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Abstract. In this study we show how size-resolved mea- 1 Introduction
surements of aerosol particles and cloud condensation nuclei
(CCN) can be used to characterize the supersaturation of waAtmospheric aerosols consist of particles spanning a wide
ter vapor in a cloud. The method was developed and appliedange of size and chemical composition from various natural
during the ACRIDICON-Zugspitze campaign (17 Septem- and anthropogenic sources (Poschl, 2005). They can act as
ber to 4 October 2012) at the high-Alpine research statiorcloud condensation nuclei (CCN) and affect climate by influ-
Schneefernerhaus (German Alps, 2650 ma.s.l.). Number siz@ncing the properties of clouds and precipitation (Lohmann
distributions of total and interstitial aerosol particles were and Feichter, 2005; Solomon et al., 2007; Rosenfeld et al.,
measured with a scanning mobility particle sizer (SMPS),2008). Depending on particle size, composition, and mixing
and size-resolved CCN efficiency spectra were recorded wittptate, aerosol particles are activated as CCN at different wa-
a CCN counter system operated at different supersaturatiofer vapor supersaturations (e.g., Kohler, 1936; Dusek et al.,
levels. 2006; McFiggans et al., 2006; Andreae and Rosenfeld, 2008;
During the evolution of a cloud, aerosol particles are ex-Su etal., 2010).
posed to different supersaturation levels. We outline and As a result of long-term efforts and recent advances in at-
compare different estimates for the lower and upper boundgnospheric research, the CCN activity of atmospheric aerosol
(Siow, Shigh) and the average valusi,q) of peak supersatu- particles can be fairly well constrained by measurements and
ration encountered by the particles in the cloud. A major ad-models (e.g., Petters and Kreidenweis, 2007, 2008; Gunthe
vantage of the derivation Giow andSayg from size-resolved ~ €t al., 2009; Kinne, 2009; Moore and Nenes, 2009; Poschl et
CCN efficiency spectra is that it does not require the spe-al., 2009; Juranyietal., 2010; Pringle etal., 2010; Rose et al.,
cific knowledge or assumptions about aerosol hygroscopic2010; Wex et al., 2010; Gunthe et al., 2011; Kim et al., 2011;
ity that are needed to derive estimatesSgf;, Shigh, andSavg Kulmalaetal.,2011; Rose etal., 2011; Spracklen et al., 2011;

from aerosol size distribution data. For the investigated cloudAnttila et al., 2012; Christensen and Petters, 2012; Engelhart
event, we derivediow &~ 0.07-0.25 %,Shigh ~ 0.86—1.31 % et al., 2012; Padro6 et al., 2012; Juranyi et al., 2013; Lance

and Sayg ~ 0.42-0.68 %. et al., 2013; Mikhailov et al., 2013; Petters and Kreidenweis,
2013). To fully describe the process of CCN activation and
cloud droplet growth in the atmosphere, however, the su-
persaturation of water vapor in the cloud also needs to be
known (e.g., Reutter et al., 2009; Pruppacher and Klett, 2010;
Rosenfeld et al., 2012; Renno et al., 2013).
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2616 M. L. Krlger et al.: Assessment of cloud supersaturation

Upon cloud formation, the decrease of temperature inmeasured cloud droplet number concentration (CDNC). The
an ascending air parcel resulting from the expansion of airsupersaturation at which the CDNC was equal to the CCN
with decreasing pressure (adiabatic cooling) or the decreaseoncentration of the cloud residuals was assumed to be the
of temperature in an air parcel moving horizontally over a cloud supersaturation.
colder surface or air mass (isobaric cooling) induces wa- Most likely the particles of a cloud are processed through
ter vapor supersaturation (Pruppacher and Klett, 2010). Al number of nonprecipitating cloud cycles (typically on the
the point where the increase of supersaturation by coolingorder of 10 or more; Hoppel et al., 1996). Thus, different
is compensated by the condensational sink of water vaporparticles may have been exposed to different peak supersat-
the supersaturation reaches a maximum or peak value. Folirations, at which they were activated into cloud droplets.
lowing Hammer et al. (2014) we use the expression “peak”For that reason the activation of aerosol particles in the cloud
rather than “maximum” supersaturation. Particles with a crit-cannot be described or reproduced with the activation at one
ical supersaturation equal to or lower than the peak supersasingle supersaturation level.
uration are activated and grow into cloud droplets. The peak In this study we derive and compare different estimates
supersaturation is a major determinant for the cloud droplefor an effective average valu§g,g) and the lower and upper
number and the regime of CCN activation (aerosol- vs. up-bounds §jow, Shigh) Of the peak supersaturation encountered
draft limited; Reutter et al., 2009; Rosenfeld et al., 2012).by the particles in a cloud. Estimates &f,4 (Sects. 3.2.1
Due to inhomogeneities of the atmospheric aerosol load an@nd 3.2.2),Siow (Sect. 3.2.3), andhigh (Sect. 3.2.4) based
air flow pattern (turbulence, entrainment), the peak supersaten aerosol size distribution data require specific assump-
urations of different air parcels in a cloud can be temporallytions or measurements of aerosol hygroscopicity; these are
and spatially heterogeneous. not required for the derivation dfiow (Sect. 3.1.1) andayg

Techniques for the direct measurement of cloud supersattSect. 3.1.2) from size-resolved CCN efficiency spectra.
uration are not available. Thus, indirect methods have been
developed to estimate the value of water vapor supersatura-
tion in a cloud, which determines the fraction of particles that2 Experimental methods and data analysis
are activated and form cloud droplets. )

An early approach to deduce the cloud supersaturation waé-1 Measurement site

presented by Hoppel et al. (1996). They commonly Observe.%leasurements were performed during the ACRIDICON-

a double-peaked structure of the aerosol size distribution |r2 . :

