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Abstract. We present an aerosol — cloud condensation nucleber concentration with the observed one was achieved when
(CCN) closure study on summer high Arctic aerosol basedhe organic fraction of the aerosol was treated as nearly wa-
on measurements that were carried out in 2008 during theer insoluble £org = 0.02), leading to a mean total, «tot,
Arctic Summer Cloud Ocean Study (ASCOS) on board theof 0.33+0.13. However, several settings led to closure and
Swedish ice breake®den The data presented here were kog= 0.2 is found to be an upper limit at 0.1 % supersat-
collected during a three-week time period in the pack iceuration. «org < 0.2 leads to aot range of 033+ 013 to
(> 85° N) when the icebreakeddenwas moored to an ice 0.50+0.11. Thus, the organic material ranges from being
floe and drifted passively during the most biological active sparingly soluble to effectively insoluble. These results sug-
period into autumn freeze up conditions. gest that an increase in organic mass fraction in particles of
CCN number concentrations were obtained using twoa certain size would lead to a suppression of the Arctic CCN
CCN counters measuring at different supersaturations. Thactivity.
directly measured CCN number concentration was then com-
pared with a CCN number concentration calculated using
both bulk aerosol mass composition data from an aerosol |ntroduction
mass spectrometer (AMS) and aerosol number size distri-
butions obtained from a differential mobility particle sizer, Aerosol particles in the atmosphere can influence climate in
assuminge-Kohler theory, surface tension of water and an several ways. Firstly, they can directly scatter and absorb
internally mixed aerosol. The last assumption was supportegadiation (direct aerosol effect). Secondly, they can act as
by measurements made with a hygroscopic tandem differencloud condensation nuclei (CCN) or ice nuclei and change
tial mobility analyzer (HTDMA) for particles- 70 nm. the properties of clouds, which is called the indirect aerosol
For the two highest measured supersaturations, 0.73 anelffect (see e.g.ohmann and Feichte2005. Both effects
0.41 %, closure could not be achieved with the investigatedare a matter of current research, as aerosol-cloud interaction
settings concerning hygroscopicity and density. The calcuprocesses are generally not well understood, and the impact
lated CCN number concentration was always higher than thef the various aerosol effects on climate and climate change
measured one for those two supersaturations. This might bis still unknown Denman et a.2007).
caused by a relative larger insoluble organic mass fraction of Clouds themselves play a key role in our understanding of
the smaller particles that activate at these supersaturationshe climate system. This is also true for Arctic low level
which are thus less good CCN than the larger particles. Ortlouds Valsh et al. 2002 Tjernstom et al, 2009. The
average, 36 % of the mass measured with the AMS was orhigh Arctic low-level clouds (north of 80N) have a pro-
ganic mass. At 0.20, 0.15 and 0.10 % supersaturation, clonounced influence on the surface energy budgetllar et al.
sure could be achieved with different combinations of hygro-2010, and thus on the melting and freezing of the perennial
scopic parameters and densities within the uncertainty rangeea ice Kay and Gettelman2009. During winter, model
of the fit. The best agreement of the calculated CCN num-experiments indicate that Arctic clouds are optically thicker
than elsewhere, predominantly because they tend to include
cloud liquid water at much lower temperatures than found
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clouds are optically thin with fewer but larger droplets, which ticles, but would have only a minor influence on the number
make them reflect shortwave radiation less effectively thanof CCN forming the low-level clouds. Instead the number of
clouds with numerous but smaller droplets (eTguomey, airborne microcolloids and their gels, called exopolymer se-
1977). cretions (EPS) or microgels, emitted from the surface micro-
There is also another difference between summer and winlayer of the open leads through bubble bursting mechanisms
ter clouds in the Arctic concerning particle sources. Thishas been put forward for consideration to mainly contribute
is caused by the geographical location of the Arctic, whichto the number of cloud drops over the pack ice area. How-
exposes it to an influx of polluted mid-latitude air during ever, the hygroscopic properties, the cloud nucleating ability
November to April, reinforced by photochemical oxidation of these high Arctic biogenic particles, and their source and
at polar sunrise. In winter to early spring Arctic aerosol con- sink strengths are still not well understood. However, it has
centrations may reach up to 20 times the pre-industrial levelsbeen shown that for marine particles, samples with marine
a phenomenon referred to as Arctic halBeiftzenberg and organic matter were less CCN active than pure ammonium
Leck, 1994 Shaw 1995 Korhonen et al.2008. In con-  sulfate particlesNloore et al, 2008. Furthermore, seawa-
trast to winter, summer conditions are much more pristine ter enriched with organic matter was found to be less CCN
typically resulting in low and relatively stable aerosol con- active than pure seawatdfuentes et al2017).
centrations of approximately 20—60 cfin the accumula- So far, CCN measurements over the high Arctic pack ice
tion mode Covert et al. 1996 Bigg et al 1996 Heintzen-  area in summer are few due to its remoteneBsgg and
berg et al. 2006 over the pack ice area north of 8d. It Leck (200)) report daily mean CCN number concentrations
is possible that long-range transport of pollutants are also @f 15 to 50 cnm? at 0.25 % supersaturation, with a variabil-
source then, but during the high Arctic summer: (1) it pre- ity over three orders of magnitude within a day, although
cipitates more, which lowers aerosol mass and number byoncentrations were usually lower than 100¢occasion-
scavenging, specifically at the marginal ice zohilgson ally less than 1 cm?® (e.g.Lannefors et a).1983 Bigg et al,
and Leck 2002 Heintzenberg et gl2000; (2) air masses 200% Leck et al, 2002 Mauritsen et al.2011). Mauritsen
tend to be transported from cleaner regiofS¢obl et al, et al. (2011 summarize frequency distributions of observed
2006; and (3) during a former campaign it was observed CCN number concentrations from four high Arctic expedi-
that Aitken mode concentrations are higher than accumulations (including the most recent data set collected during AS-
tion mode concentrations, which is opposite to winter-time COS (Arctic Summer Cloud Ocean Study) in the summer of
observationsHeintzenberg et gl2006. All of these find-  2008) measured at different supersaturations (ranging from
ings suggest that the major source of particles in summer i9.1 to 0.8 %). All four populations showed an overall consis-
different from that in winter. tent distribution with three quarters of the CCN number con-
Marine biology is proposed to be a source of Arctic sum- centrations being greater than 10THbut less than about
mertime CCN (see e.d.i and Barrie 1993 Heintzenberg 100 cnt23, medians typically in the range of 15 to 50t
and Leck 1994 Leck and Perssqri996 Quinn et al, 2002 Bigg and Leck(2001) performed a closure study by calcu-
Leck and Bigg 20053. This source is expected to be more lating a predicted CCN number concentration from size dis-
active in summer, as ice melts and more solar radiatiortribution data and assuming that the particles consist only of
reaches the ocean, which leads to increased biological aammonium sulfate. This gave them a good correlation with
tivity. Dimethyl sulphide (DMS), a gas produced by marine the measured CCN data, but an overprediction (more CCN
organisms, is thought to be a good precursor for CCNgfl-  were calculated than measured) of around 30 % was deter-
son et al, 1987. It mainly oxidizes photochemically to sul- mined. To investigate the role of chemistry in more detalil,
fur dioxide (SQ@), which reacts in the atmosphere and/or Zhou et al.(200) performed a closure study using addi-
within cloud droplets to form sulfuric acid ¢$0Oy). Gas-  tional hygroscopic growth information and an indirect mea-
phase HSOy is then the suggested precursor for aerosol nu-sure on chemistry, and assuming that the calculated CCN par-
cleation, but it also condenses on pre-existing particles. Al-ticles were composed of ammonium sulfate, a nearly insolu-
though the major source region of the aerosol precursor gasyle fraction and sodium chloride. These assumptions yielded
DMS, was confined to the biological open waters at the icea similar overprediction as found Bigg and Leck(2001),
edge, the at least 2—3 days residence time of DMS in air enand the reason remained unclear. Furthermbeek et al.
abled it to be advected over the pack ice area and suppo(R002 used direct measure of chemical composition, state
it with major CCN precursor-components through its photo- of mixture and morphology to discuss sources and methods
chemical oxidationl(eck and Perssqri996. Furthermore, of production of CCN. Measured CCN concentrations were
from research carried out during three ice-breaker expedion average less than would have been expected from either
tions in the summers of 1991, 1996 and 200&dk et al, a sulfate or a sea-salt composition and the observed particle-
1996 2001 2004 a new picture of aerosol properties with number size distribution. It was concluded that other compo-
implications for CCN activation has been suggesteelck nents, probably organics, depressed the nucleating ability of
and Bigg 2005h: DMS concentration would determine the the particles. However, on clear sky days, there were a ma-
mass of sulfate by producing material for growth of the par- jority of occasions on which CCN concentrations were more
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than predicted from a sulfate composition and the measuredf the container. All aerosol instruments used for this study
number size distribution. were located in the same container on the forth deck of the
In this paper, we present an aerosol-CCN closure study oship and sampled from the same Rj\hlet through the main
data taken during a campaign in the high Arctic on boardpipe that had an inner diameter of 9 cm and was pumped with
the Swedish ice breakédenin summer 2008. The study a total flow of approx. 1140 Imint. Only the CCN counter
focuses on a three-week period, where the ship was driftingneasuring at a constant supersaturation (see below) sampled
passively moored to an ice floe at a latitud@7° N, thus  from the PM inlet during selected time periods. The individ-
during the most biological active period into autumn freezeual particle instruments were served by two distribution lines
up conditions. Closure was tested by comparing measuredf 3/8inch stainless steel tubing that were branched off the
CCN number concentrations with CCN number concentra-main pipe. Aerosol samples were taken isokinetically from
tions calculated from combined mass spectrometer chemithe main flow using forward pointing inlets located in the
cal mass and particle number size distribution data, using center of the main pipe and connected to the two distribution
Kohler theory Petters and Kreidenwei2007). Conclusions  lines. For each of these inlets and distribution lines, a con-
can then be drawn on the assumptions made (e.g. concerstant volume flow was generated both from the instruments
ing the hygroscopicity of the particles and their components)and a variable back-up flow leading to a total of 16.7 I Tdin
based on the outcome of the closure. With the inlets facing forward and by positioning the ship
facing into the wind, local ship pollution could be avoided
) ) most of the time. Additionally, direct contamination from
2 Cruise details the ship was excluded by using a pollution controller. When
either sudden high particle number concentrations were de-
Yected by an ultrafine particle counter (UCPC; TSI model
3025; TSl Inc., MN, USA) located upstream of the flow splits
to the counters and/or the wind was outsifeé0° of the di-

