illustrates the growth factor variation aio) the variation 36 CCN closure
Inax.
The CCN closure was carried out for the full data set for five
different supersaturation ratios: 0.1, 0.2, 0.4, 0.7 and 1 %.
—— Figure 6 illustrates the scatter plot of 0.18and Fig. 7
~~~~~~~~ bt e - illustrates the ratio of predicted and measured CCN concen-
‘ ‘ trations for alls ratios. Table 5 presents the slope coefficients
for all s closures. The-model consistently predicted a lower
o CCN concentration than the CCNC. While the coefficient of
o 1 determination was very similar for all cases (14202), the
' slope of the regression line varied from 0.71 for 0.2% su-
persaturation to 0.95 for 1 % supersaturation. The reason for
300 B 1r™ this is not known, but a number of possible explanations can
= o be hypothesized.
*r - = TH. The CPCs used in the DMPS system have been calibrated
o using Ag particles and the calibration curves are used in the
DMPS system in order not to underestimate the particle con-
S centration. However, during an intercomparison workshop in
Hessd e menon March 2008 at the Institute for Atmospheric Research, IFT
in Leipzig, the DMPS used in this closure measured 15 %

Fig. 6. Correlation between measured and modeled CCN concenioWer concentration than a CPC (TSI 3010) that was measur-

trations for 0.1 % supersaturation. The model slightly underpredicts, . . .

the number of CCN, and the tendency is increasing with decreasindd total particle concentration simultaneously.

sc. The dotted line is the 1:1 line, and the grey error bars represent If this underprediction in number concentration is always

a 10 % relative uncertainty in thefrom the CCNC (x-axis) and the ~ Present, it will lead to an underestimation of the CEN(

error propagation described in Sect. 4.6 (y-axis) respectively. concentration. However, when comparing the full DMPS
size distribution to the measured CCN concentration at 1 %

800 T T T T T T
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4001 B 120
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s, which is the highest value, the maximum CCNY val- 10000
ues match the DMPS concentration well (Fig. 8), a fact that 7
contradicts the counting efficiency of the CCN as the major 9000
problem in the closure. Of course there is also the possibility
of the H-TDMA underestimating the particle hygroscopicity

or the DMPS selecting the wrong sizes. Assuming that all
instruments are functioning properly, it is the model that is
incorrect. There are numerous other static CCN models in
the literature, and Rissler et al. (2010) found that they gave
6-10% difference in predicted CCN concentrations using
seven different approaches for two different model aerosols.
It should be stressed that the model used in this work does no ©

8000

7000

6000

5000

4000

3000

CN concentration at 1% SS (cm3)

2000

include any non-ideal effects which can potentially increase 1000
the hygroscopicity when increasing the water activity. 0 &~

The fact that the underprediction is stronger for loatios 0 2000 4000 6000 8000 10000
in this work can be explained by the fact that there are fewer DMPS number concentration (cm?)

particles in the sizes range which are close to activation at

1% (nucleation mode) than there is at 0.2 % (Aitken or accu-Fig. 8. Particle concentration from DMPS and CCNC measuring at
mulation mode). An underestimation of the hygroscopicity 1 %s. The dotted line is the 1:1-line.

would therefore have a larger impact at 0.2 than ats1 %

Th_e uncertainty of the measured by the CCNC also tends Table 5. CCN closure coefficients for four different supersaturation
to increase for lowes (see e.g. Rose et al. (2008)). To | aios.

investigate the uncertainty introduced by error propagation

from different measurement parameters, we used the preci- Critical & (CCNmodeled Coefficient
sion of size distribution measurements from Wiedensohler et supersaturation, CGNoasured  Of determination,
al. (2010) who compared a number of SMPS and DMPS sys- Sc(%) R2

tems in a laboratory environment and concluded that most

systems measure a total particle concentratid® % while 0% %‘3‘; %'gé
the sizing of the particles can be expected to be accurate with 0' 4 0'82 0'93
+3.5%. In addition to this, the H-TDMA is estimated to 0.2 071 0.94

measure growth factors within 3% precision in GF due to 01 0.73 0.9
uncertainties in the RH measurement.

For simplification, we used the average GF-PDFs and the
average size distribution for the entire measurement period
and calculated the relative change in predicted CCN concent—)e underestimated. In the same manner. if it does not reach
trations for 0.1, 0.2, 0.4, 0.7 and 1s%T he shape of the size ) !

