Atmos. Chem. Phys., 16, 10385-10398, 2016
www.atmos-chem-phys.net/16/10385/2016/
doi:10.5194/acp-16-10385-2016

© Author(s) 2016. CC Attribution 3.0 License.

Atmospheric
Chemistry
and Physics

In-cloud measurements highlight the role of aerosol hygroscopicity

in cloud droplet formation

Olli Viisinen!, Antti Ruuskanen?, Arttu Ylisirnio', Pasi Miettinen', Harri Portin’, Liging Hao', Ari Leskinen'?,
Mika Komppula?, Sami Romakkaniemi?, Kari E. J. Lehtinen'?, and Annele Virtanen

2
1

!'University of Eastern Finland, Department of Applied Physics, P.O. Box 1627, 70211 Kuopio, Finland
2Finnish Meteorological Institute, P.O. Box 1627, 70211 Kuopio, Finland
3Helsinki Region Environmental Services Authority, P.O. Box 100, 00066 HSY, Finland

Correspondence to: Annele Virtanen (annele.virtanen @uef.fi)

Received: 15 April 2016 — Published in Atmos. Chem. Phys. Discuss.: 21 April 2016
Revised: 13 July 2016 — Accepted: 3 August 2016 — Published: 17 August 2016

Abstract. The relationship between aerosol hygroscopic-
ity and cloud droplet activation was studied at the Puijo
measurement station in Kuopio, Finland, during the autumn
2014. The hygroscopic growth of 80, 120 and 150 nm par-
ticles was measured at 90 % relative humidity with a hy-
groscopic tandem differential mobility analyzer. Typically,
the growth factor (GF) distributions appeared bimodal with
clearly distinguishable peaks around 1.0-1.1 and 1.4-1.6.
However, the relative contribution of the two modes ap-
peared highly variable reflecting the probable presence of
fresh anthropogenic particle emissions. The hygroscopicity-
dependent activation properties were estimated in a case
study comprising four separate cloud events with varying
characteristics. At 120 and 150 nm, the activation efficien-
cies within the low- and high-GF modes varied between 0-
34 and 57-83 %, respectively, indicating that the less hygro-
scopic particles remained mostly non-activated, whereas the
more hygroscopic mode was predominantly scavenged into
cloud droplets. By modifying the measured GF distributions,
it was estimated how the cloud droplet concentrations would
change if all the particles belonged to the more hygroscopic
group. According to k-Kohler simulations, the cloud droplet
concentrations increased up to 70 % when the possible feed-
back effects on effective peak supersaturation (between 0.16
and 0.29 %) were assumed negligible. This is an indirect
but clear illustration of the sensitivity of cloud formation to
aerosol chemical composition.

1 Introduction

Atmospheric aerosols play a key role in the global climate
system. They can affect the Earth’s radiation balance either
directly by scattering and absorbing the solar radiation, or
indirectly, via clouds. Despite their relatively long-known in-
fluence pathways, atmospheric aerosols and especially their
interactions with clouds, are still recognized as the most im-
portant source of uncertainty in the estimates of radiative
forcing over the industrial period IPCC, 2013). Although the
climatic sensitivity and clouds are linked via numerous feed-
back mechanisms, one fundamental key towards a dimin-
ished uncertainty is to understand the factors controlling the
particle’s ability to act as cloud condensation nuclei (CCN).

The particles’ ability to activate into cloud droplets at a
certain level of supersaturation depends on their size and
chemical composition. The role of particle size is already
quite well identified and it is commonly considered as the
most important factor. For example, according to the early
model calculations by Junge and McLaren (1971) and mea-
surements by Fitzgerald (1973), the shape of the CCN spec-
trum was predominantly determined by the initial particle
size distribution, and compositional variations became sig-
nificant only when the aerosol was highly insoluble. More
recently, Dusek et al. (2006) estimated that the changes
in aerosol size distribution explained over 80 % of the ob-
served variance in CCN concentration. Similarly, Ervens et
al. (2007) stated that the CCN predictions were the most sen-
sitive to variations in particle size distribution and supersatu-
ration.
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Considering the great climatological uncertainty related
to aerosol-cloud interactions, such a straightforward rela-
tionship between aerosol size distributions and CCN spectra
could substantially improve the estimates of the aerosol in-
direct radiative forcing. However, as Hudson (2007) stated,
the estimation by Dusek et al. (2006) was based on a rather
small variation in chemical composition, which may have led
to considerable underestimation of its role in cloud droplet
activation. In addition, Quinn et al. (2008) parametrized the
aerosol chemical composition by using the mass fraction of
hydrocarbon-like organic aerosol (HOA) and combined the
results with CCN activity measurements. The results indi-
cated that the uncertainty between the measured and esti-
mated CCN concentrations was up to 50 % when the vari-
ations in HOA were neglected.

During the last few decades, a lot of effort has been put
into CCN closure studies, i.e., determination of CCN con-
centration by means of size and composition related proper-
ties (Broekhuizen et al., 2006; Conant et al., 2004; Ervens et
al., 2007; Fountoukis et al., 2007). CCN closure studies al-
low to assess the importance of different parameters on cloud
droplet activation and therefore they are an important tool
towards a sufficient understanding of the link between atmo-
spheric aerosols and cloud processes. One specific method
includes the determination of CCN spectra by means of hy-
groscopicity measurements. Under subsaturated conditions
(i.e., relative humidity (RH) < 100 %), aerosol hygroscopic-
ity can be characterized by using a parameter called hygro-
scopic growth factor

Dye(RH, Dp)

GF (RH, Dp) = 5
p

, ey
where Dy is the wet particle diameter at a certain RH
and Dp is the corresponding dry diameter. In principle,
GFs reflect the aerosol chemical composition. Pure inor-
ganic salts such as sodium chloride (NaCl) and ammonium
sulfate ((NH4)2SO4) are usually associated with elevated
growth factors (GF>1.60 at RH=90%), whereas some
other species appear clearly less hygroscopic (McFiggans et
al., 2006). For example, fresh mineral dust and pure black
carbon are almost hydrophobic with typical GFs below 1.05
(Vlasenko et al., 2005; Weingartner et al., 1997; Liu et al.,
2013). In atmospheric conditions, the average GFs usually
vary between 1.0 and 1.8, and the GF distributions may con-
sist of several independent modes originating from various
sources of particulate matter (Ferron et al., 2005; Fors et al.,
2011; Sjogren et al., 2008; Liu et al., 2011; McFiggans et al.,
2006).

