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Abstract. Primary marine aerosols are an important compo-1 Introduction
nent of the climate system, especially in the remote marine
environment. With diminishing sea-ice cover, better under-Sea salt aerosols released by bubble bursting from the ocean
standing of the role of sea spray aerosol on climate in theinto the atmosphere are the largest aerosol source glob-
polar regions is required. As for Arctic Ocean water, labora-ally with respect to aerosol masSeitor et al, 200§ and
tory experiments with NaCl water confirm that a few degreesplay an important role for the radiative balance in remote
change in the water temperatuf,j gives a large change in  marine areas. These aerosols influence the global top-of-
the number of primary particles. Small particles with a dry the-atmosphere clear-sky radiative forcitgaywood et al.
diameter between 0.01 pm and 0.25 um dominate the aerosal99 Ma et al, 2008 Grini et al, 2002 Zhao et al, 2009
number density, but their relative dominance decreases witland are understood as an important source for cloud conden-
increasing water temperature fronf© where they repre- sation nuclei Pierce and Adam£008. Both, the direct and
sent 85-90% of the total aerosol number toC) where  indirect effect of sea salt particles represent a negative ra-
they represent 60—70 % of the total aerosol number. This efdiative forcing. Due to sea ice retreat, as a consequence of
fect is most likely related to a change in physical propertiesglobal warming, the conditions and magnitude of Arctic pri-
and not to modification of sea water chemistry. A change ofmary marine aerosol source may rapidly change in the near
salinity between 15gkg! and 35gkg? did not influence  future. During the last decades an accelerated decrease in sea
the shape of a particle number size distribution. Althoughice extent in the Arctic Ocean has been obsen@anfiso
the magnitude of the size distribution for a water tempera-et al, 2008, resulting in an increase of the Arctic primary
ture change between°@ and 16°C changed, the shape did marine aerosol source area and altered energy and particle
not. An experiment where succinic acid was added to a NaCfluxes. Both the physical and chemical properties of the Arc-
water solution showed, that the number concentration of partic Ocean water are changing. Sea surface temperature has in-
ticles with 0.010 um< Dp < 4.5 um decreased on average by creased over the past few decadstéle et a).2008. Con-
10 % when the succinic acid concentration in NaCl water atcurrently, salinity in surface waters is expected to decrease
a water temperature of'® was increased from Opmoft Iocally, given an expected enhancement in the negative mass
to 94 umol L-1. A shift to larger sizes in the particle number balance of glaciersNuth et al, 2010. Additionally to the
size distribution is observed from pure NaCl water to Arctic fresh water inflow due to the melt of glaciers, it was indicated
Ocean water. This is likely a consequence of organics andhat salinities in the Arctic Ocean were lowered by changes
different inorganic salts present in Arctic Ocean water in ad-in the interplay between wind fields, melting sea ice and river
dition to the NaCl. runoff (Giles et al, 2012 MacDonald et a].2002. Salinities
lower than 30 %0 are frequently observed during summertime
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in the surface waters of the Arctic OceaRaskoff et al. sampling line and associated internal losses, the effective up-
2010 EWG, 1998 Giles et al, 2012 MacDonald et al.  per size limit was estimated to be 5um (dry diamei#y).
2002 Stepanova et gl2007. As a consequence of these Relative humidity in the sampling line was measured by a
altered environmental conditions the fauna and flora in theHygroclip SC04 (Rotronic) hygrometer and this was used to
Arctic Ocean is also expected to change along with the seanonitor whether hygroscopic growth could have impacted on
water organic content\fassmann and Reigst&2011 Trem- particle number concentrations. The mean relative humidity
blay et al, 2011). (RHmean during all experiments was lower than 30 %, except
The detailed process of primary marine aerosol emissiorfor one case, where it was 43 %. Particle sizes measured at a
as a result of a bubble bursting is complex. Even the simplemean relative humidity smaller than 30 % are considered to
parameter of water temperature influences the physical prophave dry diameters. This is not the case for the particle sizes
erties of water in various ways; an increase in water temperwith a mean relative humidity of 43 %. In the following text
ature lowers the surface tension, viscosity and the solubilitythis will clearly be pointed out.
of gases in the water, and increases the molecular diffusivity Total aerosol number concentrations B larger than
(Thorpe et al.1992). All these parameters alter the air bub- 0.01 um were measured at 1 Hz by a TSI 3010 Condensation
ble behavior in the water, such as the time taken for bubbleParticle Counter (CPC) and particles 0.254m, <32 pm
bursting, the bubble rise speed, and the exchange rate bevere determined in 31 different size classes using a GRIMM
tween the two phases in the water. Several parameterizatioris 109 Optical Particle Counter (OPC) once every 6s. Size
to describe marine aerosol emissions have been developatistributions of smaller particles were measured by a custom-
over the last few decadelslpnahan et a).1986 Gong 2003 built Differential Mobility Analyzer connected to a TSI 3010
Martensson et gl2003 Clarke et al.2006. All parameteri- ~ CPC. This Differential Mobility Particle Sizer (DMPS) sys-
zations include the whitecap coverage (the result of a bubbléem operated in the size range 0.01 um to 0.398 um, where
plume reaching the surface), which has been shown to be particles were divided into 17 size classes. Water tempera-
strong function of wind speed. ture (Tyy) and salinity were measured by a Hach HQ40d con-
In this study we focus on the effect on NaCl particle gener-ductivity and temperature sensor with a precisiog=6£3°C
ation from bubble bursting caused by changes in water temfor temperature ang:0.1 g kg ! for salinity.
perature near freezing conditions, motivated by observations
of Arctic Ocean water4abori et al, 2012 which revealed 2.2 Aerosol generation
a strong temperature dependence of particle emissions near
freezing temperatures. The impact of salinity and a surfacePrimary marine aerosols are produced by bubble bursting
active compound (succinic acid) on the water temperatureon the water surface. To produce air bubbles in surface
dependent trend of particle number concentration is studiedvater numerous techniques can be applied: Pumping fil-
by varying NaCl and succinic acid concentrations on a widertered air through a porous media situated in the water (e.qg.,
range than expected in real conditions. This is to test howMartensson et al2003, producing water waves in a simula-
robust and influential links between salinity, surfactant con-tion tank which are then allowed to break (eBpwyer et al,
centrations and PMA emissions are. Through these experi1990, or splashing water on a pre-existing water surface, for
ments we test the hypothesis indicate@abori et al (2012 example by using a jet of water (e.gdultin et al, 2010.
that changes in PMA emission from water with temperaturesFuentes et al(20103 evaluated different methods (except
close to the freezing point are likely controlled by sea waterthe large simulation tank) with respect to their ability to gen-
physical properties without a significant impact of organic erate primary marine aerosol by analyzing the bubble spec-
compounds. trum, submicron size distribution, hygroscopicity and cloud
condensation nuclei activity. The authors reported that dif-
ferent methods gave very different bubble spectra and as a