The ASCOS campaign was carried out on the Swedish ic
breakerOden The cruise started on 2 August 2008 (Day of
Year (DoY) 215) in Longyearbyen, Svalbard. Figdrehows

the ship track of the cruise. First, the ship headed WeStwardFection of the bow and weaker than 2 msthe main pumps

into the Greenland Sea Fram Strait area where it stopped fo\;v : :
; ere turned off and pollution could not reach the sample in-
an open water station on 3 August (DoY 216). After that, |ets P P

the cruise was continued northwards through the margina The CCN counters were also connected to the main pipe

ice zone, where measurements were taken from 4 Augus; P .

ia one of the distribution lines. The connection had a length
(Doy'217) to 5 August .(DOY 2.1.8)' From ther@,denwgnt of 103 cm plus an additional 105cm of conductive tubing
north through the pack ice until it was docked on the ice roe(6 mm outer diameter) that was branched off the steel tube
ataround 87N on 12 August (DoY 225), 12:00. Then the using a tee. The minor flow split was shared by the two CCN

ts)hip grif\t(etzj 4Véithotg.e1(i)ce floehfor thrlef_twgeki)gg[ill\f FS ePteM- - unters and a Condensation Particle Counter (CPC). Each
er (Do ), 00:10, reaching a latitude o - rrom of the CCN counters had a sample flow of 0.5 minand

there,Odenreturned to Longyearbyen on 9 September (DoY the CPC had an additional flow of 0.9 mih The RH of
2.54)' On the way back, an additional marginal ice zone Stthe sample flow was assumed to be less than 40 % based on
tion (& Se'ptember (DoY 251) to 7 September) and an OP€Mhe residence time of the air inside the flow system and the
water station (7 September (DoY 252)) were conducted. I:Oliemperature difference between ambient and laboratory tem-

further cruise details sé@aatero et a(2009. The study pre- perature and on measurements made close to the inlet inside
sented here uses only data that were collected during the IC®\e container

drift period. Diffusional losses of particles inside the tubing section
from the isokinetic inlet of the distribution line to the CCNCs

3 Instrumentation were calculated to be in the range of 5% for a 30 nm diam-
eter particle. As diffusional losses decrease with increasing

3.1 Inlet system particle size, these losses were neglected and not corrected
for herein.

All four expeditions mentioned in the introduction used the Gravitational losses of particles 1um diameter have
same sampling manifold upstream of the aerosol measurebeen neglected in our considerations as particles of this size
ments. Leck et al.(200]) reported further details. In short, have been barely observed during the cruise. Gravitational
the inlet system consisted of two masts which were equippedettling of 1 um diameter particles would account for approx.
with a horizontally oriented commercial RMand PMg- 1% loss in a 99 bend section (assuming the flow conditions
inlet, respectively. The PMinlet mast was also used for the for the distribution-lines described above), and for less than
gas-phase sampling lines. The inlets were located approxt % in the straight tube sections from the isokinetic sampling
imately 25m above sea level as on previous cruises. Thenanifold to the CCN-tee. The flow system included fivé 90
air was drawn in via pipes of the two-masted inlet systembend sections.

that extended at an angle of4%® about 3 m above the roof
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Table 1. The different measured supersaturations throughout the study. For simplicity, the mean values from counter 1 are used in the
manuscript. All closure calculations were done using the respective mean supersaturation for each point in time.