. S . Zugspitze campaign (17 September to 4 October 2012) at
h I hich It of . R
the marine boundary layer, which is a result o processmgthe research station Schneefernerhaus, a mountain site in

aerosol through nonprecipitating cloud cycles. The author )
suggest that the mode that peaks at 20 to 80 nm consists ft)?e German Alps (47'432\]’. 1097 E 2650 m a.s.l.www._
chneefernerhaus)d& he aim of this campaign was the in-

articles that are too small to be activated during the clou L o . .
P g vestigation of liquid water clouds. For the analysis in this

processing, and the mode that peaks at 160 to 400nm rQp_aper we chose one exemplary cloud event, which occurred

resents the residue of evaporated cloud droplets that hav@
been enlarged mainly as a result of liquid-phase conversior?" 19 September 2012.
of soluble trace gases to nonvolatile compounds. Therefor% 2

they could relate the diameter at which the minimum occurs

(the so-called Hoppel minimum) to the supersaturation of the\y,e ysed an inlet that segregated hydrometeors by means of
cloud, assuming the particles to consist of a mixture of am-g cyclone with a 2.5 pm cut-off (PM). During out-of-cloud
monium sulfate and SU”UfiC acid. _ conditions the inlet samples all aerosol particles with diame-
Another method to derive the supersaturation of a_cloudter< 2.5 um (total aerosol). During in-cloud conditions par-
was used by, for example, Hammer et al. (2014), Ditas €tjcjes that have been activated to cloud droplets are removed
al. (2012), Asmi et al. (2012), and Anttila et al. (2009). In pecause they are larger than the inlet cut-off diameter (Mertes

these studies the fraction of activated particles in a cloud wagy a|., 2005). Therefore the sampled aerosol can be regarded
deduced from the comparison of the number size distributionys interstitial.

of interstitial particles (i.e., particles not taken up into cloud

droplets) and total aerosol particles (i.e., cloud residuals plu®.3  Liquid water content (LWC)

interstitial particles). Through Kéhler theory and with the as-

sumption of an average particle hygroscopicity, the diametefTo distinguish between in-cloud and out-of-cloud conditions,

at which 50% of all particles activated was related to thewe utilized measurements of the liquid water content (LWC),

particles’ critical supersaturation, which was then regardedwhich were performed by a particle volume monitor (Gerber,

as the supersaturation at which ambient clouds had formed.1991). As suggested also by Henning et al. (2002) we de-
In a recent study, Russell et al. (2013) measured the CCNined a period of CCN measurements as in cloud when the

activation of cloud residuals, which were sampled behind aLWC was > 0.02 g nm2 for 85 % of the time and as out of

counterflow virtual impactor (CVI) and compared it to the cloud when the LWC was: 0.02 g nt 2 for 85 % of the time.

Inlet system
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L S=0.25% 1 1 Combining the CCNC described above with a differen-
— e r tial mobility analyzer (DMA) and a condensation particle
O _out-of-cloud - counter (CPC), size-resolved CCN efficiency spectra at a
given Spresc Were measured as follows (Frank et al., 2006):
first, aerosol particles were brought to charge equilibrium
with an X-ray source (TSI 3087). Then the DMA selected
L monodisperse particles of 10 different diameters in the size
00T 1800 o0 000 o500 range of 23 to 321 nm, which were passed on to the CCNC
19.09.2012 20.09.2012 and the CPC (TSI 3762) measuring in parallel. At each diam-
Time [UTC] eter (D), the CPC measured the number concentration of all
Figure 1. Time series of the liquid water content (LWC) measured 8€rosol particles\cn), and the CCNC measured the number
by a particle volume monitor permitting distinction between in- concentration of CCNXccn) for the given supersaturation.
cloud and out-of-cloud conditions. The time period for in-cloud The CCN efficiency spectrum is the size-resolved fraction of
conditions, during which the cloud supersaturation was investi-all activated particles as a function §fresc The recording of
gated, is marked in red (19 September 2012, 15:26-17:17 UTC)a CCN efficiency spectrum at a giveSgresctook ~ 23 min,
The red vertical line indicates the time when the CCN scan atinc|uding,\,908 integration time for each measurement data
S =0.25% was finished. Out-of-cloud conditions are marked in point, ~ 30 s adjustment time for each new particle size, and

glkjﬂi;slnmvl?rg:j t(hleg fgz;)ferpnagletr'rgglgeri‘;qs‘(’)vaf;gg%;%;‘?& tsheecN 4 min for adjustment to the next supersaturation level. The
ond larger period (20 September 2012, 02:54-04:47 UTC) was useao_mpletlon ofaful measurement cycle comprising CCN ef-
for the CCN method, because a longer time interval without cloud iciency spectra at five different supersaturation levels took

was needed to get a full CCN spectrum. ~ 2 h (including additional 5 min of adjustment time between
the highest and the loweS§esclevel).

The measurement data of the CCN efficiency spectra were
For the analysis in this paper we chose one exemplary clougorrected for differences in the CCNC and CPC counting ef-
event, which occurred on 19 September 2012. During thigficiencies as described in Rose et al. (2010), using a constant
event the LWC was on average 0.073gdmFigure 1 shows  correction factor of 1.03. Moreover, a correction for multi-
the time series of the LWC for a certain time before, during, ply charged particles was performed according to Frank et
and after the analyzed cloud event with in-cloud and out-of-al. (2006).

0.5+

0.4

0.3

LWC [gm™]

0.2

0.1

cloud conditions highlighted. The supersaturation in the CCNC was calibrated using am-
monium sulfate particles before, during, and after the cam-
2.4 Size-resolved CCN measurements paign. We used the calibration method described in Rose

) ~etal. (2008), applying the activity parameterization Kohler
The number concentration of CCN was measured using &nodel AP3 to derive the corresponding critical supersatura-
continuous-flow streamwise thermal gradient CCN countertion from the critical dry diameter of CCN activation of the
(CCNC), commercially available from Droplet Measurement gmmonjum sulfate particles.