2 Methods result different aerosol properties. The use of oceanic water
showed that the impinging water jet best simulated the ma-
2.1 Instrumentation rine primary particle production observed in the ocean and

this is also the method employed in this study.
During the laboratory experiments we used an identical in-
strumental setup to that used during laboratory experiment2.3 Surfactant
with real Arctic sea water in 2010Z&bori et al, 2012.
Instruments providing information on total particle number The surfactant chosen for the experiments was succinic acid,
concentrations, size distributions and parameters describingince it is a water-soluble organic compound and ubiquitous
the state of the sampled air (air temperature and relative huin different compartments of the environmemtghiuddin
midity) were contained in a compact rack. The sampled airet al, 2008 Hyvarinen et al.2006. Succinic acid belongs to
was fed to the instruments through a 2m long”ldlame-  a group of low molecular weight dicarboxylic acids (DCA),
ter stainless steel tube. Due to the geometry of the aerosavhich are amongst others synthesized and metabolized in
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different biochemical processes in sea wagte{nberg and filtered air

Badga 1984 Kester and Fostefl963. Succinic acid is, with sampling aiir instruments
concentrations of less than 1 pgtone of the lower con-

centrated DCA in sea wateffédetti et al. 2006, but can water

still be considered to represent other DCA, such as oxalic — —> excess air out

acid, malonic acid and adipic acid. Even that succinic acid ™~

is present in the ocean, it cannot be considered to represent

the behavior of an average marine biogenic organic. The ex-

udates of marine organisms like phytoplankton and bacteria,

are characterized by polymeric structures which eventually

may assemble and form microge@(in et al, 1998 Passow pump v
2002. The polymeric structures and microgels are charac- N

terized by high molecular weights and therefore next to their

difference in chemical properties have a different impact on J —

the physical properties of water compared to succinic acid.