distribution makes the uncertainty very varying (see Table 6){)he fhutr;ndlﬁe(; dlar?.ete; b defqrrﬁ ent?nng 2M'§‘2’ t.rl}ebGt'; \INI” d
For allsexcept 0.2 %, the summarized measurement uncer- € further underestimated. These two €etiects will both lea

tainties can hypothetically explain the difference in measureoIO an underestimation of the CCN concentration, especially

and predicted CCN concentration. For 0.2 % however, therea.malues corresponding to diameters in the middle of the

is still a difference of 7 %, even after introducing all measure->'2¢ distribution. Finally, drying of the aerosol in the DMPS

ment uncertainty. An additional uncertainty in the CCNC can play a r0|e' If the pe}rticles are _not cpmpletely dried out,
could possibly explain the last percent. Even though the in-t.he sizes will be overes'umated,_whlch will lead to an overes-
strument calibration was checked after the campaign, moréImatlon of the CCN concentration.
frequent salt calibration of the CCNC should have been car-
ried out in order to fully trust the CCN concentrations. Inves-
tigation showed no long term trend in the ratio of modeled to  In addition to measurement uncertainties, aerosol proper-
measured CCN concentration, which indicates that the calities can play a role. It is possible that compounds a#S®
bration did not drift significantly, but direct salt scans would which have a limited solubility will lead to an overestimation
significantly increase the reliability of the CCNC data. of the S; or that there are particles larger present then what is
Another measurement artifact that might play a role is thatmeasured by the DMPS, something that would play a larger
particles may not have reached their equilibrium with respectrole for low s values. Another possibility is that the particles
to the surrounding water vapour. Firstly, the aerosol mustcontain surface active compounds such as HULIS, which has
be completely dry when it enters DMA1. If it is not, and it been proposed to originate from polymerization in the aque-
keeps shrinking until it reaches the humidifier, the GF will ous phase, formed through ageing of particles (Graber and

Atmos. Chem. Phys., 11, 8348361, 2011 www.atmos-chem-phys.net/11/8343/2011/
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Table 6. Change in correlation slope taking into account a size
error of £3.5%, a counting error a£10% and an H-TDMA GF

error of 3%.

Number conc., Number conc.,
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three log-normal modes (Hussein et al., 2005) (Table 8). The
mode with smallest particle diameter, if GMD was smaller
than 20 nm, was then excluded for each season. The reason
for this was to avoid bias from frequently occurring nucle-
ation bursts when comparing the fraction of activated parti-

GF and size GF and size cles for a specifiz. For more details on the number size
s (%) overestimated (%) underestimated (%) distribution of Vavihill, see Kristensson et al. (2008).
1 17.7 Yy The averaged and mode-fitted size distributions were used
0.7 18.8 _19 to calculate CCN) for different seasons applying two dif-
0.4 19.2 _24.2 ferent approaches: (1) Using the full external mixture of
0.2 29.3 ~19 the aerosol, and (2) Calculating size dependent GFs from
0.1 26.7 -25.9 3rd moment averaged GF-PDFs, and linearly interpolating
to the geometric mean values of the fitted log-normal dis-
tributions. From this data the cumulative log-normal distri-
4500 bution described in Sect. 3.5 was used to calculate GCN(
4000 ~ functions. It was found that the second approach produced
3500 S A CCN(s) functions very similar to taking the full GF-PDF into

3000

2500

2000

dN/dLog(Dp)

1500

1000

500

— Spring

Summer

Autumn

Winter
— — — spring fit

= = = summer fit

Autumn fit
— — — Winter fit

Dp (nm)

account (Fig. 10a—d).

For 1%s, CCN concentrations were highest during sum-
mer and spring, followed by autumn, and the lowest concen-
tration was found during winter. This can partially be at-
tributed to the concentration of Aitken mode particles, which
largely follow the same order, and partially by the hygro-
scopic growth, which was found to be higher during sum-
mertime. For lowes ratios, winter showed the highest CCN
concentration, due to a larger accumulation mode, followed

by summer and spring and finally autumn, which presented
Fig. 9. Seasonal average size distributions from DMPS data andhe lowest CCN concentration.