Technologies Inc. (DMT, CCN-100). The operation principle 1o relate the activation of aerosol particles in the CCNC
of the CCNC is based on the fact that diffusion of heatin airisto the activation at ambient conditions, the supersaturation
slower than diffusion of water vapor. This allows for the gen- |evels prescribed in the CCNC at a sample temperature of
eration of a supersaturated area inside a flow tube by comgpproximately 298 K Spreso Were scaled to an equivalent
bining a temperature gradient with water vapor from a con-gypersaturation at an average ambient air temperature dur-

tinuously wetted porous inner surface (Roberts and Nenes,ng the cloud event of 273K (Sccne) as described in Ap-
2005). The inlet flow rate of the CCNC was 0.5Lmi  pendix C.

with a sheath-to-aerosol flow ratio of 10. The water pump

was operated at a rate of 4mth corresponding to the 25 Error analysis

CCNC setting of “low” liquid flow. By changing the tem-

perature gradient, the supersaturation of the CCNC was sgbyring a cloud event the number concentration measured for

to different values between 0.06 and 0.60 %. Particles witharge monodisperse interstitial aerosol particles is generally

a critical supersaturation equal to or smaller than the prevery jow. Therefore the possible sources of errors are par-

scribed supersaturatiorsifeso Were activated and formed tjcylarly important. One potential source of systematic er-

water droplets. An optical particle counter (OPC) at the exXityors js false counts of the instruments. However, during fre-

of the flow tube determined the concentration of dropletsquently performed zero filter tests, our instruments showed

larger than 1um, which were considered to be activatechg false counts, so the systematic error initiated from false

CCN. counts could be neglected. The random error of the particle
concentration measured by the CCNENccn) and by the
CPC (ANcn), as well as the random error of the activated
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fraction (A (Ncen/Nen)) were derived through Gaussian er- 3025A, and a neutralizer 3087 — operating with standard TSI

ror propagation. software) was operated to measure the aerosol particle num-
Hence, the error of the activated fraction is given by ber (CN) size distribution over the size range of 16 to 600 nm
(26 logarithmically equidistant size bins). Integral CN con-
2 2 centrations,Ncn.int, were calculated by integrating the CN
N AN, N AN . L LT
( NCCN> - ( NCCN> ( CCNz CN) , (1)  size distributions.
CN CN Nén CCN size distributions were calculated by multiplying the

best-fit cumulative Gaussian distribution function (cf. Rose et
al., 2008) of CCN efficiency spectra with the respective total
aerosol size distributions, which were interpolated on a grid
f 250 size steps (Rose et al., 2010). Integral CCN concentra-
tions, Ncen,int, Were calculated by integrating the CCN size
distributions. Integral CCN efficienciesVEcn,int/ NcN,int)
were calculated as the ratio of integral CCN concentration
at a certainSccnc to integral CN concentration.

A list of frequently used symbols is given in Table Al at

Ac \? c-AQ 2 c-Ar\? the end of the manuscript
AN = . 2 Pt
N \/<Q~t> +< 0% ) +<Q-t2) )

Note that for the volumetric flow rate in the CCNC we . .
. 3 Results and discussion
had to insert the value for the measured actual aerosol flow
(~0.045 L mirr1) through the flow tube. This is only/11
of the CCNC inlet flow since the inlet flow is split into a fil-

tered sheath and an aerosol flow with a ratio of 10. For the

measurement timewe used the integration time foéfccn 311 Lower bound of peak supersaturation based on
and Ncn at a givenD and Scene (~90s). The error of CCN efficiency spectra,Siow (CCNC)
the flow rate A Q) was the standard deviation of the mean '

aerosol flow rate (of the CCNC or CPC) during timeand  Eigyre 2 shows the size-resolved CCN efficiency spectra
the error of the time ) we assumed to be 1s. measured at five different supersaturation levatgfc) for

The error of the measured particle numbenge assumed  jnterstitial aerosol particles in cloud (red data points) and for
to be the standard counting error ofplus 1 because one 4ia] aerosol particles out of cloud (grey lines).

particle is the smallest countable value of the CCNC and the ot of cloud. the measured CCN efficiencia&n/Nen)

CPC: exhibited the expected S-shaped increase from 0 for small
particles to about 1 for large particles. The midpoint acti-
vation diameter D5, at Nccn/Nen = 0.5) can be regarded

The analysis showed that the error of the interstitial CCN@S the average critical diameter of CCN activation at the
to CN ratio (Necn/Nen) measured during a cloud event 9iVen supersaturation. As expectddl exhibited a gradual

was rather large. The reason was the very small aerosol flofl€créase with increasireenc, i-€., the threshold diameter

through the CCNC 0.045 L mirr2), which required rela- for the CCN activation of aerosol particles is lower for higher

tively long integration times. supersaturation. . ) .
During out-of-cloud conditions we have not encountered " cloud, the CCN efficiency spectra of the interstitial

problems with counting statistics since the particle concen-2€rosol observed at medium to high supersaturanor;s were

trations per size bin were at least 1 order of magnitude highefiMilar to those observed out of clouddenc = 0.25%,

than during in-cloud conditions. We conclude that, in future F19- 2¢€). At low supersaturations, however, they looked

studies measuring the size-resolved CCN fraction of inter-very different, and the CCN efficiency of the intersitial
stitial particles in a cloud, it is necessary to increase the ac2€r0sol particles remained close to zero throughout the in-

tual measured number of particles either by measuring over ¥€stigated diameter rangédenc = 0.07 and 0.13 %, Fig. 2a

longer time interval or by increasing the aerosol flow throughand b). o )
the CCNC. From this difference we derive a lower bound for the

peak supersaturation at which particles have been acti-
2.6 Calculation of CCN size distribution and integral ~ vated to cloud dropletsSiw). We take Sjow(CCNC) to
CCN efficiency be the mean value between the highdstnc level at
which no significant activation of interstitial particles is
Parallel to the CCN measurements, a scanning mobility parobserved ({ccn/Ncn — statistical error)<0) and the
ticle sizer (SMPS, TSI 3080, using a DMA 3081, a CPC lowest Sccne level at which significant activation of

in which Nccn and Ny are the concentrations per size bin
measured during the integration interval by the CCNC and
the CPC, respectively. The number concentration of particle
is the number of measured particles divided by the sam-
ple volume:N = c/ (0 -1), whereQ is the volumetric flow
rate and is the integration time. From this, the errors of the
particle concentrations\Nccn and A Ncy) are given by