In order to better understand the relationship between
cloud droplet activation, aerosol chemical composition and
hygroscopicity, we organized an intensive measurement
campaign at the Puijo measurement station in Kuopio, East-
ern Finland, during the autumn 2014 (Puijo Cloud Exper-
iment 2014). Along with the Global Atmospheric Watch
(GAW) stations such as Pallas, Finland (Komppula et al.,
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2005), Jungfraujoch, Switzerland (Sjogren et al., 2008) and
Puy-de-Dome, France (Asmi et al., 2012), the Puijo station
is one of the few measurement sites where long-term con-
tinuous in situ measurements on aerosol-cloud interactions
are being carried out. Therefore, it provides an established
base for detailed aerosol and cloud studies. Utilizing the con-
ducted in-cloud measurements, this paper aims to identify the
hygroscopicity-dependent activation properties of a cloud-
forming aerosol population and study the effects of varying
chemical composition on cloud droplet formation.

2 Methods
2.1 Measurement site

The measurement campaign took place at the Puijo SMEAR
IV station in Kuopio, Finland (around 340 km to NE from
Helsinki) between 17 September and 4 November 2014. The
measurement station is located at the top of the Puijo ob-
servation tower (62°54'34” N, 27°39'19” E) approximately
224 m above the surrounding lake level (Leskinen et al.,
2009; Ahmad et al., 2013; Portin et al., 2014). The station
was established in 2005 and since then it has provided con-
tinuous data on aerosol and cloud droplet size distributions,
aerosol optical properties, atmospheric trace constituents and
various weather parameters. Due to the diverse surroundings,
the measurement site can be characterized as a semi-urban
environment. The eastern side of the tower (0-215°) includes
several local pollution sources such as a paper mill in the
northeast, the city center in the southeast, a heating plant in
the south and the two main roads in south—north direction, as
well as residential areas with occasional domestic biomass
combustion. By contrast, the western sector (215-360°) has
no important local sources besides the relatively small resi-
dential areas. For more detailed overview of the station and
local pollution sources, see Leskinen et al. (2012) and Portin
et al. (2014).

2.2 Weather data and cloud events

Temperature, visibility, wind speed, wind direction, precip-
itation, air pressure and relative humidity were measured
continuously during the campaign. Visibility and precipita-
tion were measured with a Vaisala FD12P weather sensor,
wind speed and direction with an ultrasonic two-dimensional
anemometer (Thies UA2D), and temperature and relative hu-
midity with a Vaisala HMT337 temperature and humidity
transmitter. Based on meteorological conditions, the mea-
surement period was divided into cloudy and cloud-free
sub-periods. Cloud events were defined as continuous pe-
riods (duration more than 1h) with visibility below 200 m.
For cloud-free conditions, the lower visibility limit was set
to 8000m in order to avoid the biasing effects of non-
uniform clouds and fog. In addition, the observed events
were classified as rainy if the average rain intensity exceeded
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0.2mmh~!. However, these cases were omitted from the
analyses, since precipitation removes both activated and non-
activated particles from the atmosphere causing a possible
source of error for the measurement data.

2.3 Twin inlet system and size distribution
measurements

During the campaign, we utilized a custom made twin inlet
system (Portin et al., 2014) consisting of two separate sample
lines in order to measure total and non-activated (interstitial)
particles separately. The total air inlet had an approximate
cut-off diameter of 40 um and the sample line was heated to
30—40°C. Due to the heating, liquid water was evaporated
from the droplets and residual particles were formed. Thus,
when the top of the tower was inside a cloud, the total flow
contained both the residual and interstitial particles. Mean-
while, the interstitial sample line was equipped with a PMj o
impactor (lower cut-off limit of 1 um) to prevent the cloud
droplets from entering the sampling system. During cloud-
free conditions, both of the inlets sampled the same aerosol
population.

Aerosol size distributions from 3 to 800 nm were measured
with a twin differential mobility particle sizer (twin-DMPS).
In this setup, two independent DMPSs measured the particle
diameters from 3 to 53 nm and from 30 up to 800 nm with
aerosol/sheath flow ratios of 1.4:23 and 1:5.5, respectively.
The instruments were attached to the twin inlet system with
an automated valve, which was operated to switch between
the sampling lines in 6 min intervals. Consequently, the to-
tal measurement time for total and interstitial population was
12 min, assuming that the aerosol was not changing during
the cycle. Full data inversion was applied to the raw data
including corrections for sampling losses, multiple charg-
ing probabilities, instrumental transfer functions and parti-
cle counting efficiencies as recommended by Wiedensohler
etal. (2012).

2.4 HTDMA experiments

Aerosol hygroscopicity under subsaturated conditions was
measured with a hygroscopic tandem differential mobility
analyzer (HTDMA, Table S1 in the Supplement). Briefly,
HTDMA consists of two differential mobility analyzers
(DMA) and a humidifier. The first DMA (DMA1) selects
the dry size of interest and the second DMA (DMA2) cou-
pled with a condensation particle counter (CPC) measures
the resulting size distribution, after the nearly monodisperse
aerosol sample has been exposed to certain RH. During the
campaign, the initial dry sizes were 80, 120 and 150nm
and the RH inside the DMA2 (RHpma2) was adjusted to
~90%. Both of the DMAs were 28 cm long Vienna type
DMAs (Winklmayr et al., 1991) operated with flow ratios
of 1:6, and the RH control of the sheath air inside DMA?2
was achieved by using a closed-loop circulation. The resi-
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dence time inside the aerosol humidifier was approximately
0.2 s, after which the particles spent ~ 2 s in elevated RH be-
fore entering the DM A2. The propagated instrumental uncer-
tainty associated with the measured GFs was approximately
+4.5%.