Although succinic acid is not representing the impact of aver- tank

age biogenic organics on water properties and consequently
on aerosol properties, it is justifiable to use it as a proxy forFig. 1. Schematic picture of bubble bursting experimental setup.
the experiments carried out in this study. The tank was used as a buffer to recirculate the sea water sample
trough the PET bottle, where primary marine aerosols were pro-
duced by an impinging water jet. Darker blue lines represent water,

2.4 Experimental setu
P P and the triangle symbol indicates the water surface in the bottle.

About 90 L of water per experiment was used to fill a stain-

less steel tank with a capacity of 190L in total. The tank was

used as a “buffer” tank from which water was pumped with to melt until it reached a water temperature of 4 Dur-
arate of 2.5L min! using an EHEIM centrifugal pump into  ing the experiment the MQ water was then cooled down to
a carefully sealed polyethylene bottle (Nalgene Labware). A1.7°C (cooling rate of 1.2Ch~1) and again left to warm
5mm inner diameter stainless steel nozzle in the PET botup to 7.4°C (warming rate of 0.4C h~1). Cooling was fa-

tle generated a constant water-jet that impinged on a preeilitated using dry ice, kept in a stainless steel bucket in the
existing water surface. A simple overflow system within the buffer tank. By removing the cooling bucket the water tem-
PET bottle kept the water level stable and the water volumeperature increased towards the ambient room temperature.
remained constant at 10 L. The distance between the nozzlExperiments were conducted for low water temperatures in
exit and the water surface was approximately 16 cm. Wateorder to emulate experiments conducted with Arctic Ocean
that entered the overflow drain was fed back to the stainwater and to investigate the large sensitivity of particle num-
less steel tank by gravity. To avoid any contamination byber concentration expected at low temperaturédéri et al,
room air, a filtered particle free air stream was pumped at2012).

7L min1 into the PET bottle. Repeated checks by switch- A similar experiment was repeated for waters with dif-
ing off the water pump were made to ensure the integrity offerent salinities and different cooling/warming temperature
the system and that particles in the room air did not enteranges. To minimise any organic matter contamination, salin-
the system. The aerosol sample was taken directly above thigies of 18 gkg?! and 35gkg! were achieved by adding
water surface in the PET bottle at a distance of about 18 cniNaCl (sodium chloride, puriss.p.a, Sigma-Aldrich) to fresh
(Fig. 1), with a sampling rate of 6 L mint. Water temper- MQ water in the buffer tank. Once the respective salinity
ature and salinity were measured in the outflow of the PETwas stable in the outflow of the PET bubble, the experiment

bottle into the steel tank. started with a cooling sequence, as described above. The ex-
periment using water with a salinity of 18 gky initially
2.5 Experiments had a water temperature of 22@ and was cooled down to