3.1 Derivation of cloud supersaturation from CCN
measurements (CCNC method)

Ac=+/c+ 1 3)

Atmos. Meas. Tech., 7, 26152629 2014 www.atmos-meas-tech.net/7/2615/2014/
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Figure 2. Size-resolved CCN efficiency spectra measured for diffefeginc. The red squares represent one example measurement dur-

ing the cloud event (19 September 2012, 15:26-17:17 UTC) and the error bars correspond to the individual statistical errors calculated
as described in Sect. 2.5. The grey shaded area represents the range of the measured dastgiticsl error for one example CCN
measurement performed during out-of-cloud conditions (20 September 2012, 02:54—04:47 UTC).

interstitial particles is observed Nccn/Ncen — statistical
error)> 0). For the investigated cloud, we thus obtained
Siow(CCNC)=0.19+0.06 % (arithmetic meatt standard

S

deviation). Particles exhibiting critical supersaturations _ %5 T—— Ifll 'd T - L 010 —
smaller than or equal tSjo (CCNC) had formed cloud é 0.4_ //% ' 82
droplets and were therefore not sampled by the interstitial 2 - 0.08 =
inlet. Hence, we did not measure activated particles in the< 037 L 0.06 2
CCNC as long asScene < Siow (CCNC). Interstitial parti- Z 0.2 ¢ g
cles could be activated in the CCNC onlh\Sigcnc exceeded ZE - 0.04 =
Siow (CCNC). z 0.1 l -0.02 &

Figure 3 displays integral CCN efficiencies gj YT | S =
(Ncen,int/ Nenjint) - plotted  against water vapor super- 0.05 01 05
saturation. It shows tha$j,w(CCNC) can be derived not Scene [%0]

only from size-resolved measurement data but also from o .
integral measurements of CCN and CN concentrations using'gure 3.Integral CCN efficiency measured for total aerosol during

a combination of CCNC and CPC without DMA. In fact out-of-cloud conditions (grey shaded area, range of measured data
even a stand-alone CCNC instrument and plovegn ingVs ' points+ statistical error) and for interstitial aerosol in one example

S Id suffice for the det inati ided measurement during in-cloud conditions (red data points; error bars
cene would suffice for the determination Sfow, provide correspond to the individual statistical errors) plotted as a function

that counting statistics are properly taken into account. They g .\~ The measurement times are the same as in Fig. 2. The
definition of Siow is the same as for the size-resolved CCN yertical green line and shaded area represent the arithmetic mean
measurementsSjow, (CCNC) is the mean value between and standard deviation range i, (CCNC). Since the activated
the highestSccnc level at which no significant activation  fraction is much lower for in-cloud condition®Vccnjnt is illus-

of interstitial particles is observed and the lowegicne trated on the right axis with a smaller scale.

level at which significant activation of interstitial particles is

observed.
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3.1.2 Average peak supersaturation based on CCN size . Dy DgDy. DL, o4,
distributions, Sayg (CCNC) 2500 == ‘
~0.8

The effective average peak supersaturatifngf, at which ~ “g 20007 T outoi-doud

y —+— in-cloud 06
\ —+— activated fraction

the activation curve at the CCNC represents the activationﬁ 1500
that happened in the cloud event, can best be derived by§

uonoel pareAnoe

~0.4
comparison of the CCN size distributions measured for total 2 0 | {/}}—H\R}\
aerosol at different supersaturation levels with the size dis- 500+ 4 \’x 02
tribution of aerosol particles actually activated in the cloud. o ] . > -
The number size distribution of activated particles in a cloud 10 RS T 2ot S T 00
is given by the difference between the size distributions of particle diameter [nm]

total and interstitial aerosol. In principle, the particle frac- _

. . . Lo igure 4. Average number size distribution of total aerosol particles
tion activated at a given supersaturation in the cloud shouli 9 9 b

Iso b tivated at ivalent turation | lin th grey crosses, out of cloud) and of interstitial aerosol particles (red
also be aclivated at an equivaient supersaturation level in rosses, in cloud). The error bars correspond to the individual statis-

CCNC instrument, taking into account the influence of dif- (ica) errors calculated as described in Sect. 2.5. The activated frac-
ferent ambient conditions (in particular the influence of tem-tion (blue crosses represent grey minus red, divided by grey; shaded
perature on the Kelvin effect as described in Appendix C).area is the range of the statistical error of the data points) is plotted
Consequently, the number size distribution of activated par-on the right axis. To assure comparability of the size distributions,
ticles in a cloud should be approximately equal to the CCNtheir averaging times were chosen to be unambiguous with respect
size distribution measured with the CCNC for total aerosolto LWC for in-cloud (mean LWG=0.089 g %) and out-of-cloud

at a supersaturation level equivalent to the effective averaggonditions (mean LWE-0.016 gn13) within a short time inter-
peak supersaturation in the cloud. val (in cloud: 19 September 2012, 15:26-16:25 UTC; out of cloud:

In this study we had no opportunity to measure total 19 September 2012, 17:30-18:00 UTC). The vertical lines indicate

. . 2. . the diameters of zero activatio®g), 50 % activation , Hop-
aerosol properties under in-cloud conditions. For the inves- 0 0 bso0), Hop