The HTDMA was attached to the twin inlet system for a
4-week period (26 September—20 October; hereafter referred
to as a twin inlet period) in the middle of the campaign. Oth-
erwise, total aerosol was being measured continuously. Dur-
ing the twin inlet period, an external valve system switched
between the two sampling lines in 24 min intervals. There-
fore, the duration of individual size scans was adjusted so that
the whole measurement cycle with three initial dry sizes was
performed twice between each line change. However, some
of the data points had to be removed afterwards because the
line change had occurred during an ongoing size scan. In the
case of continuous total line measurements, each size scan
took 5 min.

The average hygroscopic growth factors and their proba-
bility density functions (GF-PDF) were evaluated using the
TDMAinv inversion toolkit (Gysel et al., 2009). The pro-
cedure calculates the broadening factor of the instrumen-
tal transfer function from dry size measurements and then
describes the inverted GF-PDFs as piecewise linear func-
tions. For this purpose, dry size scans with ammonium sul-
fate particles were performed at low RH before and dur-
ing the campaign. The inversion algorithm was operated to
solve the GF-PDFs with a resolution of AGF =0.10 and only
the size scans with average RHppa2 between 88 and 92 %
were taken into account in the analysis. In addition these
data points were corrected to the 90 % target RH by using
the built-in y-model within the inversion toolkit. Briefly, y-
correction adjusts the measured growth factors to the desired
RH by applying a parametrization GF = (1 — RH)™7, where
y is first calculated from the original measurement data and
then substituted backwards to obtain the RH corrected GF.

2.5 Derivation of Nact, HTDMA

According to the Kohler theory (Kohler, 1936), the equilib-
rium saturation ratio, Seq, over a liquid droplet can be calcu-
lated by

4Myo
) , (2)

Seq = awexp (m
w Lw

where ay, is the water activity, M,, the molar weight of wa-
ter, o the surface tension (here, assumed to be that of wa-
ter, 0.072 Jm~2), R the universal gas constant, 7 the ambient
temperature and py, the density of water. In order to relate the
measured growth factors to water activities, we used the «-
Kohler model described by Petters and Kreidenweis (2007).
With «-Kohler model, the water activity can be parametrized
as

R 3)
V.

aw w
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where V), and Vy, are the dry particle and water volumes, and
k is the hygroscopicity parameter determined as below:
3 4Mywo
(GF3 — 1exp (7” e %
RH

« (GF, Dp, RH) = ) ~GFP+1. (4
Alternatively, the relationship between « and critical satura-
tion ratio, S, i.e., the maximum of the Kohler curve (Eq. 2),
can be approximated by

443

Dy, S) = ————,
<(Dp. Sc) 27D31In’ S,

&)

where A =4My,0 / RTpy,. Thus, by combining the Egs. (4)
and (5) and by assuming a certain value for Sg, it is possi-
ble to estimate the critical growth factor, GFg, i.e., the re-
quired growth factor for particles with dry size D), to become
activated at the given supersaturation. Thereafter, the size-
resolved activation efficiency fic, HTDMA can be calculated
according to

factrroma (Dyp, Se) = GF — PDF (GF, D,) dGF. (6)

GF(Dyp.S:)

Furthermore, the available CCN concentration can be ob-
tained by weighting the measured particle size distribution
with the activation efficiency and by integrating over the
whole size range:

dNtOt

dlog Dy

[o¢]
Nact, HTDMA (S¢) = / fact.uroMA (Dp, Sc)

—00

dlogD,. (7)

In order to solve the preceding equation, the GF-PDFs deter-
mined for Dp = 80, 120 and 150 nm were linearly interpo-
lated to cover the whole size range of interest. This was done
by interpolating the GF-PDFs over the measurement range
(80-150nm) and then extrapolating up to 200 nm. In addi-
tion, the 80 and 200 nm GF-PDFs were assumed to be rep-
resentative for particles smaller than 80 nm and larger than
200 nm, respectively.

The procedure follows the principles described previously
by, e.g., Kammermann et al. (2010b) and Fors et al. (2011),
except that here we did not have an independent HTDMA
data point around 200-250 nm. Therefore, extrapolation to-
wards larger sizes is also the main source of uncertainty,
as underestimation of aerosol hygroscopicity could possi-
bly lead to underestimation of fae H-TDMA and vice versa.
Secondly, the method assumes that the subsaturated hygro-
scopicities are representative for supersaturated conditions.
Such an assumption is not always totally valid and discrepan-
cies between the two saturation regimes have been reported
based on laboratory and field experiments (Good et al., 2010;
Hersey et al., 2013; Jaatinen et al., 2014; Pajunoja et al.,
2015). Typically, the subsaturated hygroscopicities can ap-
pear somewhat lower than the supersaturated ones, which
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may result in underestimation of CCN concentration at a
fixed supersaturation. On the other hand, for example Jurdnyi
et al. (2013) found a very good closure between the sub- and
supersaturated regimes for an externally mixed urban aerosol
in Paris, France.

In order to estimate the cloud droplet concentration in at-
mospherically relevant conditions, the effective peak super-
saturation, s eff (Where s¢ off = Sc.eff — 1), was approximated
by minimizing the difference between the measured and es-
timated activation curves, i.e., by minimizing the norm

[IR (Sl = \/Z[fact,HTDMA (Dp,h Sc) - fact,DMPS (Dp,i)]zs (8)

where Dj, ; was limited to vary from 80 to 200 nm, and the
DMPS derived activation efficiency, fact, pmps, Was deter-
mined by means of total and interstitial particle size distri-
butions as follows:

dN[[ dN t
diog b, (P ~ rog b, (Op)
fact,DMPS(DP) = dNio '

dlog Dy (DP)

€))

In principle, the effective peak supersaturation can be de-
scribed as the maximum supersaturation that the particles ex-
perience for an adequate time to form stable cloud droplets
(Hammer et al., 2014). It is also important to point out that
this kind of approach masks the potential discrepancies be-
tween the two saturation regimes, and underestimation of su-
persaturated hygroscopicity would eventually lead to positive
bias in sc_eff.