three mode log-normal fits. Considering the high STD values of the seasonally av-
eraged CCN concentrations, it can be concluded that the
CCN(s) functions derived from averaged DMPS and H-
Rudich, 2006). When altering the surface tension, it was conTDMA data well describe the CCN concentrations for differ-
cluded that a surface tension 865 mN nT! is required to  ent seasons, and that the assumption of an internally mixed
reach a perfect closure. No seasonal or diurnal cycle wagerosol with respect to hygroscopic properties in this case
found in the ratio of modeled to measured CCN concentrawas adequate for describing the CGN¢oncentration of a
tions. Distinct periods of different ratios were found, rather European continental background aerosol.
than the continuous change that one might expect from e.g.
seasonal sources such as hiogenic SOA or combustion parti-
cles from heating. 4 Summary and conclusions

This underprediction of CCN concentrations based on sub-
saturated measurements has to our knowledge not been fourdiygroscopic properties of the aerosol at the background EU-
in previous CCN closure studies, which indicates that it is SAAR supersite Vavihill has been measured over a period of
in fact a measurement effect rather than an aerosol effec7 months. H-TDMA data has been analysed with respect
Moreover, previously published CCN closure studies haveto temporal variability with focus both on seasonal and diur-
tended to overestimate the number of CCN (Kammermanmal cycles. A CCN closure study has been carried out and
et al., 2010b; McFiggans et al., 2006). CCN(s) concentration functions for different seasons have
been produced.

In general, the aerosol was often externally mixed with
respect to hygroscopic growth, with GFs of both the less
Finally, CCN() concentration functions were derived, based hygroscopic and more hygroscopic modes varying in time.
on seasonal averages and compared to seasonal CCNC d&aaller particles were found to have a higher fraction of less
(Table 7). Average DMPS size distribution spectrums for thehygroscopic particles. There is also a trend of increasing sep-
four seasons were derived (Fig. 9), as well as seasonal avearation between the two hygroscopic modes with increasing
age GF-PDFs for the different dry sizes. A modal fit routine size. The high GFs of the larger particles can most likely
was then applied to describe the average distribution withbe attributed to a combination of chemical ageing and cloud

3.7 CCN(s) concentrations

www.atmos-chem-phys.net/11/8343/2011/ Atmos. Chem. Phys., 11, 83432011
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Table 7. Seasonal average CCN concentrations(émwith standard deviations from the DMT CCNC.

s (%) 0.1 0.2 0.4 0.7 1

Spring 372£269 751+491 1183£713 1563+ 865 1828+ 971
Summer 322168 792+448 1298t 714 1775879 2093t 988
Autumn 2914235 595£511 946+ 774 1319£1116 15731129
Winter 4214267 705+ 448 973+ 608 1221+719 1372785

a) ©)

Spring Autumn
3000 3000
— Spring Autumn
2500 . — — = Spring internally mixed ) 2500 4 = = = Autumn internally mixed
o A CCNCdata | | _o---ZZ o A CCNC data
£ L --~ g
S .= =
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o Z <] -~
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Fig. 10. Average measured CCN concentrations as a function of seasar dedoted with symbols, and modeled values (internally and

externally mixed) derived from averaged DMPS and H-TDMA data for the respective seasons. The error bars are standard deviations from
the CCNC data.

processing, where soluble gases have added inorganic ions to On a diurnal basis, all particles except 265 nm were found
the particle after the cloud drop dry out. to have a higher growth factor during day-time than during
In general, the GFs of the modes in the averaged GF-PDFgight-time.
were stable during the year, but the relative abundance of The CCN closure slightly underpredicted the number of
the modes changed with season. This seasonal cycle of thectivated CCNY), from ~30% at 0.2%to 5% at 1%.
GF-PDFs was found to be most pronounced for the smallesThe reason for this is unknown, though it is most likely
particles. The mode of less hygroscopic particles increasedonnected to a combination of different measurement and
in relative abundance during winter time. These less hygro+nodelling errors.
scopic particles were more frequent during winter also for Finally it was concluded that seasonal averaged data from
the larger particles, though the trend weakened with increasthe DMPS and H-TDMA measurements well described the
ing size. CCN concentrations from the DMT CCNC. It was also found

Atmos. Chem. Phys., 11, 8348361, 2011 www.atmos-chem-phys.net/11/8343/2011/
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Table 8. Properties of seasonal modal fits from averaged DMpsEdited by: V.-M. Kerminen

and H-TDMA data. D, 0;, and N are the geometric mean mode
diameter, the width of the mode, and the number concentration in
each mode respectively, wherdenotes mode number.
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