. . el minimum , and full activation Ds).
tigated cloud event, however, the in-cloud and out-of-cloudp br) o)
measurement periods immediately followed each other with-

out apparent changes in the regional atmospheric condiyhich is likely due to aging processes such as condensational
tions. Thus, we assumed the total aerosol properties meagrowth or coagulation, which are usually more pronounced

sured out of cloud to be approximately representative of thqor the Aitken mode than for the accumulation mode. On the

tota_l aerosol properties in clou_d. i o other hand, it may result from a locally higher supersatura-
Figure 4 shows aerosol particle size distributions measureg during the cloud eventSgign)

by SMPS during the investigated cloud event on 19 Septem- g shown in Fig. 5, the right-hand side of the size distri-
ber 2012. For the total aerosol out of cloud, we observed a biy tion of activated particlesX > 100 nm) is in good agree-

modal distribution with a minimum at 60 nm. The Aitken
and accumulation mode peaked~aB4 nm with a maximum
of ~ 2000 cnT3 (dN/dlogD) and at~ 124 nm with a maxi-
mum of~ 1000 cn13 (dN /dlog D), respectively. For the in-

ment with each of the displayed CCN size distributions. In
the diameter range of 34—120 nm, however, the CCN size dis-
tribution atSccne = 0.25 % is much lower, with an average

o : . _ relative deviation of the error bars of about 9.0 %. The CCN
ter.stltlal agrosol in gloud, the Aitken mogde was only slightly size distribution atScenc = 0.51% provides a fairly good
shifted with a maximum of- 2200 cm (dN/dlogD) at. match (average relative deviation 6.3 %), and the deviation at
~29nm, whereas the accumulation m'ode almost dlsap—SCCNC: 0.68 % is only slightly higher (average relative de-
peared because most of the larger particles had been actl;tion 6.8 %). Thus, we takBayg (CCNC)~ 0,51 0.06 %
vated into cloud droplets and could therefore not be sampledg 4, estimate for the effective average peak supersaturation

by the interstitial inlet. Figure 5 shows the size distribution of around which most particles had been activated and most
aerosol particles activated in the cloud in comparison to CCN4joud droplets had been formed.

size distributions afccne =0.25, 0.51 and 0.68 %. The size

distribution of aerosol particles activated in the cloud was3 2 perivation of cloud supersaturation from SMPS
calculated by subtraction of the interstitial aerosol size dis- measurements (SMPS method)

tribution measured in cloud from the total aerosol size distri-

bution measured out of cloud. The number size distribution3.2.1  Average peak supersaturation based on 50 %

of activated particles exhibited a large peak-dt24 nm with activation, Savg (Dso, k)

a maximum of~ 1000 cnt3 (dN /dlogD) and a shoulder at

~ 40 nm with~ 350 cn1 3 (dN /dlog D), whereby the shoul- A common approach to derive an effective average peak su-
der is mainly in the range of the error bars. On the one handpersaturation at which ambient clouds are formed is to com-
the shoulder may result from a slight shift of the CN size pare the particle number or CN size distributions of total
distribution between in-cloud and out-of-cloud conditions, and interstitial aerosol (e.g., Anttila et al., 2009; Asmi et
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L e Table 1. Different combinations of hygroscopicity parameters
1000 | [— acivated paricies B (ka, kcut, kmean kams) and activation threshold diameter®y(
— g0 I= S=051% | Dsp, DH,_ Do) used to dltlatermine the cloud peak supers_,atur_ations
e reported in Table 2 by Kéhler theory calculations as detailed in Ap-
= 600 L pendices A and B.
(2]
o
S 400 - D =191nm Dso=59nm Dy=60nm Do =38
2 = 50 = nm H= nm o= nm
200 - Ka 0.51 0.19 0.19 0.19
Keut 0.48 0.20 0.20 0.20
0 2 3 a4 56789 2 3 4 56789 Kkmean 03 0.3 0.3 0.3
10 100 1000 KAMS 0.45 0.45 0.45 0.45

Diameter [nm]

Figure 5. Average number size distribution of activated particles

in the cloud (green) and CCN size distributionsSatnc = 0.25, . .
0.51, and 0.68 % (magenta, blue, and cyan). The shaded areas regi“Irlng OUtI'Of']f:IOUd Cc_md't'oln&éut = |0-20)7 (E)0a3g|(;b§1| 6IW-
resent the range of the statistical error of the individual data points. ragec value for continental aeroso @fnean= 0.3 (Pringle
etal., 2010), and (Xams as derived from the aerosol chem-
ical composition £ams = 0.45). The large difference be-
tweenkams and ka Or kgyt can be attributed to a size de-
al., 2012; Ditas et al., 2012; Hammer et al., 2014). We alsopendence of particle hygroscopicity with an enhanced or-
used this method, which will be referred to as the “SMPSganic mass fraction for sub-100 nm particles, as observed in
method”, to calculatéayg from our aerosol size distribution earlier studies (e.g., Gunthe et al., 2009, 2011; Rose et al.,
measurement results. 2011). The parametenys reflects the mass-weighted aver-

In our study it was not possible to measure the particleage hygroscopicity of the total aerosol, which is dominated
size distribution of both interstitial and total aerosol inside by large accumulation-mode particles with an enhanced inor-
the investigated cloud. As outlined above, however, we haveganic fraction (typically around 300 nm). Depending on the
good reasons to assume that the total aerosol size distribuprescribea value, the effective average peak supersaturation
tion measured out of cloud was approximately representativelerived from the SMPS-based activation curSigg(Dso.),
of the total aerosol in cloud. A crucial point of the SMPS was calculated to be in the range of 0.44 to 0.68 % (arithmetic
method is that it builds on Kéhler theory calculations and re-meant standard deviation 0.580.10, Table 2). This range
quires an assumption on the hygroscopicity of the activateds in agreement with the estimate derived above from the
particles, which depends on their chemical composition. Ap-CCN measurement data without any assumption on particle
pendix B describes how the hygroscopicity parameatere- hygroscopicity:Sayg (CCNC)~ 0.514 0.06 % (Sect. 3.1.2).
lates the dry activation diameter of an aerosol particle to its
critical supersaturation, which is the minimum supersatura-3.2.2 Average peak supersaturation based on the
tion required to form a stable cloud droplet. Hoppel minimum, Sayg (DHk)