In addition to the “externally mixed approach” described
above, the cloud droplet concentrations were estimated under
an assumption that the ambient aerosol was completely inter-
nally mixed. In this approach, the interpolated GF surfaces
were used to calculate the average hygroscopicity parameter
Kkavg (Eq. 4) for each dry size. These values were then com-
pared to critical x values approximated by using the Eq. (5)
and the previously determined S¢ ¢ff. Furthermore, depending
on whether the kayg was higher or lower than the respective
critical value, the activation efficiency was assumed to be ei-
ther 1 or 0, respectively. Therefore, this kind of internally
mixed approach resulted in activation efficiency curves re-
sembling a step function instead of S-shaped curves obtained
by means of full GF-PDFs.

3 Results and discussion
3.1 Weather parameters and cloud events

During the campaign, the hourly averaged ambient temper-
atures varied between —9.7 and 15.3 °C, with sub-zero tem-
peratures occurring mostly during the latter half of the mea-
surement period. Due to the diurnal temperature variations,
relative humidity usually reached its daily maxima during the
nighttime and early morning hours. Therefore, most of the
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Figure 1. Top row: average hygroscopicity of total aerosol at 90 % RH during cloudy (blue) and cloud-free (red) conditions (whole cam-
paign). Bottom row: average in-cloud hygroscopicity of total (red), interstitial (blue) and residual aerosol (black) during the twin inlet period.
The values shown in the parentheses represent the number of averaged observations and the 25th and 75th percentiles. In the graphs, the

lower and upper quartiles are illustrated with whiskers.
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Figure 2. Mean «-PDFs of 80, 120 and 150 nm particles calculated
over the whole data set. The shaded areas represent the ranges be-
tween the 25th and 75th percentiles.

cloud formation events also occurred within these time peri-
ods. Generally, the wind speeds exhibited a diurnal variation
similar to ambient RH with slightly increased velocities dur-
ing the nighttime. The wind was blowing from southwestern
directions (180-270°) approximately 39 % of time, and dur-
ing cloud events this fraction was even higher, roughly 50 %.
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Altogether, the tower was inside a cloud approximately 10 %
of time, which is somewhat less compared to typical autumn
conditions at Puijo (Portin et al., 2009). In total, 15 non-
precipitating cloud events were observed during the cam-
paign, providing up to 47 cloud event hours.

3.2 Hygroscopicity at Puijo

Figure 1 shows the average GFs and GF-PDFs observed at
Puijo during the campaign period. Overall, the measured
GFs varied between ~ 1 and ~ 1.7 reaching the campaign
averages (% 1 standard deviation) of 1.30£0.11 (80nm),
1.4240.10 (120nm) and 1.4740.10 (150nm). A closer
look at the GF-PDFs indicates that there are two main fac-
tors affecting the observed size dependence. In general, the
GF-PDFs appear bimodal with clearly distinguishable peaks
around 1.0-1.1 and 1.4—1.6. However, the number fraction of
less hygroscopic particles (fGr < 1.25) decreases with increas-
ing particle size, and at the same time, the more hygroscopic
mode tends to shift slightly towards larger growth factors.
A similar shift is also apparent in Fig. 2 where the average
hygroscopicity distributions are plotted as «-PDFs. Further-
more, this indicates that the transition towards higher GFs
can be attributed both to Kelvin effect as well as changes in
chemical composition.

According to a wind sector analysis (see supplementary
material for further details), the polluted sector was charac-
terized by higher fGF < 1.25 than the clean one, but on the other
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hand, the more hygroscopic mode shifted towards higher
GFs suppressing the differences in average GFs. Tiitta et
al. (2010) studied the particulate roadside emissions in Kuo-
pio and observed an elevated non-hygroscopic particle mode
(Dp <50nm) originating from fresh exhaust emissions. A
similar observation was also made by Laborde et al. (2013)
in Paris with particle sizes up to 265 nm. Against this back-
ground, it is probable that the less hygroscopic fraction ob-
served at Puijo is also linked to the traffic and other anthro-
pogenic sources of organic aerosol.

Minor differences can be seen also in the GF-PDFs be-
tween cloudy and cloud-free conditions (Fig. 1). The frac-
tion of more hygroscopic particles is slightly enhanced dur-
ing cloud-free conditions, resulting in higher average GFs.
This can be due to the limited timescale of cloud events and
varying contribution of local pollution, together with possi-
bility for in-cloud processing and precipitation scavenging.
However, for example Henning et al. (2014) and Zelenyuk et
al. (2010) reported a cloud-induced sulfate enrichment in the
particle phase, which should eventually result in increasing
hygroscopicity. One may also note that the in-cloud distribu-
tions measured during the twin inlet period differ consider-
ably from the campaign averages with substantially stronger
contribution of fGF < 1.25 at Dp =120 and 150 nm. Again, the
most probable explanation is the enhanced presence of local
pollution due to more frequent easterly winds.