0.3°C (cooling rate of 1.2C h~1) before the water was left
Initially, measurements with clean de-ionized MilliQ water to warm up to 12.6C (warming rate of 0.8C h~1). For the
(MQ) were conducted to test the functionality of the exper- 35gkg ! salinity water (representing typical ocean salinity)
imental setup and to create a baseline case for further exthe corresponding temperatures were 2& &t the start of
periments with higher salinities. Water was collected from athe experiment, OC was the lowest temperature and 1422
MQ system (Millipore, MiliQ Plus 185) some days before at the end of the experiment. The corresponding cooling and
the start of the experiment and was kept frozen at temperawarming rates were 14C h~! and 1.1°C h~1, respectively.
tures of—20°C until the preparation for the experiment be-  To examine the influence of various brackish water condi-
gan. Before the experiment, the frozen MQ water was lefttions on the particle number size distribution, experiments
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with differing salinities, but a relatively stable water tem- terpolated for the MQ and 18 g kg saline water before the
perature were conducted. Since the setup did not allow fomedian was estimated.
maintaining cold temperatures and stirring the water to dis- Particle number size distributions of NaCl water with a
solve NaCl faster at the same time (stirring the water with thesalinity of 35 g kg! were averaged over four different water
bucket in the tank was very cumbersome), it was decided tdemperature ranges. The first range contained all size distri-
conduct the experiment with water at room temperature. Af-butions resulting from waters having a temperature €0
ter reaching a relatively stable water temperature the salinitytotal measurement time 1h 25min), the second range in-
was changed from clean MQ water to 35 gkgvater in 15 cluded all size distributions betweerf@ and 4 C (total
incremental steps by adding NaCl. measurement time 6 h 20 min), the third contained all size
In a final experiment the impact of an organic acid on distributions resulting from water withi, between 8C and
the temperature dependent trend of particle number chari1°C (total measurement time 3 h 30 min) and the last tem-
acteristics was examined. To achieve this water with a staperature range included waters with a temperature between
ble salinity of 35gkg?! was cooled down from 2024 to 13°C and 16C (total measurement time 1 h 50 min). These
about °C (cooling rate of 1.8Ch~1). While keeping the temperature ranges were chosen to best represent the differ-
water temperature close to the freezing point, succinic acicent steps of the experiment. The rangé€1o 4°C and 8C
(ACS reagent; 99.0 %, Sigma-Aldrich) was stepwise added to 11°C were covered twice, first when the water was cooled
to the water in the tank, starting with a concentration of down and second when the water was left to warm up again.
94 umol L1 which is within the same order of magnitude The size distribution resulting from water witii@ between
of the estimated dissolved organic carbon concentration irl3°C and 16C is only based on water which was cooled
Arctic Ocean watersKivimae et al.2010. After a succinic  down, since no data were available for the warming part.
acid concentration of about 2450 umoltwas reached, the While the range 2C to 4°C represents the lower part of the
water sample was left to warm up to a water temperaturetotal temperature range?8 to 11°C represents the interme-
of about 13.3C (warming rate 1.31Ch™1). It was chosen diate part and 13C to 16°C represents the upper part. The
to conduct the cooling/warming experiment with the highestsize distribution of 0C water represents the turning point
succinic acid concentration as this had proven to also havéetween cooling and warming of the water.
the largest effect on particle production. On average for all To examine the influence of salinity on the particle number
experiments, cooling water temperature down to the lowessize distribution, different salinities from 0gkg§ NaCl to
temperature took 12 h 10 min whereas the following warm-35 g kg ! NaCl were binned into intervals of 3 gkgNacCl,
ing up time was on average 14 h 20 min. starting from 0gkg? NaCl. For the resulting salinity bins
Even though the focus of this paper is on the experimentghe mediani/ N/dlogDp was calculated (based on at least five
conducted with NaCl solutions, data resulting from measure4individual size distributions) to which lognormal functions
ments with Arctic Ocean water are shown in addition. This iswere fitted. The fitting was made subjectively to bridge the
because the starting point for the presented study is the obseoverlapping region between the optical and electrical mo-
vations which were made with Arctic Ocean sea water. Ex-bility size measurements aroutd?, 259 nm. The fitted size
periments with Arctic Ocean sea water were conducted withdistributions were normalized to their corresponding integral
a similar setup and instrumentation as described in S2dts. number to simplify comparison.
and2.4. Water was sampled during late Arctic summer (from  The median particle number size distributions resulting
the 24th August to the 7th of September 2009) and late Arctidrom 35 g kg~ NaCl water with different succinic acid con-
winter (from the 15th of February to the 7th of March 2010) centrations (0 pmolt!, 94 umolL~1, and 565 pmol t1)
from in total 4 different locations, in the vicinity of Kongs- were compared to test the influence of different succinic acid
fiord/Svalbard. Characteristic of the different sampling lo- concentrations in the water on particle number size distribu-
cation was the different influence with glacial melt water. tions. Total measurement times of the size distributions were
Nevertheless presented data here include only waters witB0 min for 0 pmol L1 water, 1 h 35 min for 94 umolt! wa-
salinities between 34 and 35 g'kg 1). The sampling during  ter, and 45 min for 565 pmolt! water.
different seasons took place to account for both, biologically To explore the effect of possible additional organics and
more active and less active waters. other inorganic salts than NaCl on particle number size dis-
tribution, median number size distributions of unadulterated
Arctic water (total measurement time 25 min), NaCl water
3 Data analysis with a succinic acid concentration of 2446 umoflL(total
measurementtime 1 h) and of 0 pmofiL(total measurement
To examine the influence of water temperature on particletime 1 h 10 min) were calculated. The water temperature for
number concentrations, data was organized int€ va- all waters was between0.5°C and +0.5C and salinity was
ter temperature bins. Median particle number concentrationgept between 35.0 g kg and 35.6 g kg'. For comparison,
were calculated for each temperature bin. Due to a fluctuthe number size distributions were normalized to their inte-
ating water level in the first two experiments, data were in-gral number based on the sum of four lognormal curve fits.
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Table 1. Parameters for fitted lognormal aerosol number size distri-
butions with Nx as the number concentration (c?)l Dgx as the
geometric diameter (um) anek as the standard deviation for the
different modes and waters: Arctic Ocean water (AO), NaCl water
35 g kg with succinic acid with a salinity of 35gkg?! and a succinic acid concentration of
% Arctic Ocean water 0 pmol L1 (35 NaCl), and NaCl water with a salinity of 35 gky

and a succinic acid concentration of 2446 pmotlL(35succNacl).