Figure 4 shows the CN size distribution of interstitial
aerosol (red, in cloud) and total aerosol (grey, out of cloud).An earlier approach by Hoppel et al. (1996) derived the aver-
The activated fraction (blue) was calculated by dividing the age cloud peak supersaturation from the shape of the aerosol
number size distribution of activated particles (out of cloud size distributions typically observed in remote marine bound-
minus in cloud) by the CN size distribution of the total ary layer air. The authors proposed that the double-peaked
aerosol. The diameter at which the activated fraction reachedtructure of the aerosol size distribution is the result of parti-
a value of 50 %,D50 =59 nm, can be regarded as an effec- cle processing through nonprecipitating cloud cycles. Thus,
tive critical dry diameter of particle activation in the cloud. the diameter at which the minimum in a double-peaked parti-
By Kohler theory this diameter can be converted into a crit- cle number size distribution of total aerosol occurs (“Hoppel
ical supersaturation, which in turn can be regarded as an efminimum”) can be regarded as an average critical diameter
fective average peak supersaturation of the cloud (Hammeof particle activation related to the average cloud peak super-
etal., 2014). saturation.

As mentioned above, the Koéhler theory calculations re- As shown in Fig. 4, the total aerosol size distribution ob-
quire specific knowledge or assumptions about the hygroserved out of cloud exhibited a very pronounced double-
scopicity of the aerosol particles. Thus, we tested a ranggeak structure with a minimum &ty = 60 nm. As described
of relevant hygroscopicity parameteks @s specified in Ap-  above (Sect. 3.2.1) and in Appendix B, we performed Kohler
pendices A and B and Table 1: (&) as determined from theory calculations to also convelty into a critical super-
the measured CCN efficiency spectra during out-of-cloudsaturation that can be regarded as an effective average cloud
conditions k5 =0.19), (2)xcut @s determined from the ob- peak supersaturation, assuming appropriate hygroscopicity
served total CCN concentration and the CN size distributionparameter values (Table 1).
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Table 2. Lower bounds, average values, and upper bounds of cloud peak supersatufiigliorSdvg, Shigh) obtained by Kohler theory
calculations assuming different types of hygroscopicity parameigkdut, kmean kams) @s reported in Table 1 (SMPS method, Sect. 3.2).

The values displayed in the second-last line represent the arithmeticirstandard deviation of the preceding four lines (SMPS method
average). The supersaturation values displayed in the last line were obtained without assumptions about particle hygroscopicity (arithmetic
meant standard deviation; CCNC method, Sect. 3.1).

Slow (D = Df, k) Savg(D = Dsg, k) Savg(D = Dy, «) Shigh(D = Do, )

[%0] [%0] [%0] [%0]
S(D, k = ka) 0.07 0.68 0.65 1.31
S(D, k = keup) 0.07 0.66 0.63 1.28
S(D, k = kmean 0.09 0.54 0.52 1.05
S(D, k =KkpamS) 0.08 0.44 0.42 0.86
S (SMPS) 0.080.008 0.58£0.10 0.56£ 0.09 1.13:0.18
S (CCNC) 0.19+0.06 0.514+0.06 0.514 0.06 -

Depending on the prescribed value, the effective av- 3.2.4 Upper bound of peak supersaturation based on
erage peak supersaturation derived from the Hoppel min- zero activated fraction, Shigh (Do, k)
imum diameter,Sayg(DH, «), was calculated to be in the
range of 0.42 to 0.65 % (arithmetic mearstandard devia- To derive an upper bound of cloud peak supersaturation,
tion: 0.56+ 0.09 %; Table 2). This range is again in agree- Shigh, from the activated particle fraction based on aerosol
ment with the estimate derived from the CCN measuremensize distribution data, we determine an effective threshold
data avg(CCNC)~ 0.51+ 0.06 %, Sect. 3.1.2). diameter of zero activationJp). For Dy we take the mean
value between the largest diameter at which no significant
3.2.3 Lower bound of peak supersaturation based on activation is observed ((activated fraction — statistical er-
full activation, Siow( Ds, k) ror)<0) and the smallest diameter at which the activated

) fraction is significantly above zero ((activated fraction — sta-
To derive a lower bound of cloud peak supersaturatigfs,  tistical error)> 0). From Fig. 4 (blue data points) we ob-

from the activated particle fraction based on aerosol size distainedDo — 38nm. As described above and in Appendix B

tribution data, we determine an effective threshold diametex,o performed Kohler theory calculations to also convagt

of full activation (Dy). For Dr we take the mean value be- jnig 5 critical supersaturation that can be regarded as an upper
tween the largest diameter at which the activated fraction,oynd of cloud peak supersaturation, assuming relevant hy-
is significantly below unity ((actlvgted fraction statisti-  groscopicity parameter values (Table 1). Depending on the

cal error)< 1) and the smallest diameter at which practi- prescribedc values, Shigh(Do, ) was calculated to be be-

cally full activation is observed ((activated fraction sta-  teen 0.86 and 1.31% (arithmetic meastandard devia-
tistical error)> 1). From Fig. 4 (blue data points) we ob- {jon: 1.13+0.18 %: Table 2).

tainedDs = 191 nm. As described above and in Appendix B,
we performed Kohler theory calculations to also convet

into a critical supersaturation, which can be regarded as a
lower bound of cloud peak supersaturation, assuming rel-
;V; T)tnhtiger%srzgg:%ZJ\?;?&?ELV\V/?K f:i)(;l'vzt;lec ;Iz:.ull:;?s ; nd In this study we showed how size-resolved measurements of

to be between 0.07 and 0.09 % (arithmetic meaandard aerosol particles and CCN in cloud and out of cloud can be
deviation: 0 0&:'0 008 %: -Table 2). This range disagrees used to derive effective average values as well as lower and

with the estimate derived from the CCN approa upper bounds of cloud peak super;aturation. For the investi-
(CCNC)=0.19+ 0.06 %). A reason could be ?Eat tﬁb"éeﬁ_ gated cloud event, the different estimates of the average peak
nition of Siew from the SMPS method strongly depends on supersaturationSyg) obtalned_ from _C_CNC and SMPS mea-
uncertainties of the SMPS measurement. On the other hangUYrément data of total and interstitial aerosol particles are

the SMPS approach tells more about the cloud history an argely consistent with each other (Table 2). The main goal of

not about the actual supersaturation at the inlet, which is acE.hIS ftut?]y, hlowzver, IS to E)res,tgnt a;]haltertl:]atlve mt? thO(tjhtotes—
cessible by the CCNC method. Therefore, the discrepancygla.e def C;” supersat uration. i us, the nllljm ers at we
can be traced back to the fact that SMPS and CCNC meth_ > -2N€d 10f3cloud are Not hecessanly generally representa-