As indicated above, the analytical division between the
less and more hygroscopic particles was done by using a GF
limit of 1.25. The value represents a common midpoint be-
tween the two GF modes and it has been used in several pre-
ceding studies (e.g., Kammermann et al., 2010a; Jurdnyi et
al., 2013; Portin et al., 2014). Averaged over the whole cam-
paign, the size-dependent less hygroscopic fractions were
0.44+0.25 (80nm), 0.22+0.17 (120nm) and 0.15+0.14
(150 nm). Together with the average GF-PDFs, these val-
ues are comparable to hygroscopicities observed at a back-
ground site in southern Sweden (Fors et al., 2011). However,
as seen during the twin inlet period, our site experienced rea-
sonably strong variation in less hygroscopic fraction with
foF < 1.25 regularly reaching the levels of urban conditions
(McFiggans et al., 2006). For example during the observed
cloud hours, the average fGr < 1.25 ranged from 0 up to 0.62
at Dp =150 nm. By comparison, Jurdnyi et al. (2013) studied
the aerosol mixing state in Paris, France and reported typical
values varying between ~0.20 and ~ 0.60 at D, = 165 nm.
In addition, Ferron et al. (2005) observed that in urban and
semi-urban conditions, the non-hygroscopic mode could be
dominant at particle sizes up to 250 nm, especially during the
autumn and winter seasons.
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3.3 Hygroscopic properties of total, interstitial and
residual aerosol

The GF-dependent activation efficiencies (fict,gr) were de-
rived from the measured GF-PDFs according to

fact,GF1 <GF < GF, (Dp)

I, AN
d‘log‘%p (Dp) X fiot,GF, < GF <GF, (DP) - dl"r‘?‘fp (Dp) X fint,GF; <GF < GF, (Dp) (10)
- IN, R
iog By (Dp) X fio.GF < GF <GF, (Dp)

where fiot, GF1 < GF < GF2 and fint, GF1 < GF < GF2 Were the total
and interstitial number fractions of particles with dry size Dy
and GF between GF; and GF,. The average activation effi-
ciencies were calculated separately for each cloud event and
for three different GF regimes (GF > 0.80, 0.80 < GF < 1.25
and GF > 1.25). Here it should be noted that the activation ef-
ficiencies can appear negative if the averaged interstitial con-
centrations are higher than the corresponding total values.
This can be the case especially within the less hygroscopic
regime where the activated fractions are generally low. In
such cases, the negative activation efficiencies are reported as
zeros and treated as such when calculating the total activated
fractions (fact,GF > 0.80). Thus, the resulting fact,GF> 0.80 val-
ues can be slightly different from those derived solely from
DMPS measurements.

A total of nine cloud events were observed during the twin
inlet period. Due to the reasonably low time resolution of HT-
DMA size scans and slow alteration between the two sam-
pling lines, data with good coverage and reasonable agree-
ment between fact,GF> 0.80 and face, pMps Were available for
four separate cloud events. These cases are summarized in
Table 1. Because of the low activation efficiency of ultrafine
particles, the activation parameters are presented only for 120
and 150 nm sizes.

The duration of the selected cloud events varied from 1 h
31 min (event #2) to 4h 25 min (event #4). Cloud event #1
had the highest particle and cloud droplet number concentra-
tions, up to 2935 cm~3 and 781 cm™3, respectively, whereas
much lower values were observed during the latter events.
For example during the cloud event #4, the particle and cloud
droplet concentrations were down to 792 and 69 cm™3, re-
spectively. These four cloud events were also characterized
by very different wind patterns. Event #2 was influenced by
westerly winds blowing across the clean sector. By contrast,
the wind was from the northeast during cloud event #3 and
from the southeast during the cloud event #4. Furthermore,
event #1 was dominated by southwesterly winds blowing
across the transition region between the clean and polluted
sectors.

The most interesting remark, however, concerns the dif-
ferent activated fractions within the two GF modes. At
Dp =120 nm, the activation efficiencies of less hygroscopic
particles varied from 0 % to 4 %, whereas the values for more
hygroscopic particles were much higher (between 57 and
70 %). A similar trend was observed also at Dp = 150nm,
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Table 1. Overview of the four cloud events observed during the measurement campaign. Given are the total particle and cloud droplet number
concentrations as well as the hygroscopicity-dependent activation efficiencies and growth factors of 120 and 150 nm particles. The number

fraction of less hygroscopic particles is denoted by fGF < 1.25-

Event #1 Event #2 Event #3 Event #4
Time 08/10, 20:46-23:45  11/10, 20:25-21:56  13/10, 05:57-07:40  20/10, 00:01-04:26
Neot 2935cm 3 699 cm—3 1442 cm—3 792cm—3
Nact 781 cm™—3 135cm™3 158 cm™3 69cm™3
120nm 150 nm 120nm 150 nm 120nm 150 nm 120nm 150 nm

Sact,. DMPS 0.20 0.40 0.29 0.55 0.37 0.68 0.39 0.68
Sact,GF>0.80 0.32 0.48 0.29 0.55 0.52 0.72 0.39 0.68
Sact, GF<1.25 0 0 0 0.31 0 0 0.04 0.34
Sact.GF>1.25 0.57 0.80 0.69 0.77 0.60 0.79 0.70 0.83
GFave GF>080 127 131 1.20 1.25 1.58 1.65 127 1.41
GFae GF<125 1.13 1.13 1.05 1.06 1.00 1.00 1.01 1.02
GFueGF>125 138 1.42 1.41 1.42 1.68 1.71 1.50 1.58
fGE <125 0.44 0.39 0.58 0.47 0.14 0.08 0.48 0.31

with corresponding intervals of 0-34 and 78-83 %, respec-
tively.

One may also note that the hygroscopicity-dependent acti-
vation efficiencies increased with particle size. In the case of
more hygroscopic particles, this was most likely attributed
to Kelvin effect and small increments in respective hy-
groscopicities. Besides, the cloud events #2 and #4 were
characterized by somewhat increased fac,GF < 1.25 values at
Dp =150nm. Although it is possible that part of these less
hygroscopic particles were scavenged into cloud droplets, it
is good to note that these cases were also characterized by
notably low particle concentrations which may have led to
increased uncertainties in activated fractions.