B <=0.01gkg"

© 18 gkg"

—~35gkg"

~-~35 g kg ! without succinic acid

P

particle number concentration D, > 0.01 pm

AO  35NaCl 35succNaCl
N1 430 880 465
AAAAA NN Dgl 0.073 0.07 0.07
N ol 2.3 2.08 2.1
5 20 22 N2 220 340 115
T, (°C) Dg2 0.18  0.124 0.123
02 1.33 1.335 1.33
Fig. 2. Median particle number concentration8y(>0.01 um) for N3 245 565 307
waters with different salinities and organic content as a function of Dg3 0.48 0.225 0.226
water temperaturel{y). Grey shaded areas indicate the 25th and o3 1.48 1.20 1.17
75th percentiles. N4 35 280 240
Dg4 1.46 0.41 0.41
o4 1.59 1.58 1.59
This fitting was conducted for the same reasons as described
above. Parameters for the fitted size distributions are listed in
Table 1. For the overlapping size range of DMPS and OPC 1200 . <001 gkg’
measurements the first two size bins of the OPC measure £ . ©~18gkg"
ments ofDp 265 nm anddp 290 nm were notincluded for fit- & %% =359k’
ting the lognormal functions, but are included for complete- i’a . j*%g kg without succinic acid
ness in the other number size distribution figures. Data pointsg ~ 8% «, L oo 9kg with succinic acid
were omitted based on comparisons of total number concen-& ¥ *
tration with the integral of the number size distribution in- 600~ #

cluding the first two size channels and rejecting the first two
channels. Including the first two channels led to an under-
estimation of the total particle number. This decision was
supported by evidence that for these sizes the DMPS mea-£ 200
surements provide higher quality data; measurements with&
monodisperse polystyrene latex particles showed a steeply 0
decreasing counting efficiency of the GRIMM 1.109 OPC

below 15 % for particles smaller thab, 0.305um Heim

et al, 2008. Fig. 3. Median particle number concentration@y(> 0.25 um) for
waters with different salinities and organic content as a function of
water temperatureT{y). Grey shaded areas indicate the 25th and

4 Results 75th percentiles.

(particles cm

400

le number concentl

4.1 MQ water experiments
and 8C) compared with waters of 18 gkg and 35gkg?

As a first step, an experiment with pure MQ water was per-salinity (at least 350 particles cra for water temperatures
formed to establish a basic test case for further experimentsbetween PC and 8C). For particles withDp > 0.25 um the
Particle number concentration produced from MQ waterparticle number concentration is negligible (F8).

increased slightly with increasing water temperature from The MQ water test experiments set a baseline for the in-
1.5°C to 7.5°C for particles with Dp>0.01um (Fig.2). strumental setup used. The increase of smaller particles with
The largest Poisson error of 4% was for the particle num-water temperature (cf. Fi@) likely results from an accumu-
ber concentration afy, =1-2°C, corresponding to a devi- lation of dissolved impurities over time rather than from an
ation of about 0.5 particles cm from the median concen- increase in water temperature. This was tested by tilting the
tration. Hence, the observed increasing trend is likely realbottle in which the aerosols were produced allowing for wa-
Nevertheless, the particle number concentration is relativelyter in the bottle to mix. Instantaneously the particle number
low (80 particles cm?® for water temperatures betweef@ concentration of particles with2, > 0.01 pm dropped down
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and increased slowly back to the previously concentration g "
level (not shown here). This suggests that an accumulation§ 018 gkg'

of impurities on the water surface on which the water jetim- % e —~35gkg"
pinges, takes place. These substances might be either alreacgn 10 \x <~35¢ kg': without succinic acid
present in the MQ water or are a consequence of ﬂushing§ . j;\fftlg g{exta:t“ecrd”m acid
the system while conducting the experiments. NeverthelessZ 8 At
the total number concentrations are negligible compared to2 R\
the concentrations resulting from experiments with 18 g'kg NN
and 35 g kg? saline water. £ <:‘\;\s\ N
3 4 Raa Pican-t0N
4.2 Saline, “inorganic” water experiments g e, N ‘%@fﬁ% ﬁjjﬂ
§ 2 i*@%ﬁi%j;*%%* *
The second experimental stage was the inclusion of NaCI% .
o)