; : : e values.
ods measure the supersaturation reached in the air parcel g\{ .
different times in its history. The lower bound of cloud peak supersaturati§ig,f) cal-

culated by the CCNC method is significantly higher than
the Siow calculated by the SMPS method. The following two

Conclusions and outlook
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effects may explain this discrepancy: (i) SMPS data analysis 1. Parallel operation of total and interstitial aerosol inlets
requires integration over a certain time period to reduce un-  and SMPS measurements will make the determination
certainties. This has an influence on the error, which is partic- of the fraction of aerosol particles activated in cloud
ularly important for theSjow estimation. (ii) All supersatura- more reliable.

tion estimates based on the SMPS method reflect the full his-
tory of supersaturation experienced by the aerosol particles 2.
during cloud evolution. Thus, particles that have been acti-
vated once into cloud droplets will be counted, independent

of the time when the activation actually occurred. In contrast,
the CCNC method, in which particle activation takes place
during the measurements, provides in situ measurements of
the actual supersaturation in the probed cloud air parcel.

The uncertainties of the estimates of cloud peak supersat- 3 |ncreasing the aerosol-to-sheath flow ratio and/or the in-

uration presented here are mostly due to limitations in the tegration times of the CCNC and SMPS will help to im-
time resolution and counting statistics of the measurement prove the counting statistics.

devices used (CCNC, CPC, SMPS). Estimates derived from

SMPS data onIy are also influenced by uncertainties in thQ/\/e suggest that Comprehensive measurements of the tempo-

determination or assumption of aerosol hygroscopicity pa-ral and spatial variability of cloud peak supersaturation (av-

rameters. erage values as well as upper and lower bounds) may pro-
In future studies, some uncertainties can and should be reyide deeper insights into the evolution of clouds, including

duced by optimizing the applied instrumentation and mea-the interaction of aerosol and cloud particles, water vapor,

surement procedures. Specific avenues for improvement argnd dynamical features like turbulence and entrainment.
as follows:

Parallel operation of multiple CCNCs at different super-
saturation levels and/or faster scanning of supersatura-
tion in the CCNC by varying the flow rate rather than
the temperature gradient (Moore and Nenes, 2009) will
increase the number of supersaturation levels that can
be monitored and hence will increase the precision of
the derived cloud peak supersaturations.
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Appendix A: calculation of ¥ from AMS measurements To describe the influence of chemical composition

on the CCN activity of aerosol particles, Petters and
During the ACRIDICON-Zugspitze campaign the chemi- Kreidenweis (2007) proposed to use the hygroscopicity pa-
cal composition of submicron aerosol particles was mearameterx. The hygroscopicity parametekays) was ap-

sured with a C-ToF-AMS (compact time-of-flight aerosol proximated from the AMS obtained mass fraction by a sim-
mass spectrometer; Drewnick et al., 2005; Canagaratna gile mixing rule as follows:

al.,, 2007). The C-ToF-AMS quantitatively determines the

mass concentration of nonrefractory species like organicsgams = forg - kKorg+ finorg - Kinorg, (A1)
sulfate, nitrate, ammonium, and chloride. For the analysis

of the cloud event investigated in this study, the AMS massin Which korg and «inorg are the hygroscopicity parame-
concentrations were averaged over the time period of outers for pure organic and inorganic substanoesy & 0.1
of-cloud conditions (19 September 2013, 19:56—20:43 UTC).and «inorg = 0.6) (Gunthe et al., 2009; Dusek et al., 2010;
The organic (org) and inorganic mass fractiongiforg) were ~ Rose et al., 2011). For the average AMS-derived hygro-
calculated by dividing the organic and inorganic (sum of sul- Scopicity parameter we obtainegvs = 0.45. This value
fate, nitrate, ammonium, and chloride) mass concentrationgeflects the mass-weighted average hygroscopicity of the

by the sum of the masses of all AMS measured componentdotal aerosol, which is dominated by large accumulation-
respectively. mode particles with an enhanced inorganic fraction (typically

around 300 nm).

Table Al. Notation (frequently used symbols).

Symbol Quantity, unit

Ncen monodisperse number concentration of cloud condensation nuclei (CCN?, cm
NcN monodisperse number concentration of condensation nuclei (CN) cm
Ncen/Nen CCN efficiency (size resolved)

NceN,int integral CCN concentration, cnt

NcN,int integral CN concentration, cne

Ncen,int/ Neen,int  integral CCN efficiency

Spresc water vapor supersaturation prescribed in the CCNC operated at room tempera29&K), %
Scene water vapor supersaturation in the CCNC scaled to cloud temperat@g3 K), %
Siow lower bound of cloud peak supersaturation, %

Savg average value of cloud peak supersaturation, %

Shigh upper bound of cloud peak supersaturation, %

Dg diameter of zero activation observed in the cloud, nm

Dsg diameter of 50 % activation observed in the cloud, nm

Dy diameter of the Hoppel minimum, nm

Dx diameter of full activation observed in the cloud, nm

Da midpoint activation diameter of CCN efficiency spectraNaicn/Ncn = 0.5), nm
Dcut cut-off diameter of CCN activation, nm

K effective hygroscopicity parameter

Ka hygroscopicity parameter derived froby via Kéhler theory

Keut hygroscopicity parameter derived frobyyt via Kéhler theory

Kmean mean hygroscopicity parameter for continental aerogabén=0.3)