The difference between the activated and non-activated
particles is also illustrated in Fig. 1 (lower panel) where the
average GFs and GF-PDFs are presented separately for total,
interstitial and residual aerosol populations. Here, the resid-
ual aerosol properties were estimated indirectly by using the
hourly averaged total and interstitial GF-PDFs and the re-
spective ambient particle concentrations as follows:

dN
¢res (GF, Dp) = dlogt%p (Dp) x GF — PDFyo (GF, Dy)
dN,
_ dlogl;;p (Dp) x GF — PDFyy (GF, Dp) . (11)

Apparently, the relative contribution of less hygroscopic par-
ticles is the strongest in the interstitial population and the
more hygroscopic mode appears distinctly only in the total
and estimated residual aerosol. This is also reflected by the
average growth factors. At D, =120 and 150 nm, the GFs of
cloud droplet residuals are approximately 18 % higher than
those of interstitial particles. In terms of « values, this dis-
crepancy would correspond to a difference up to 65-75 %
depending on particle size. Again, it should be remarked that
similar to activated fractions, the residual GF distributions
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(cres) can appear locally negative if the interstitial concen-
trations are higher than the respective total concentrations.
Before converting these distributions into GF-PDFs shown
in Fig. 1, the negative values were set to zeros which eventu-
ally strengthened the positive peaks appearing in normalized
distributions. As a result, for example the less hygroscopic
particle mode appearing in the estimated residual aerosol can
be partially attributed to methodological uncertainties.

To our knowledge, this is one of the very few studies char-
acterizing the hygroscopic properties of different in-cloud
aerosol populations. Previously, Svenningsson et al. (1994)
studied the aerosol hygroscopicity and its relationship to
cloud droplet activation at Kleiner Feldberg in Germany. In-
terstitial aerosol hygroscopicity was measured during cloud
events, and by assuming that the air mass was the same, it
was compared to the total aerosol sampled during the follow-
ing clear sky conditions. The less hygroscopic particle frac-
tion was substantially higher in the interstitial population, in-
dicating that the more hygroscopic particles were scavenged
into the cloud droplets more efficiently than the less hygro-
scopic ones. This observation was confirmed in a case study,
where a counter flow virtual impactor (CVI) was used to sep-
arate the cloud droplets from total aerosol, so that the hygro-
scopicity of cloud droplet residuals could be measured inde-
pendently. Likewise, Rose et al. (2013) observed a decreas-
ing fraction of available CCN during a precipitative cloud
event, suggesting that the more hygroscopic particles were
mostly activated into cloud droplets and removed from the
air through precipitation. Overall, our results from Puijo are
in good agreement with the observations reported by Sven-
ningsson et al. (1994) and Rose et al. (2013).

In situ aerosol chemical composition and partitioning be-
tween activated and non-activated particles has been studied
recently by means of aerosol mass spectrometry (e.g., Hao
et al., 2013; Zelenyuk at al., 2010; Kamphus et al., 2010;
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Drewnick et al., 2007) and electron microscopy (Li et al.,
2011). Based on the results from Puijo Cloud Experiment
2010, Hao et al. (2013) reported substantially higher mass
fractions of organic nitrate and less oxidized organic species
in the interstitial particles compared to residual ones. Sim-
ilarly, Zelenyuk et al. (2010) and Li et al. (2011) observed
an elevated fraction of sulfates in the activated particles. Al-
though these results are broadly in line with our observations
on the distinct hygroscopicity of activated and non-activated
particles, great care should be taken when comparing the re-
sults. For example, Hao et al. (2013) observed an increased
organic fraction in the Aitken mode particles, indicating that
the differences in chemical composition also reflected the ef-
fect of particle size.

At Puijo, the critical droplet activation diameter, i.e., the
diameter corresponding to the 50 % activation efficiency
(D50), varies typically between 100 and 200 nm. Accord-
ing to our observations, this value is highly dependent on
the prevailing hygroscopicity. To illustrate this relationship,
the DMPS derived D50s (obtained from fac, pmps via linear
interpolation) were correlated with hourly averaged « values.
Furthermore, a non-linear regression model D50 ~ a x (13
was chosen to account for the theoretical dependence ad-
dressed in Eq. (5). Figure 3 summarizes the results from all
the observed cloud hours. Since the average hygroscopicity
reflects the relative contribution of the two GF modes, the
low-end « values were characterized by elevated fgr < 1.25
and vice versa. Differing more than 3 standard deviations
from the campaign average of 132 nm, the data point with
D50 = 231 nm was excluded from the analysis as an outlier.
Apart from this exception, the hourly D50s ranged from 93
to 173 nm.

The 80 nm particles yielded the weakest correlation with
root-mean-square error (RMSE) of ~29nm. This could be
expected since the 80 nm size usually remained well below
the critical activation limit. On the contrary, the 120 and
150 nm sizes yielded the RMSE values around ~ 13 nm, sug-
gesting a considerably stronger correlation between the two
parameters. According to the linear correlations reported by
Quinn et al. (2008), the chemical composition (parametrized
as HOA mass fraction) explained approximately 40-50 % of
the variation in critical activation diameter. In comparison,
applying a linear regression to our data set would result in
R? values of 0.58 (120nm) and 0.57 (150 nm). Assuming
that the relationship between « and D50 could be treated as
(locally) linear, these values would indicate that the accu-
mulation mode hygroscopicity explained up to 57-58 % of
the observed variance in D50, therefore dominating the ef-
fect of varying meteorology and especially, the varying su-
persaturation. Moreover, no correlation was found between
the « values and the estimated effective peak supersatura-
tions (R? ~ 0.02; not shown here).
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Figure 3. Critical activation diameter (D50) vs. size-averaged hy-
groscopicity (k) of 80, 120 and 150 nm particles, as well as the
power law fits (black lines) to the data. The data points are colored
according to number fraction of less hygroscopic particles, and the
grey dashed lines represent the numerical solutions of x-Kohler the-
ory in the range of s¢ =0.1-0.5 %.

34 Nact,HTDMA and Sc,eff

The activation efficiency curves and the corresponding cloud
droplet number concentrations were derived from the hourly
averaged GF-PDFs according to the procedure described in
Sect. 2.5. Reproducibility of the DMPS derived activation
curves and cloud droplet nuclei spectra was confirmed visu-
ally, and the data points with considerable differences were
omitted from the following analyses. In most of these cases,
the estimated activation curves appeared clearly steeper than
the measured ones, leading to both an underestimation of ac-
tivated fraction at D, <D50 and an overestimation of acti-
vated fraction at D, >D50. Alternatively, some of the esti-
mated curves managed to reproduce the correct behavior at
smaller sizes (Dp < 150 nm) but overestimated the activation
at the size range of extrapolated GF-PDFs. Although these
uncertainties caused only a small net bias to droplet estima-
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Figure 4. Correlations between the estimated (HTDMA) and mea-
sured (DMPS) cloud droplet concentrations (red dots) and the ex-
ternal and internal mixing approaches (grey dots). Each data point
represents an hourly average.

tions, they indicate that the estimated GF surfaces may have
failed to replicate the real ambient conditions.