Time Period SS1 [%] SS2 [%)] SS3 [%)] SS4 [%] SS [%]
Counter 1 07/08-10/08 .089+0.006 Q161+0.009 02334+0.013 05214+0.045 (09524+0.094
10/08-12/08 (®M824-0.006 Q12640.007 Q171+£0.009 Q34740026 06134-0.056
12/08-21/08 (1024+:0.007 Q146+0.008 Q189+0.010 03624+0.028 06224+-0.058
21/08-08/09 (@A06+0.007 Q158+0.009 02104+0.010 04164+0.034 Q725+0.069
mean values 0.10 0.15 0.20 0.41 0.73
Counter 2 04/08-15/08 .0704-0.010
15/08-08/09 (2194-0.009

3.2 CCN counters calibration value for the measur&s A detailed description

on calibrating the DMT CCNC can be found Rose et al.
The instrument used to measure the CCN number concen2008.
tration was a continuous-flow streamwise thermal gradient puring this study, two CCN counters were operated in par-
CCN counter (CCNC). It is built and distributed by Droplet ajlel. The first counter (counter 1) scanned five differ®st
Measurement Technologies (DMT, Boulder USA), and usedwith a measurement period of 30 min each. The settings of
by several research groups worldwide. Its working principle this counter were adjusted after each calibration, i.e. several
is described in full detail bjRoberts and Neng2003. times during the cruise. Thus, the supersaturations at which

The main part of the instrument is a cylindrical, upright CCN properties are presented herein varies for different time
standing column. An inside temperature gradient is estabperiods. Difficulties in calibrating the CCN counters were
lished, with the lowest temperature at the top. The wallsencountered on board the ship that led to a relatively large
of this column are wetted with water. Thus, heat and wa-uncertainty in the supersaturations of 6-10%. The difficul-
ter vapor are transported towards the center of the column byies were mainly due to problems with the particle generation
diffusion. As heat diffuses more slowly than water in air in system. Furthermore, the flow ratio of the sheath to the sam-
the temperature range used, a constant supersatur@ids ( ple flow was around 13:1 instead of the ideal 10:1 because
established in the center of the column. This supersaturatiodf problems caused by the flow measurement. The second
can be adjusted by changing the temperature gradient of theCN counter (counter 2) was set to a constant supersatura-
column. tion, which was slightly increased once for better compar-

Aerosol particles enter the instrument through an inlet atison with CCN data collected during three former expedi-
the top and pass through the column where they can activatgons. The values of the supersaturations of both counters are
and grow to droplet size. At the outlet of the column the ac-summarized in Tabl&. The two counters compare very well,
tivated particles are counted with an optical particle counteralthough their exact supersaturations differs. This is shown
(OPC) and collected in different size bins. All particles larger in more detail in Sect5. The instruments were deployed
than 1 pm in diameter are considered as cloud condensatioi parallel with a Condensation Particle Counter (CPC 3785,
nuclei. The CCNC undercounts particles, if they have notTS| Inc., MN, USA), which measured the total number of
grown larger than 1 pm by the time they reach the OPC. How-aerosol particles larger than 5 nm in diameter.
ever, in the study presented here, most particles were found
in size bins larger than 1 ym, and were thus counted correctl3.3 Aerosol mass spectrometer
as CCN.

The temperature determining the supersaturation of the inA unit-mass resolution time-of-flight (C-ToF) aerosol mass
strument was calibrated several times during the cruise fospectrometer (AMS, Aerodyne Research Incorporated, Bil-
both counters using monodisperse ammonium sulfate partilerica, USA) sampled ambient particles from 100 nm to
cles, which have a known activation curve. The particles ares00nm vacuum aerodynamic diameter with near 100 %
first size-selected using a differential mobility analyzer, andtransmission efficiency. The lower end of the vacuum aero-
then passed through the DMT CCNC. As the particle size in-dynamic diameters, 100 nm, converts to a geometric diame-
creases, the activated fraction increases. From a certain sizer of 67 nm when assuming that the particles have a density
onwards, all particles activate. The dry activation diameterof 1.5 g cni3. Particles were vaporized and ionized (70 eV)
(Dyq) is defined as the size at which 50 % of the particles ac-in a vacuum chamber and the resulting species were detected
tivate, and can be determined by fitting the activated fractionwith a time-of-flight mass spectrometer. The detected sig-
versus the dry particle size. The critical supersaturafign ~ nal was attributed to sulphate, nitrate, organics and methane
can then be calculated usingdKler theory. It is used as a sulphonate that was non-refractory at 1@orr and 873K, in
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tal issues, the integrated number concentration of the quality

M, 875 assured TDMPS system was finally used for the data and er-
ror analysis presented herein. The TDMPS measurements
87.4 a agreed well with parallel measurements with another DMPS
system and a UCPC which were performed during the cruise
85 87.3 in the same laboratory.
872 , 3.5 Hygroscopic tandem differential mobility analyzer

The hygroscopic properties at subsaturated conditions were
measured with a hygroscopic tandem differential mobility
analyzer (HTDMA) constructed at Lund University which
was specifically constructed for long term measurements, in
accordance with the design and operation criteria decided
within the EU FP6 Infrastructure Project EUSAAR. The
aerosol was charged with &PKr diffusion charger before it
entered the first DMA (DMAL), a Vienna type, 28 cm long,
which was housed in an insulated box at a well defined tem-
perature, typically 25C.

The RH upstream of DMAL1 was always lower than 30 %.
In DMAL1 a fixed voltage was applied, corresponding to a cer-
Fig. 1. The cruise route oDden enlarged is the time of the drift ~tain dry size, or more precisely to a certain electrical mobil-
with the ice floe. ity. Downstream of DMA1, the aerosol was monodisperse,

meaning that it had a mobility distribution corresponding to

) ) ) » _ the transfer function of DMA1. The flow ratio between the
order to determine the particle chemical composition. Thisgaros0l and the sheath flow was set to 1:10, to minimize
study makes use of the bulk aerosol chemical composition, o3 dening of the spectrum. After DMAL, the aerosol passed
which was averaged over a sampling time of Smin. Furtheny, ., ,qh GORE-TEX tubing, with temperature controlled wa-
details on the instrument's general operation can be foundg fiowing on the outside of the membrane in opposite direc-
in the literature Canagaratna et al2007 Drewnick et al. sy The water migration through the membrane was con-
2003 Jimenez et al.2003, and the specific details for this  4jied by the temperature of the water. After this condition-
study can be found iChang et al(2010. Although cas- g ynit, the aerosol sample flow was directed into a second
cade impactor measurements with 6-24 h time resolution ofyqsing, with a temperature of several degrees lower than
aerosol chemical composition resolved over size were alsqne first. Since the saturation vapor pressure of the water de-
available, the AMS data were chosen for this analysis due (Qaa5es with temperature, the RH increased before it entered
its relatively higher time resolution. the second DMA (DMA2). By using a closed loop for the
sheath and excess flow, the RH inside DMA2 asymptotically
approaches the RH of the aerosol entering the DMA.