KAMS hygroscopicity parameter derived from AMS data ;s = 0.45)
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Appendix B: calculation of ¥ from CCN measurements 1.2
and Kohler theory

1.0

tion [%0]

The Kdhler theory relates the dry diameter of an aerosol pars
ticle to its critical water vapor supersaturation, i.e., to the 2

minimum supersaturation that is required to form a stable$
cloud droplet (Kéhler, 1936). The following-Kohler equa- 3
tion (equivalent to Eq. (6) of Petters and Kreidenweis, 2007)g
enables calculation of the critical supersaturatigy} for a b=
given pair of dry particle diameter®}, and hygroscopicity °
parametersy, or thex parameter for a given pair of critical 60 80 100 120 140 160 180 200
supersaturations and activation diameters: particle diameter [nm]
D3 _p3 4o My Figure C1. Critical supersaturation as a function of dry particle di-
S = <D3 tiveltﬁ(l— o exp(R T om Dwet> - 1) -1009% (B1) ameter calculated from Kéhler theory (Appendix B) using different
we

hygroscopicity parameters and temperatures as input parameters.
where Dyet IS the diameter of the droplet; is the sur-
face tension of the droplet (approximated by that of water,

o =0.072Jm?), My is the molar mass of wateMy =  obtained for the different combinations Sfresc and Deyt
0.018015kgmoth), R is the universal gas constank & (highest values for lovSpres i-€., largeDey). The parameter
8.315JKmol™1), and py, is the density of waterdy = . characterizes the average hygroscopicity of CCN-active
997.1kgnr3). particles in the size range aroul,. Differences between

In this study, two approaches were tested to deri®m . and, mainly result from the shape of the particle num-
the CCN measurement results. Firstly, the hygroscopicity paper size distribution and from the heterogeneity of the parti-
rameterc was determined from Eq. (B1) by inserting the cle composition, and have been discussed in detail by Rose
activation diameteD, (Sect. 3.1.1) derived from the CCN et al. (2010). For the calculations performed in this study,
efficiency spectra measured out of cloud (Fig. 1) foand we assumedcy; = 0.48 for D ~ 190 nm andccyt = 0.20 for
varying bothk and the droplet diametedyet until Swas at ~ p < 60 nm (Table 1).
the same time equal to the prescribed supersaturafi@s. In Sect. 3.2 of this paper, the critical supersaturatiy;{
and to the maximum of Eq. (B1) (cf. Rose et al., 2010). Theas calculated from different pairs of observed dry activa-
temperature]’, used in Eq. (B1) was set to the value at which tion diameters and prescribedvalues was related to the
the particles were activated in the CCN 298 K). cloud supersaturation. It was determined from Eq. (B1) by

Arange ofika values between 0.14 and 0.59 were Obtainedinserting the above-mentionedvalues ka, Keut, KAMS, and
for the different combinations dfprescand Da (highest val- . ...=0.3) and varying boths and the droplet diameter
ues for lowSpreso 1.€., largeDa). The parametera charac-  p,,o until D was at the same time equal to the observed ac-
terizes the average hygroscopicity of CCN-active particlestivation diameter and to the maximum of Eq. (B1). The tem-
in the size range arounB,. Thus, for the calculations per- peraturel” used in Eq. (B1) had to be set to the value at which
formed in this study we assumed=0.51 forD ~190nm  the cloud was formed in the ambient air. It was assumed to

andia =0.19 forD < 60 nm (Table 1). be~ 273 K, which was the average ambient air temperature
Alternatively, the activation diameter and corresponding during the cloud event.

hygroscopicity parameter were derived from the integral

CCN concentration and the CN size distribution out of cloud

(cf. Sect. 2.6). The apparent cut-off diameter of CCN acti-

vation (Dcyy) is the diameter above which the integral CN Appendix C: temperature scaling of supersaturation

number concentration equals the observed integral CCN con-

centration Vcen,ind. This is equivalent to the activation di- Due to the temperature dependence of the Kelvin effect, the

ameter obtained typically from integral CCN measurementscritical supersaturationSgit) for the CCN activation of an

(without size resolution), which was also used, for example,aerosol particle depends not only on its size and composition

by Hammer et al. (2014). but also on the temperature at which the activation occurs.
The hygroscopicity parameteg,; was determined from  Thus, the supersaturation level at which a particle is activated

Eq. (B1) by inserting the activation diameteg,: for D and  at ambient temperature in a cloud is not necessarily the same

varying bothx and the droplet diametebye until S was at  as the supersaturation level at which the patrticle is activated

the same time equal to the prescribed supersaturdfies.  at the instrument temperature in a CCNC.

and to the maximum of Eq. (B1). The temperatiirased in To compensate for this effect, the supersaturation lev-

Eq. (B1) was set to 298 K. For the measurement period ofels prescribed in the CCNC at a sample temperature of

our study, a range oyt values between 0.19 and 0.54 were approximately 298 K §pres9 Were scaled to an equivalent
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supersaturation at an average ambient air temperature during
the cloud event of- 273K (Sceno)-

For this purpose we performed Kohler theory calculations
of Sqit as a function of dry particle diameter for different
hygroscopicity parameter values and temperatures (Fig. C1).
For a given particle diameter, the relative differencégf at
273 vs. 298 K was-14 %, independent of the other variables
(§ =0.06-0.7 %; D =50-200 nm,x =0.1-0.6). Thus, we
multiplied the supersaturation levels prescribed in the CCNC
at ~ 298K (Spresc= 0.06, 0.11, 0.22, 0.45, and 0.60 %) by
a factor of 1.14 to obtain the equivalent supersaturation lev-
els for CCN activation in a cloud at 273 K (Sccne = 0.07,
0.13, 0.25, 0.51, and 0.68%), which were used for the
derivation of the cloud peak supersaturation as specified in
Sect. 3.1.

Atmos. Meas. Tech., 7, 26152629 2014
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