to MQ water to produce the simplest possible sea water§ ‘ ‘
proxy. Here, sodium chloride was added in several consecu- - "% 1618200 22
tive steps increasing salinity to a typical oceanic level around
35gkgL. Similar to the previous test experiment with MQ Fig. 4. Ratio between particleBp > 0.01 pm andDp > 0.25 um for
water, changes in aerosol number concentration and size disvaters with different salinities and organic content as a function of
tribution were studied as function 8§, and also as a function water temperatureT{y). For comparison data from Arctic Ocean
of salinity. The particle number concentrations for waterswater is shown in addition. Grey shaded areas indicate the 25th and
with salinities of about 18 g kgt and 35 gkg! are shown as ~ 75th percentiles.
a function of water temperature (Figsand3), and for com-
parison particle number concentrations resulting from Arctic
Ocean water were added. The Arctic Ocean particle numbethe natural variability as the samples were collected at dif-
concentrations are medians over each measured temperatuierent locations and at different times. However, the water
bin and for every sampling location during the different sea-temperature dependent trend is consistent for all waters.
sons (late Arctic winter or late Arctic summer). The ratio of the particle number concentration of parti-
All median concentrations for particles with a cles with Dp>0.01pum andDp>0.25um for the salinities
Dp>0.01pm and a salinity of 18gkd and 35gkg!  18gkg™t and 35gkg?! are presented in Figl. There is a
show a clear trend of decreasing aerosol concentrations adecrease from the lowest water temperature to a tempera-
about one order of magnitude with increasing water temperture of about 10C. For water temperatures larger than about
ature from the lowest temperature bin to a water temperaturd 0°C no clear trend is observed. At low water temperatures
of about 10°C (Fig. 2). For water temperatures above about close to ®C, 85-90 % of the sea spray aerosol population
10°C (varying between 8C and 14C depending on the consists of particles 0.01 pDyp < 0.25 um in case of arti-
experiment), the particle number concentration is ratherficial sea water with only NaCl added and about 75-80 %
stable. The particle production from the Arctic Ocean waterfor the Arctic Ocean water. At higher water temperatures the
has about the same temperature trend as the aerosols froagrosol particles 0.01 pDp < 0.25 pm represent between
the artificial waters. The absolut number concentrationsabout 60—70 % of aerosol population for both, artificial and
cannot be compared directly due to different dilution factorsreal sea waters.
of the aerosol sample with filtered air. Overall, laboratory experiments using MQ NaCl mixture
For particles with aDp>0.25um a decrease of particle show consistent number density dominated by sea spray
number concentration from the lowest water temperature taerosol by particles 0.01 pmDp <0.25um. This is also
10°C is clearly visible for 35 gkg! saline water, while the  consistent with previous studies, e.g., on Atlantic Ocean

rat
N
(=]
N
N
»
[o4]
N
o
N
N
N
N

trend starts for 18 g kgt saline water afy, > 2°C (Fig. 3). sea water Hultin et al, 2010 or in tropical Pacific Ocean
The particle number concentration for 35 gRgsaline wa-  (Clarke et al, 2008.
ter is stable forT, >10°C and for 18 gkg? saline water Comparing particle number size distributions of 35 gkg

is stable forT,, >13.5°C. The total particle number con- NaCl water of the four water temperature rangé€01°C
centration for particles with @p>0.25um decreased be- to4°C, 8°Cto 11°C, and 13C to 16°C show that the num-
tween three and four times from the lowest water temper-ber size distribution resulting from the two lower tempera-
atures around fC to above 10-13C. The data resulting ture ranges have significant higher particle number concen-
from Arctic Ocean water experiments exhibit the same trendtrations than the size distributions based on the two higher
for the particlesDp>0.25um albeit with a steeper slope. temperature ranges for particle sizes 0.012¢B) < 1.5 um