To measure the particle number size distribution one large BY ensuring a well controlled temperature set at 16-
and one small Hauke-type differential mobility analyzer were 20°C (changed at a few occasions during the campaign), the
run in parallel (TDMPS) to cover the mobility size range 3— PMA2 RHwas kept at 90 % (accuraeyl.2 % RH). The res-
800nm in diameter. The small DMA was set to a Samp|e|dence t!me after the huml_dlfler was 1 secs, after vyh|ch the
to sheath air flow ratio of 2:20, the large DMA to a ratio of V0!tage in DMA2 was continuously scanned over sizes cor-
1:5, with a total flow rate of 31min'. Three mobility chan- responding to diameter growth factors of 0.85-2.5, to ensure

nels overlapped between the two DMAs to give a continuoudhat no particles were missed. The particles were detected
number size distributior&rmili et al., 1999. downstream DMA2 using a Condensation Particle Counter

The CPC on the same flow split as the CCN counters mealCPC) (TSI, USA). In this case the dry diameters selected
sured on average 20 % less than the TDMPS system, whelyéré 31, 50, 72, 108, 163 and 263 nm, with two scans of
integrating the TDMPS data from the cut-off of the CCNC- 300 S Per size (one up- and one down scan), making the time
CPC. One part of this difference can be explained by particld €Solution of the measurements roughly one hour. For more
losses due to diffusion as the CPC was located further dowtl€tails see alsbors et al(201]) andGysel et al(2009.
the line than the TDMPS. These losses accounted-f6%6
(calculated for 30 nm diameter particles), but cannot explain
the difference of 20%. As the cut-off of the CCNC-CPC
was not calibrated and the CPC also had some instrumen-

4

3.4 Twin differential mobility particle sizer
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3.6 Error analysis

The uncertainty of the CCNC measurements is mainly du D*-D3 « (40s/aMw) @

to the uncertainty of the set supersaturation, which was cal- D3 — D3(1_K) RTpwD
ibrated several times. These calibrations showed a uncer-
tainty of 5-10 % depending on the supersaturations (see TawhereDy is the volume equivalent diameter of the dry parti-
ble 1 for exact values). The calculated uncertainty of thecle. « depends on the water activity of the particle and the
TDMPS system was based on taking Poisson statistics fovolumes of the dry particle and of the aerosol. It ranges
the measured number concentrations. Uncertainties in thbetween 0 for insoluble particles, and valued for some
measured AMS mass at each mass-to-charge ratio were esgalts (1.28 for NaCl).« of a particle is defined as the sum
mated from the electronic noise and Poisson statistics for th@f the products of the values of all single solute compo-
ion signal. The uncertainty for each species was then detementsi in the particle and their corresponding volume frac-
mined by adding in quadrature the uncertainty in its compo-tionse; = %
nent mass-to-charge ratios.
In terms of intercomparison and the total CCN number
concentration there is also an error due to diffusion lossetot = Zéi'ci- (3)
in the inlet tubing of the instruments. The three instruments i
were located at cﬁfferent spots ?n the aero.sol cpntainer CoNy o  Estimation of CCN number concentrations/
nected to the main inlet using different tubing diameters and
lengths. Therefore, this error is size-dependent. It was de-
termined to bex5 % for 30 nm diameter particles from the To predict the number of CCN, firsto (Eq. 3) needs to be
main inlet to the CCN counters. The error decreases withcalculated. Thereforg, values and densities for the separate
increasing size, as diffusion losses become smaller. mass components measured by the AMS have to be assumed.
As organic and sulfate were the two most abundant con-
stituents measured by the AMS (on average 36 % and 52 %
of the total mass, respectively), only those two were consid-
4.1 Theory ered for this closure analysis. For each mass component one
« value and one density was chosen. As the AMS measures
Kohler theory describes the relationship between chemicathe bulk chemical composition, all particles are assumed to
composition, size and supersaturation present at the surfade internally mixed. The hygroscopic measurements from
of the droplet in thermodynamic equilibrium. The theory the HTDMA support the assumptions of an internal mixture
takes into consideration different fundamental properties ofover the size range investigated with a slightly decreasing
a particle, such as surface tension and density. Using thi§lygroscopicity with decreasing size. Furthermdtammer-
theory, the droplet size of a growing CCN particle can bemann et al(2010 showed in a study from the sub-Arctic
calculated at a certai@Sassuming thermodynamic equilib- region that their CCN predictions were not weakened by as-
rium with the environment of the droplet.dkler theory also ~ suming an internally mixed aerosol compared to an external
provides the critical supersaturatiaf;) that must be over- ~mixture.
come before a particle of a certain dry size can activate (e.g. Next, the supersaturation set in the CCNCs at a given time
Seinfeld and Pandid998. When keeping all other param- is taken as the critical supersaturati§it. With these two
eters constant, the larger the particle diameter is, the loweparameters, the &hler equation can be solved analytically

closure study

4 Analysis

critical supersaturation is required for activation. for the dry activation diameteDq.
The supersaturatiors§ can be written, depending on the ~ The number of predicted CCN, CGNg can now be cal-
water activityay, as follows: culated from the TDMPS size distribution data, assuming
that all particles with a diameter larger théxy act as CCN.
In an ideal case, i.e. if the assumptions concerning hygro-
40'.?/11MW .. . . .
SS=awexp RToD ) Q) scopicity, density and the internal mixture of the aerosol are
Pw

correct, CCNyeqshould be equal to the measured number of
whereo,, is the surface tension between the solution andCCN, CCNneas

air, pyw the density of water),y its molecular weightR the For eachSS the parametersgrg, Ksulf, porg With the ad-
universal gas constanf, the absolute temperatur®) the dition of an assumed insoluble fraction of the organic com-
diameter of the droplet at the supersaturati@anda, the pound (see Tabl@) were permuted for sensitivity tests and

activity of water. a more statistical approach. This led to a total set of 90 cal-
This formula can be reformulated using the hygroscopicity culations per supersaturation, thus 450 settings in total for

parametek, as defined byPetters and Kreidenwe{2007), counter 1. For each set, C@hly was calculated and the

leading to: slope of the fit of CClNreqVs. CCNneaswas determinedkorg
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Table 2. Table with the different parameter values for the performed 5 Results and discussion

closure studies. For a detailed listing of the different permutations, _. .
Figure2 shows the results of an closure calculation for CCN

see TableAl. . : ‘ -~
counter 1 (scanning through five supersaturations). This fig-
Parameter Unit investigated values ure is shown asan example to illustrate how closure was cal-
culated. Herein, we assumedgag value of 0.3, a density of
korg o'obléi'%*%s'g';‘ the organic compound @fg=19 cn 3, ksyif 0f 0.65, and a
Ksulf 5 S iole density ofpsyif=1.77 g cnT 3. No insoluble organic fraction
rorg . ~ lgem™] YR was assumed. For this setting, the calculated CCN number
insoluble organic fraction 0%, 20%

concentration is overpredicted (higher number concentration
than the measured one) for all five supersaturations, mostly
for the two highest supersaturations of 0.41 % and 0.73 %.