Figure 4 shows a comparison between the HTDMA and
DMPS derived cloud droplet concentrations (red dots). The
regression line fitted through the 26 data points has a slope
of 1.016 indicating a good agreement between the esti-
mated and measured cloud droplet concentrations. In addi-
tion, Fig. 4 includes a comparison between the external and
the internal mixing approaches (grey dots). Correspondingly,
the regression line has a slope of 1.022 and all the hourly
data points lie between the ratios 0.91 and 1.04. Analogous
to Kammermann et al. (2010b), this observation suggests
that the CCN concentration can be determined with reason-
able accuracy even if the exact mixing state remains un-
known. Nevertheless, since the determination of Nyt HTDMA
included the estimation of effective peak supersaturation by
means of fyc pmps, the comparison shown here cannot be
considered as a real CCN closure study in an explicit manner.
Instead, it rather serves as a base for the analysis presented
in the following section (Sect. 3.5).

Overall, the hourly estimated peak supersaturations ranged
from 0.16 % to 0.29 %. Apart from one exception with sc efr
up to 0.44 %, this range was valid also for the omitted cloud
hours. Although these values might be slightly biased due to
the possible discrepancies between sub- and supersaturated
hygroscopicities, they provide valuable information about
the conditions relevant to cloud droplet formation. Reaching
the average and median values of 0.22 %, the estimated s¢ eff
values are comparable to supersaturations of 0.18-0.26 %
obtained by Anttila et al. (2009) at the Pallas GAW station
in Northern Finland. Similar “average” supersaturations can
be obtained also by using the regression curves presented in
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Fig. 3. By assuming a constant temperature of 2 °C (average
temperature of all the cloud hours), the regression parame-
ters 6.94 x 1078 (120nm) and 7.52 x 10~8 (150 nm) imply
supersaturations of 0.23 and 0.20 %, respectively. By con-
trast, these values are somewhat low compared to the high-
end supersaturations determined at some European mountain
sites. For example, Asmi et al. (2012) found supersaturations
ranging from 0.1 % up to 0.6 % at Puy-de-Ddome, and simi-
larly, Hammer et al. (2014) observed a median peak supersat-
uration of 0.35 % at Jungfraujoch. On the other hand, Ham-
mer et al. (2014) also found a clear difference between the
two dominant wind sectors reflecting the effect of terrain to-
pography on updraft velocities. Generally, the air masses ris-
ing over the less steep mountainside were characterized by
weaker updrafts and consequently, by supersaturations more
comparable to ours (median 0.22 %).

3.5 Sensitivity of cloud droplet formation to varying
hygroscopicity

Following the procedure described in Sect. 2.5, we per-
formed «-Kohler simulations to investigate how the cloud
droplet concentrations would change if all the particles be-
longed to the more hygroscopic group. For each cloud hour,
we created an alternative hygroscopicity scenario by modi-
fying the original GF-PDFs. This alteration was conducted
by eliminating the contribution of less hygroscopic particles
and normalizing the resulting distributions so that the integral
over each particle size became equal to one. In principle, the
most significant changes appeared at sizes where the original
JfGF < 1.25 were large enough to be affected by the modifica-
tions. Thus, instead of varying the GFs equally and regardless
of particle size, the modifications only affected the presence
of an existing low-GF mode and increased the average GFs
accordingly.

Overview of the applied hygroscopic variations is pre-
sented in Table 2. Shown are average GFs at D, =80, 120,
150 and 200 nm for the two hygroscopicity scenarios, as well
as their absolute deviation from each other. In terms of «
values, the high hygroscopicity assumption results in values
between 0.20 and 0.40. According to Andreae and Rosen-
feld (2008), these values would be characteristic of typical
aged continental aerosol. In order to highlight their atmo-
spheric relevance, it is also important to note that they are
within the range of hygroscopicities observed at Puijo during
the campaign period. The cloud droplet concentrations were
calculated for both scenarios by using identical particle size
distributions as well as equal effective peak supersaturations.

Figure 5 shows the relative and absolute changes in
Nact, HTDMA against the hygroscopicity shift at D, = 150 nm.
Again, the data points are colored according to the less hy-
groscopic fraction, and the marker size is scaled relative to
total particle number concentration. Naturally, the relative
change in cloud droplet concentration increases with increas-
ing hygroscopicity. Although most of the data points reside
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Table 2. Average GFs for reference and high hygroscopicity scenarios and their absolute deviation from each other. The values shown in the
parentheses correspond to the minimum and maximum values. The GFs for Dp =80, 120 and 150 nm originate from direct measurements,
whereas the data for Dp =200 nm is obtained via extrapolation.

80 nm

120 nm

150 nm 200 nm

GFavg [Reference]
GFayg [High-GF]

1.20 (1.04/1.29)
1.40 (1.33/1.59)

1.30 (1.18/1.43)
1.43 (1.36/1.57)

1.38 (1.25/1.49)
1.47 (1.39/1.59)

1.44 (1.27/1.58)
1.49 (1.4/1.61)
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Figure 5. Simulated changes in cloud droplet number concentration (Nae HTDMA) and critical activation diameter (D50gTpMma) if all the

particles belonged to the more hygroscopic mode. The marker size illustrates the total particle concentration in the range of 388 em3 to
3316cm~3 and the data points are colored according to the less hygroscopic fraction (i.e., the fraction of particles merged into the more
hygroscopic mode). The horizontal lines correspond to the 25th, 50th and 75th percentiles.

in the range of 10—40 %, the total variation extends up to
70 %. Furthermore, because of the approximately linear be-
havior of relative AN,¢t HTDMA, the absolute change appears
highly sensitive to initial particle size distribution. In the case
of high total concentration, the absolute ANt HTDMA can be
up to hundreds of droplets per cubic centimeter even with
reasonably small hygroscopic variations (AGF;50ym <0.10).