The scattering of the particle number concentration resultingsee Fig.5). All four distributions overlap for dry diame-
from Arctic Ocean water within the same water temperatureters outside this range. The two number size distributions
range or in neighboring temperature bins is likely a result ofresulting from higher water temperaturdg, & 8—-11°C and
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Table 2. Parameters for fitted lognormal aerosol number size dis- 15
tributions with Nx as the number concentration (c?m, Dgx as
the geometric diameter (um) awmdc as the standard deviation for

the different modes and water temperaturBg)(0°C, 1-4°C, 8—

11°C, and 13-16C. 0
P4
Tw  0°C 1-4°C 8-11°C 13-16°C E }
NI 380 220 60 45 a® g
Dgl 0.037 0.035 0.03 0.028 05>
ol 1.6 1.6 1.8 1.8 =
N2 880 540 80 80
Dg2 0.11 0.11 0.10 0.09
o2 1.60 1.60 1.80 1.80
N3 770 450 60 50 0-3 3-6 6-9 9-12 12-15 15-18 18-21 21-24 24-27 27-30 30-33 33-35 0
Dg3 0.235 0.235  0.250 0.250 g kg™ NaCl
o3 1.25 1.25 1.25 1.25 Fig. 6. Normalized fitted particle number size distributions for dif-
N4 180 150 38 35 . — 120 .
Dgd 052 052 058 058 ferent S?|-Inlty rang_es. I?h‘ean— 43/o for salinities between 0 and
ol 14 14 14 14 18 gkg™L; RHmean= 24 % for salinities between 18 and 35 gig
N5 16 18 10 10
Dgs 1.45 1.55 1.7 1.8
o5 1.4 1.4 1.4 1.4 number density for the different salinity bins were compared
(Fig. 6). Relative particle number concentrations for particles
between 0.10 um Dp <0.23 um are higher for the lower
10* ‘ oo salinities and decrease with increasing salinity until they re-
© 1°C 10 4°C main stable at a salinity of about 15 gkg As the relative
®8°Ct011°C humidity is rather high for the salinity range 0-18 gkgit
13°Clo16°C cannot be assumed that the particle diameters can be consid-

ered as dry diameters. Therefore, it might be that concentra-
g tions for real dry diameters are shifted towards smaller parti-
cle sizes. However, this would reveal the evolution observed
in Fig. 6. The dominant mode seen in Figjalso has a slight
shift from about 0.142 to 0.225 pl, when the salinity in-
creases from 0-3gkd to 12-15gkg?, above which the

10° b 1 mode diameter is stable. Relative particle number concentra-
tions for smaller and larger sizes differ as well for different
salinities, but not in an identifiable direction. One exception
10° is an indication of a weak tail of smaller particles from about
15gkg . Generally, it can be said that there is a local max-
ima for all salinity bins at around 0.225 pm and the number

Fig. 5. Particle number size distributions from 35 gigNaCl wa- ize distributi d t iderably i lati h
ter for different water temperature ranges. Median size distributions>'2€ dIStrioutions do not vary considerably in relative shape

were calculated for temperatures &M(RHmean= 29 %), between for salinitigs highgr th_an 15gkd. A comparispn of particle
1°C and £C (RHmean= 29 %), between 8C and 1°C (RHmean ~ NUMber size distributions (not shown) resulting from waters

= 30%) and between X and 16C (RHmean= 21%). Dotted  having salinities between 30 and 35 gRgsalinity bin size

lines represent the 25th and 75th percentiles. Only every seconwas 1 gkg?! and the salinity range between 31 and 32gkg

data point is shown for clarity. is not considered due to a small number of observations), did
not show any systematic difference in number size distribu-
tion between the different salinity ranges. Parameters of log-

T,y =13-16°C) overlap over the whole size range. A local normally fitted size distributions are listed in Tal3le

maximum betweeDp 0.2 um and 0.25 um can be identified

for all four size distributions. Log-normal fittings were per- 4.3 Succinic acid experiment

formed for all four every size distribution and the resulting

p

dN /dlogD_(cm™3)

Dp (nm)

number size distribution parameters are listed in Table Succinic acid experiments were conducted to test the influ-
To demonstrate the influence of salinity on particle num-ence of different water temperatures on water containing a
ber size distributions for the salinity range 0—-35 gkglog- representative organic acid in addition to the NaCl. Also,