160} o In the whole study, fitting of CCPed VS CCNpeasWas
1400 . . : e done using a least trimmed squares (LTS) fit, introduced by
120 . U ’ Rousseeuw1984). This is a robust fitting method using a
% 100l v P AN least square method, which minimizes the number of h small-
& ol . T B = 010% S est residuals, where h is a subset of the total number of points
° ok - 0.20% SS n (here,h = 0.757) (for more details seRousseeuw and van
ol s > ’ Lo Driessen2006andMuhlbauer et a.2009. The LTS fit was
" 7o % g 2 considered data ch(_)sen as it gives more robus'_[ results_ as a simple linear fit.
N ald ‘ ‘ ‘ ‘ ‘ ‘ ‘ This method also identifies outliers, which are excluded from
E - the fit and thus cannot influence the slope of the fit. These

outliers can then be investigated and interpreted separately.

Fig. 2. Sample result of the closure study for permutationiaf= In the c;losure shown above, the slope a’,#dOf the LTS fit
0.3, ksuif = 0.65,00rg= 1 g cni-3, no insoluble organic fraction as- for 0.1% SSwas 1.29 and 0.98, respectively, and for 0.7 %

sumed). The closure is overpredicted for all five supersaturations. SSit was 1.51 and 0.99, respectively.
To constrain the best estimate for the four investigated pa-
rameters for all five supersaturations, permutation runs as
was varied assuming organic substances with very differentlescribed in Sect. 4.2 were performed. In Rgthe re-
hygroscopicities. We useghg =0 for completely insolu-  sults are shown for each individual supersaturation with the
ble organic compoundsgeg=0.1 and 02 (korg assumed for  different assumptions listed in Tabke The number of pre-
most lab-produced secondary organic aeroAodfeae and  dicted CCN increases mainly with increasingg, as it has
Rosenfell2008 and references therein)) angly=0.3 and  the largest range of the four varied parameters. As the crite-
0.4 for even more hygroscopic organic fractions. Addition- rion for achieving closure we took the slope being 1 within
ally, the density of the organic substancegg, was varied  the error bars. The latter were derived from error propagation
between 1gcm?3, 1.2gcm3 and 16 gcnt3. «syi for the  from the uncertainties described in Se&6 and then fitting
sulfate particles was changed between 0.7, 0.65 and 0.61;CNpredVs. CCNneasby adding and subtracting the absolute
which are values for different typical sulfate compounds. errors from the found values. The largest variation from the
Petters and Kreidenwe{007) list as CCN derivedgyis = fit without errors was taken as the uncertain? was al-
0.61 for (NH4)2SOy, ksyif = 0.65 for (NH4)3H(SOy),, and  ways > 0.97 for all runs and thus not very variable. Based
ksulf = 0.7 was taken as a mean value fos$04. Moreover,  on the above mentioned criterion, closure could be achieved
it was assumed that 0% or 20% of the organic substancéor different settings assumingg= 0, 0.1 or 0.2 for some
is insoluble with a densityins of 1gcnm3. All permuta-  calculations at 0.10 %8S(namely settings 1-6, 9-12, 15-18,
tions are listed in the Appendix in Tabfel. Surface tension 19-23, 25-37, 39, 43-45, 47, 49-53; which are defined in
of water (Q072Nn1! at the given temperature in the lab- TableAl1). For 0.15% and 0.20 %S closure could only be
oratory) was assumed for all calculations. Marine organicsachieved withcorg = 0 with settings 13 and 14.
have been shown before to have only low surfactant proper- The number of outliers given by the LTS fit can also indi-
ties Fuentes et al.2011), which supports this assumption. cate the quality of the fit. At 0.1 %S the number of outliers
Furthermore, lowering the surface tension would lead to anis smallest for the lowest run numbers, thus also suggesting
even higher overprediction than already found in this studya low «org, While for the higher supersaturations, it does not
when using the surface tension of water and thus is unlikely.change significantly between the permutations. The fewest
For the closure study presented herein, CCNC, TDMPSoutliers for 0.1 %SSwere found for permutation Ggrg=0,
and AMS data are averaged over 10 min. Data points wergorg = 1.6gcenT 3, kgyir=0.7).
only considered, when there was full coverage over 10 min For the two highest measured supersaturations, 0.41 % and
for all three instruments. 0.73%SS calculations overpredicted the CCN number for
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Fig. 3. The fitted slope of CCPegVs. CCNneasfor the different permuted assumptions and each supersaturation.

higher than the actual measured organic mass. Based on
30 Retieved POF average ASCOS al60% R comparisons of mass measured by the AMS and TDMPS,
it is unlikely that there was this much mass not measured
by the AMS for particles> 100nm in diameter. However,
for Aitken mode particles or smaller, this would be possi-
ble within the measurement uncertainties. It should also be
mentioned that at smaller sizes the systematic errors increase
(e.g. the AMS composition accuracy, more particle losses),
thus, these results at the two high88can also be caused —
at least partly — by these errors.
10 12 14 e 20 22 24 The HTDMA data (from the Lund University unit) is
shown in Fig. 4. In general a mono-modal growth factor dis-
Fig. 4. Average probability density functions for the hygroscopic tribution was observed. The growth factor for accumulation
growth factor (GF, at 90 % relative humidity) during the pack ice mode particles was measured to 1.6 with data corrected to
drift period. Dry particle diameters investigated are indicated in 90.0 % RH. The RH accuracy i51.2 % RH at this RH. The
legend. hygroscopicity of pure ammonium sulphate is 1.69 at this RH
(at 20°C) and for dry diameter 100 nm. The measured hy-
groscopicity decreased with decreasing size, and an average
all applied permutations. This might be explained by the factgrowth factor of 1.4 was measured for dry particle diameter
that the lower cut-off of the AMS measurements is 70 nm, 31 nm, indicating an increasing fraction of less hygroscopic
but smaller particles can still act as CCN at these supersatmaterial. The average growth factor distributions do not rep-
urations. This induces an uncertainty associated with theesent the mixing state at a certain time; in general an internal
actual mass concentrations used to calcutatas the ratio  mixture was observed. The external mix seen in Fig. 4, with a
of the masses might be different for smaller sizes. As clo-less hygroscopic mode at GF 1.0, originates mainly from the
sure cannot be achieved with any of the permutations (evetime period DoY 243.5-246. The two modes were equally
when a 20 % insoluble organic fraction is assumed), these reimportant, i.e. an important amount of non-hygroscopic par-
sults suggest that the chemical composition was different fotticles, for all sizes, was present during this time period.
smaller particles. They need to have a larger organic fraction The best result for the three lowest supersaturations
to achieve closure. To account for the case in which a non{0.10%, 0.15%, and 0.20%), when taking the smallest
hygroscopic component of the aerosol was present but nasummed difference from each fitted slope to 1 as criteria,
measured by the AMS, further testing was done by addingwas achieved for setting 13 wittprg = 0, ksuif = 0.61, and
a non-hygroscopic organic mass with a density of 1 g&m Porg= 19 cnt3. Thus, akorg Of 0 has to be assumed. The
to the total mass. However, closure could only be achievedractions of outliers with these settings were between 13 %
for 0.71 % SSwhen this insoluble mass was 4 to 5 times to 21 % for the different supersaturations. To investigate the