In addition to droplet concentration, Fig. 5 illustrates the
change in critical activation diameter (D50gTpMma; derived
from fyct HTDMA Via linear interpolation). Understandably,
as the high hygroscopicity assumption suppresses the size-
dependence of aerosol hygroscopicity (see Table 2), the acti-
vation efficiency curves become steeper and D50s decrease.
Typically, the change in D50 remains below 20 nm but can
reach 35 nm in the most extreme cases.

Anttila et al. (2009) studied the effect of varying hygro-
scopicity at the Pallas GAW station in Northern Finland. Ac-
cording to the simulations, increasing the GFs by 10 % led to
17-51 % increments in cloud droplet number concentration.
Bearing in mind that a 10 % relative change in GFs corre-
sponded to an absolute change of ~0.13 at D, = 150 nm, the
observations by Anttila et al. (2009) are in good agreement
with our results. However, it is also worth pointing out that
by increasing all the GFs by 10 %, the absolute change in
growth factors increased with particle size. In our analysis,
removal of the less hygroscopic mode induced the opposite
effect.

Similar to our analysis, Wex et al. (2010) assessed the
overestimation of CCN concentration if all the particles were
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assumed to have « of the more hygroscopic particles. By us-
ing data from the literature, the overestimation was derived
for rural, urban and marine aerosol populations and for dif-
ferent less hygroscopic fractions. In the case of urban and
rural aerosols, the overestimation varied between 2040 and
40-100 % when the less hygroscopic fraction (k <0.10) was
set to 0.3 and 0.5. With the range of variation illustrating
the inverse proportionality to supersaturation (between 0.1
and 0.5 %), these values are comparable to our observations.
However, Wex et al. (2010) assumed the same less hygro-
scopic fraction for all particle sizes, which is very rarely the
case in our conditions at Puijo.

Kammermann et al. (2010b) performed a set of CCN clo-
sure studies to investigate the sensitivity of CCN concentra-
tion to unknown chemical composition. The median bias be-
tween the predicted and measured CCN concentrations was
up to +54 % when a constant x =0.30 was assumed. Anal-
ogous to our observations, the average hygroscopicities re-
ported by Kammermann et al. (2010b) were relatively low
explaining the remarkable bias in CCN predictions. On the
contrary, Meng et al. (2014) found a reasonably good agree-
ment between the measured and predicted CCN concentra-
tions by using a constant « as high as 0.33 at a coastal site in
Hong Kong, where the aerosol composition was dominated
by inorganic species.

In principle, the high hygroscopicity assumption yields
values resembling the hygroscopicities that could be ob-
tained from bulk composition measurements by means of
aerosol mass spectrometry. Typically, the bulk composition
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is biased towards the inorganics due to the emphasis on larger
particles. This can lead to a considerable overestimation
of CCN concentration. For example, Medina et al. (2007),
Almeida et al. (2014) and Meng et al. (2014) reported an
overprediction of 2644 % at ~ 0.20 % supersaturation when
only the size-averaged composition was considered. In all
of these studies, implementing the size-dependent or size-
resolved chemical composition substantially improved the
CCN predictions.

4 Summary and conclusions

The relationship between aerosol hygroscopicity and cloud
droplet activation was studied at the Puijo measurement
station in Kuopio, Finland during the Puijo Cloud Exper-
iment 2014. The purpose of the campaign was to identify
the hygroscopicity-dependent activation properties of a cloud
forming aerosol population, as well as to study the sensitiv-
ity of cloud droplet activation to varying chemical composi-
tion in real atmospheric in-cloud conditions. In total, 15 non-
precipitating cloud events were observed during the 2-month
long campaign providing a total of 47 cloud hours.

The aerosol hygroscopicity at 90 % RH was measured with
an HTDMA. Typically, the measured GF-PDFs appeared bi-
modal, indicating an externally mixed aerosol population.
By using the GF-PDFs and particle concentrations mea-
sured separately for interstitial and total aerosol populations,
the hygroscopicity-dependent activation properties were esti-
mated. The growth factor distributions were divided into low
and high hygroscopicity regimes by using a GF limit of 1.25
and the activated fraction in each category was calculated.

The in-cloud measurements revealed clear differences in
activation efficiency between the two GF modes. The less hy-
groscopic particles originating most likely from local anthro-
pogenic sources remained mostly non-activated, whereas the
more hygroscopic mode was primarily scavenged into cloud
droplets. This observation highlights the role of aerosol hy-
groscopicity and chemical composition in cloud droplet ac-
tivation. A highly variable portion of less hygroscopic par-
ticles has been observed in several studies and in many dif-
ferent locations during the last few decades. Due to the an-
thropogenic contribution, the less hygroscopic mode can be
dominant at particle sizes up to 250 nm. As shown by our
analysis, this can lead to a significant decrease in the fraction
of available CCN.

By modifying the measured GF-PDFs, we estimated how
the cloud droplet concentrations would change if all the
particles belonged to the more hygroscopic mode. This
would correspond to a situation with typical aged, conti-
nental aerosol in the atmosphere without any fresh anthro-
pogenic influence. According to the «-Koéhler simulations,
the change in cloud droplet concentration was up to 70 %
when the possible feedback effects on cloud supersaturation
were assumed negligible. Our result clearly demonstrates the
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importance of correct treatment of anthropogenic organic
aerosols, their hygroscopicity and the effect of atmospheric
aging, when estimating CCN concentrations.

5 Data availability

All the measurement data are available upon request from the
corresponding author (annele.virtanen @uef.fi).

The Supplement related to this article is available online
at doi:10.5194/acp-16-10385-2016-supplement.
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