Normalised counts
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Fig. 5. The slope of CClreqVs. CCNneasfor permutation 13«syif = 0.61, porg=19 cm*3), varyingkorg between 0 and 0.1.

value ofkorg further, more sensitivity tests with the same val- cles. FurthermoreCeburnis et al(2008 presented a study
ues forksyir and porg Were conducted only varyingyrg be- of clean marine air at Mace Head, Ireland, where water in-
tween 0 and 0.1 in steps of 0.01. The results are shown irsoluble organic carbon showed a net production at the sur-
Fig. 5. For the two lowest supersaturations, closure can bdace in clean marine air, pointing to a primary origin. This
achieved within the uncertainties for variousg values be-  is consistent with our findings that tleof the organic com-
tween 0 and 0.1. However, taking the smallest difference aponent is close to zero. However, one must keep in mind
described before leads to a best fit kgrg= 0.02, a slightly  that these measurements were made over open ocean and
more hygroscopic value than assumed before. are thus not directly comparable to our measurements. Flux
For the lowest three supersaturations, the results suggesteasurements at an open lead carried out during the ASCOS
that the measured organic compounds were not or only spacampaign showed that particles coming from the sea surface
ingly soluble and that the ability of the particles to activate cannot account for the total observed particle number vari-
as CCN is dominated by the sulphate part of the particlesation in the surface mixing layer at the position of the ice-
This might also be interpreted as such particles analyzed bjpreaker Held et al, 2010. Hence, one might speculate that,
Leck and Bigg(20053, which consisted of small insoluble as particles sources over the pack ice area seem to be weak,
organic particles coming from the surface microlayer, with the measured slightly hygroscopic particles are transported
sulfur-containing gases condensed onto them. The insolubléom the open ocean water south of and along the ice edge.
organic particles were mostly chains or aggregated balls. Note that the data from the open lead represent point mea-
These results contradict the findingdahmann and Leck ~ surements whereas the sampling at the ship is an integrated
(2005, who modeled CCN concentrations that were mea-measurement from all contributing sources.
sured on a former ship cruise (AOE-96) in the high Arc-  The results are still ambiguous as the best valuesdigr
tic. For measurements during about 6 days in the pack iceandxgy differ depending on the supersaturation. For 0.10 %
they needed to assume particles that are as surface acti\&S closure could be achieved wiif;g=0,0.1, and 02. At
as nonanoic acid to be able to model the measured conthis SS only the largest particless(100nm diameter) ac-
centrations. They therefore assumed an external mixture ofivate, for which diffusion losses are smallest and also the
nonanoic acid and soluble adipic acid or an internal mixtureAMS measurements should be the most reliable. Therefore,
of the measured substances and nonanoic acid, which wa&2 can be taken as an upper limit fay,g based on our data.
mainly at the surface of the particles. Days with about sim-Assumingcorg < 0.2 and assuming the surface tension of wa-
ilar meteorological conditions were encountered at the laster, implies, that an increase in the organic fraction of the
days of the ASCOS study on the ice floe. particles leads to a suppression of CCN activity for a given
Consistent aerosol properties with our findings have beemarticle size. These results agree well with resultd. bgk
reported from the North AtlanticHacchini et al. 2008. et al. (2002, who found for particles measured in the high
They found that the organic matter of submicron particlesArctic a depression in CCN activity compared to pure sulfate
was almost entirely water insoluble and that the organic mat-or sea salt particles. They concluded that this was probably
ter content increased with decreasing diameter of the particaused by organics. FurthermoFeientes et a(2017) found
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a depression in CCN activity of 5-24 % in seawater enriched
with marine organics compared with unenriched seawater.
When applying Koehler theory to measurements of purely
organic algal exudates,values between 0.06 and 0.16 were
found byFuentes et a[2011), which fits well with our upper
value. Assuming thatyrg is in a range between 0 and 0.2 and
varying the other parameters as described in Table find
thatxiot lies in a range between¥B+0.13 and 060+ 0.11.

The same permutations have also been applied for the_ 2
analysis of the data from counter 2. The comparison of the & **
0.20 % SSdata from the first counter and 0.22 $&data
from the second counter shows good agreement within the
uncertainties (Fig6). Note that the actual supersaturation of
counter 1 is not constant in time. The times at which the two
counters measured at the considered supersaturations wel
also different, as counter 1 was changing its supersaturation
every 30 min and counter 2 started to measure at 0.28% Fig. 6. The comparison of the permutation results of the first and
only from 15 August onwards. However, the slope closestthe second CCN counter for 0.208&and 0.22 %85S respectively.
to 1 was again achieved with the same parameter settingg,he slope of the linear fit was.@8, thus represents a very good
namely sensitivity permutation 13 (see Tahlk). correlation.

As counter 2 was only measuring for four days on the ice
floe with a supersaturation of 0.17 %, the comparison with
the 0.15 %S Sdata from counter 1 is less significant, however,

14
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culated CCN numbers are mainly underpredicted there, as-

suming that the particles should be considered to be more
hygroscopic to achieve closure. Thesalue varied between

0.1 and 0.4 over this time period. But again, since the AMS
only measures particles larger than 70 nm in diameter, the
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small particles might have had a different composition then.Fig. 7. Time series of CCed/CCNmeasfor the five supersatu-
The HTDMA data show similar growth factors for this time ration using the parameters of permutation &gd= 0.0, ksyif =
than during other times. Furthermore, the numerous outlier®.61, porg= 1gcntd).

found for the highest tw&Sduring this time period point
to a larger uncertainty in the closure. The underprediction

might be caused by the pronounced Aitken mode that is then |

seen in the size distribution data, if the measured chemistry
for particles> 70 nm is not appropriate for this Aitken mode.
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The time series aofi; from the best fit (permutation 13) is
shown in Fig 8. ot exhibits a large variability, ranging from .
0.09to 0.61 (the latter value is reached when no organic mas:

at all was measured). The mean value over the entire cam- |

paign is 033 with a standard deviation @) of +0.13 which
corresponds to about 50 % of the mean value, making it not ,
very representative of the hygroscopic properties for the to-

tal investigated time period. In a recent pageningle et al. 0
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mean for the Arctic region of between 0.4 and 0.5. TheyFig. 8. The time series of the total value using the parameters of

used the ECHAM-MESSy Atmospheric Chemistry Model
(EMAC) with seven aerosol classes (sulfate, black carbon,

Atmos. Chem. Phys., 11, 11336135Q 2011

permutation 13&org= 0.0, ksylf = 0.61, porg =1 g cnr ).
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organic 9arbon, nitrate, ammonlum, dust, §ea salt) in seyera+ab|e 3. The mean CCN concentrations and standard deviations for
hydrophilic and hydrophobic modes and in the nucleation,y fiye measured supersaturations of counter 1, averaged over the
Aitken, accumulation and coarse size range. For the time péime period of the ice drift.

riod while Odenwas moored to the ice floe, this model gives
a mearx value of 026+ 0.06, using the coordinates of the

A | e ] Supersaturation mean CCN  standard
ship route (K. Pringle, personal communication, 2010). This (%) concentration  deviation
is a lower value than our measured one, but within its stan- (cm™3)
dard deviation.

Mean measured CCN number concentrations and standard 0.10 14.01 10.96
deviations are shown in Tab®R As one can see, the mean 8;3 ;2'22 13;2
concentrations are very low and also very variable. A more 0:41 34:62 22:67

detailed study of CCN concerning different meteorological 0.73 46.99 37.43
conditions will be carried out in a follow-up study. The im-
portance of size-resolved chemistry for the CCN activity will
be further studied by performing a CCN closure based on the
hygroscopic growth as measured by the HTDMA. Further-
more, size resolved impactor data are available, which carﬁ
be used to get further insights into aerosol chemistry.

Results from counter 1 at 0.10 $&give an upper limit of
org= 0.2, since the assumption of an organic fraction with a
ygroscopic parameter> 0.2 results in overpredicted CCN
concentrations. This means that the organic fraction of the
aerosols was non- or less hygroscopic and does not contribute
6 Conclusions significantly to droplet growth. The data from counter 1 at

0.20 % SScompared well with that of counter 2, which was

An aerosol-cloud condensation nuclei (CCN) closure studymeasuring at a constant supersaturation of 0.22 %.
based on observed CCN number concentration and physical The assumptions concerning density and hygroscopicity
and chemical submicrometer aerosol properties and concercould not be determined unambiguously, but the best con-
trations was performed. The data shown here were collectedtraints ofkorg = 0.02, ksyif = 0.65, andporg= 19 cm 3 lead
during an expedition into the summer high Arctic (about to an overall mear value of 033+ 0.13, with the variability
87° N) onboard an icebreaker during a three-week time pe-in « being rather large. When assuming that < 0.2, kot
riod, when the ship was drifting passively moored to an icefalls in a range between®3+0.13 to 050+0.11. ¥ showed
floe. Measured CCN number concentrations at different sua large variability throughout the experiment, suggesting that
persaturations from two CCN counters were compared withthe hygroscopic properties of the aerosol changed during the
predicted CCN number concentrations calculated from massampaign.
concentration data from an aerosol mass spectrometer and The investigated data represent a CCN-mass closure for
size distributions from a differential mobility particle sizer. a time period of only three weeks, and as there are, to our

In general, closure was achieved within the measuremeniknowledge, no similar high time resolved measurements of
uncertainties for 0.10% supersaturatiddg( 0.15% and the high Arctic during its most biological active period into
0.20% SSfrom one counter, that scanned through five dif- autumn freeze up conditions except for the more primitive
ferent supersaturations (counter 1), assuming an internallfCCN closures performed during previous Arctic expeditions,
mixed aerosol and an insoluble or only sparingly soluble or-our results can thus not be compared in detail with other data.
ganic volume fraction. For the two highest supersaturations, For further investigations, the data will be compared with
0.41%SSand 0.73 %SS the predicted CCN numbers were hygroscopicity data measured in the subsaturated regime and
overpredicted for all tested settings, in which the hygroscop-size resolved chemical data. Moreover, different time peri-
icity and the density of the organic fraction was varied, asods will be investigated in more detail by case studies, i.e.
well as the hygroscopicity of the sulfuric component, and taking meteorological conditions and time the air spent over
0% or 20% insoluble organic fraction was assumed. Onethe pack ice region into consideration.
way to explain this is by assuming that the smaller particles
have a different composition than the larger ones, presum-
ably a non- hygroscopic or only less hygroscopic organic
fraction. A different, less hygroscopic composition of the
smaller particles is supported by measurements in the sub-
saturated regime made with a hygroscopic tandem differen-
tial mobility analyzer (HTDMA).
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Appendix A

Table Al. Table with the different parameter settings for the performed closure studies and the resulting slopes for the five super-
saturations. (Settings 1-2, 7-8, 13-14, 91-92, 97-98, 103-104, 181-182, 187-188, 193-194, 271-272, 277-278, 283-284, 361-362
367-368 and 373-374 lead to the same tested parameters in each case.)

num-  korg  Ksulf Porg Pins Slope Slope Slope Slope Slope
ber fgem™3]  [gem3] 0.10%SS 0.15%SS 0.20%SS 0.41%SS 0.73%SS
1 0 0.7 1 094+0.15 112+0.08 114+0.04 133+0.01 137+0.08
2 0 0.7 1 094+0.15 112+0.08 114+0.04 133+0.01 137+0.08
3 0 0.7 1.2 M8+0.15 116+0.10 117+0.06 133+0.01 139+0.07
4 0 0.7 1.2 100+0.16 117+0.08 118+0.07 134+0.01 140+0.08
5 0 0.7 1.6 106+0.17 121+0.05 122+0.07 136+0.03 143+0.06
6 0 0.7 1.6 1114+0.18 124+0.04 123+0.08 136+0.02 144+0.06
7 0 0.65 1 B9+0.11 108+0.06 110+0.06 130+0.03 134+0.10
8 0 0.65 1 (B9+0.11 108+0.06 110+0.06 130+0.03 134+0.10
9 0 0.65 1.2 ®4+0.16 111+0.09 114+0.04 132+0.01 136+0.09
10 0 0.65 1.2 ®5+0.15 112+0.09 115+0.04 133+0.00 138+0.08
11 0 0.65 1.6 D0+0.17 116+0.09 118+0.07 133+0.02 140+0.08
12 0 0.65 1.6 D3+0.18 119+0.07 120+0.08 135+0.02 142+0.07
13 0 0.61 1 (B5+0.10 104+0.08 107+0.08 129+0.01 133+0.09
14 0 0.61 1 (B5+0.10 104+0.08 107+0.08 129+0.01 133+0.09
15 0 0.61 1.2 B9+0.13 108+0.07 110+0.05 131+0.02 134+0.10
16 0 0.61 1.2 ®0+0.14 109+0.07 111+0.05 130+0.03 135+0.09
17 0 0.61 1.6 ®6+0.15 113+0.09 115+0.05 132+0.01 138+0.08
18 0 0.61 1.6 ©9+0.16 115+0.08 117+0.06 135+0.03 139+0.07
19 0.1 0.7 1 02+0.19 118+0.08 119+0.07 136+0.04 141+0.07
20 0.1 0.7 1 D4+0.21 120+0.06 121+0.07 135+0.02 142+0.06

21 01 0.7 1.2
22 01 0.7 1.2
23 01 0.7 1.6
24 01 0.7 1.6
25 0.1 0.65 1
26 0.1 0.65 1
27 0.1 0.65 1.2
28 0.1 0.65 1.2
29 01 0.65 1.6
30 0.1 0.65 1.6
31 01 0.1 1
32 01 0.61 1
33 0.1 061 1.2
34 01 0.61 1.2
35 01 0.61 1.6
36 0.1 061 1.6
37 0.2 0.7 1
38 0.2 0.7 1
39 02 0.7 1.2
40 0.2 0.7 1.2
41 0.2 0.7 1.6
42 0.2 0.7 1.6
43 0.2 0.65 1
44 0.2 0.65 1
45 0.2 0.65 1.2

D5+0.19 121+007 122+0.08 136+0.02 143+0.07
D9+0.22 124+005 124+007 138+0.02 144+0.07
11+023 126+0.02 126+0.08 138+0.01 146+0.05
P2+0.16 131+000 130+0.04 138+0.06 148+0.04
®8+0.16 114+0.10 116+0.07 134+0.04 138+0.08
®9+0.16 116+009 117+0.07 135+£0.04 139+0.07
01+0.17 117+008 118+0.08 134+0.02 140+0.07
04+021 120+£007 121+0.07 136+£0.02 142+0.07
06+0.18 121+006 122+0.07 136+£0.02 142+0.07
14+0.19 126+002 126+0.07 136+0.02 145+0.05
®4+0.16 111+009 113+£0.04 133+£0.01 137+0.07
®7+0.13 112+0.10 115+005 133+0.01 138+0.08
08+0.15 114+010 115+0.06 133+0.02 138+0.07
D1+015 116+£009 118+0.07 135+£0.03 140+0.06
02+018 117+008 119+0.08 135+0.03 140+0.06
08+0.21 122+006 122+0.08 136+0.02 143+0.07
N1+023 125+£007 125+£006 137+£0.00 145+0.05
1n9+0.17 129+001 128+0.06 138+0.04 147+0.08
17+0.18 128+001 127+0.06 138+0.02 146+0.08
P7+£0.14 132+001 130+£0.05 140+0.05 150+0.06
P5+014 132+000 130+£0.05 139+0.05 149+0.05
B4+0.18 137+005 135+0.06 142+0.05 151+0.03
D7+£0.21 121+008 122+0.07 137+£0.01 142+0.07
144+0.18 125+004 125+0.07 136+0.00 145+0.06
10+0.21 123+0.08 1244+0.06 136+0.00 143+0.07
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Table Al. Continued.

num-  Korg  Ksulf Porg Oins Slope Slope Slope Slope Slope
ber lgem=3]  [gem3] 0.10%SS 0.15%SS 0.20%SS 0.41%SS 0.73%SS
46 0.2 0.65 1.2 0 194017 129+0.00 128+0.08 138+0.03 147+0.07
47 0.2 0.65 1.6 1 16+0.20 126+0.03 127+0.07 137+0.02 146+0.05
48 0.2 0.65 1.6 0 28+0.17 133+0.00 131+0.06 140+0.06 1504+0.08
49 0.2 0.61 1 1 D4+0.18 117+0.09 1194008 136+0.02 141+0.06
50 0.2 061 1 0 D9+0.19 121+0.09 123+0.07 137+0.00 143+0.06
51 0.2 061 1.2 1 064+021 120+0.09 121+0.07 1364001 141+0.07
52 0.2 0.61 1.2 0 144019 125+0.04 125+0.06 137+0.00 145+0.06
53 0.2 0.61 1.6 1 10+£0.21 122+0.06 124+0.05 136+0.01 142+0.07
54 0.2 0.61 1.6 0 22+0.15 1304+001 1294+0.05 138+0.05 148+0.08
55 0.3 0.7 1 1 »7+014 133+0.01 131+0.04 140+0.07 15040.05
56 0.3 0.7 1 0 B3+0.15 137+006 134+0.06 142+0.06 152+0.03
57 0.3 0.7 1.2 1 P2»9+0.14 1354+001 132+0.05 141+0.06 15040.05
58 0.3 0.7 1.2 0 B7+£0.17 139+0.10 1374+0.05 143+0.05 154+0.01
59 0.3 0.7 1.6 1 B2+017 136+0.05 134+0.06 141+005 151+0.05
60 0.3 0.7 1.6 0 #3+0.17 143+0.08 1394009 1444+0.06 154+0.03
61 0.3 0.65 1 1 21+014 129+0.00 128+0.06 138+0.04 148+0.05
62 0.3 0.65 1 0 29+0.12 134+0.00 132+005 140+0.08 151+0.07
63 0.3 0.65 1.2 1 244013 131+0.02 129+0.04 1394006 149+0.06
64 0.3 0.65 1.2 0 B2+015 137+£0.05 133+0.05 142+0.08 152+0.04
65 0.3 0.65 1.6 1 27+014 133+0.00 131+0.06 140+0.05 149+0.07
66 0.3 0.65 1.6 0 B7+£0.16 1394009 136+0.05 143+0.07 1554+0.03
67 03 061 1 1 16+0.16 126+0.02 126+0.06 137+0.02 146+0.04
68 0.3 061 1 0 D26+0.10 132+0.04 130+0.05 140+0.07 150+0.06
69 0.3 061 1.2 1 20+014 128+0.02 127+0.06 1384000 146+0.06
70 03 061 1.2 0 27+011 134+0.02 132+0.04 1414+0.08 150+0.06
71 03 0.61 1.6 1 2P21+016 129+0.02 128+0.07 138+0.04 149+0.05
72 0.3 0.61 1.6 0 B3+0.14 1384006 134+0.05 142+0.08 1534+0.03
73 04 07 1 1 B6+015 138+0.06 136+0.06 143+0.06 153+0.01
74 04 07 1 0 M44+0.17 1444008 140+0.07 143+0.06 154+0.05
75 0.4 0.7 1.2 1 B7+£018 1394007 137+0.06 143+0.05 1544001
76 0.4 0.7 1.2 0 #6+020 1444009 1414+0.05 147+£0.06 158+0.09
77 04 07 1.6 1 B8+017 140+0.10 138+0.05 1444+005 155+0.04
78 0.4 0.7 1.6 0 49+020 147+0.10 1434+0.06 14440.08 158+0.10
79 0.4 0.65 1 1 B1+011 1364002 1334+0.04 142+0.07 153+0.05
80 04 0.65 1 0 X40+0.16 141+0.07 138+0.09 144+0.07 155+0.06
81 0.4 0.65 1.2 1 B24+013 137+0.05 133+£0.05 1424007 152+0.04
82 04 0.65 1.2 0 #3+0.17 143+0.07 139+0.07 1454+0.06 15640.06
83 04 0.65 1.6 1 B44014 1374£0.06 135+£0.05 142+0.06 152+0.04
84 0.4 0.65 1.6 0 26+0.18 1444008 141+0.06 144+0.07 1574+0.09
85 04 061 1 1 28+0.09 134+0.04 131+0.04 140+0.09 149+0.05
86 0.4 0.61 1 0 B6+0.15 1394007 136+0.06 144+0.07 1514+0.05
87 04 061 1.2 1 284010 134+0.03 132+0.04 1404+0.08 150+0.06
88 04 0.61 1.2 0 B9+0.14 141+0.06 136+0.06 143+0.07 1534+0.04
89 0.4 0.61 1.6 1 294012 136+0.02 132+0.04 1404008 151+0.07
90 04 061 1.6 0 242+0.15 1434+002 138+0.08 143+0.10 15640.09
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