normally fitted size distributions normalized to the integral number size distributions resulting from NaCl waters with
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Table 3. Parameters for fitted lognormal aerosol number size dis- 05 ‘ 0.5 00
tributions with Nx as the number concentration (c?m, Dgx as 045l i ! i DDP)O:ZF’ um
the geometric diameter (um) amc as the standard deviation for P
the different modes and salinities: 30-31 gRg32-33 g kg1, 33— g o4 1
34gkg 1, and 34-35gkg?. S Soast 1
o C
— €8 o3 1
salinity  30-31 32-33 33-34 34-35 g o
gkgt  gkg™t  gkgt  gkg! § 50 1
5§ 02 .
N1 50 55 60 50 £z
Dg1l 0.030 0.033 0.033 0.030 f T 0.15¢ 1
ol 155 160 160 160 s Ll ]
N2 75 70 70 80 g
Dg2 0.1 0.1 0.1 0.1 0.05 1
o2 1.60 1.60 1.60 1.60 0 =
N3 45 45 45 45 15 25 35 45 55 6.5T 7.?6 85 9.5 10.511.512.513.5
Dg3 0.24 0.24 0.25 0.25 "
03 1.20 1.20 1.20 1.20 Fig. 7. Change of median particle number concentrations between
N4 40 40 40 40 particle number concentrations after adding succinic acid and be-
Dg4 0.58 0.58 0.58 0.58 fore adding succinic acid as a function of water temperatTixg. (
o4 1.4 1.4 1.4 1.4
N5 11 11 11 11
Dg5 1.9 1.9 1.9 1.9 A more detailed analysis shows that the change of parti-
o5 1.4 14 14 14 cle number concentration between aerosols produced with

and without adding succinic acid is not constant over the

full temperature range (Fig). For median temperatures be-
different succinic acid concentrations for a stable water tem+ween 1.5C and 13.5C the difference was always larger for
perature were compared to each other. Additionally, a sizehe particles withDp>0.01 pm than for the particles with
distribution of aerosols resulting from NaCl water was com- Dy > 0.25 pm. While the change is increasing with increas-
pared to a size distribution of aerosols resulting from NaCling water temperature for particles withy, > 0.25 pm (from
water with added succinic acid and a size distribution of par-about 15 to 35 %), a smaller increase is observed for the par-
ticles generated from Arctic Ocean water to demonstrate theicles with aD, > 0.01 pm (from about 27 % to about 37 %).
combined influence of organics and other inorganic salts on As for all other saline waters, the ratio between
the number size distribution. Dp>0.01pym andDp>0.25um shows a decreasing trend

Comparable to waters having a salinity of 18 gkgand  with a corresponding water temperature increase fro@ 0

35gkg* without added succinic acid, the 35gKgsaline  to 7°C. At low T,y about °C 75-80 % of all particles are
water with a succinic acid concentration of 2446 umotL  within the size range 0.01 puenDp <0.25 um (Fig4).
caused a similar decreasing trend in particle number con- Figure 8 shows particle number size distributions result-
centration with increasing water temperature (Figsand ing from NaCl waters to which different amounts of succinic
3). Nevertheless, the particle number concentration foracid were added, resulting in succinic acid concentrations of
Dp>0.01um for water with succinic acid added is on an 94 umol L~ and 565 umol 2. As a reference, a size distri-
about 1/3 lower level compared to the other saline waters. Adution produced from pure NaCl water is shown in addition.
the temperature approaches about@@he curves converge All median water temperatures were in the range between
and the aerosol production from the succinic acid spiked—0.2 and +0.2C and medians of salinity were in the range
water matches production during the inorganic experimentsbetween 35.4 and 35.5 gk§ The succinic acid concentra-
For higher water temperatures the particle number concention of 94 umol L1 is the same order of magnitude as the es-
trations level out. While an about tenfold decrease of par-timated dissolved organic carbon concentration in the Arctic
ticle number concentration was observed for the inorganicOcean Kivimae et al, 2010 and four orders of magnitude
waters (for Dp>0.01 um), the particle number concentra- higher than the observed concentrations of succinic acid in
tion decreased only six times from the lowest temperature tahe ocean Tedetti et al. 200§. A change in succinic acid
above 10C for the water spiked with succinic acid. For par- concentration from 0 to 94 umolil, resulted in an about
ticles Dp > 0.25 um there is no clear difference between inor- 10 % decrease for all examined sizes, whilst a succinic acid
ganic experiments and experiments with succinic acid addedoncentration change from 0 to 565 pmotliresulted in an
to the water, see Fi@. The decreasing rates with increasing about 16 % decrease. Log-normal fittings to the size distribu-
temperature are about three to four times and approximatelyions shown in Fig8 were performed. The resulting number
similar for all saline experiments. size distribution parameters are presented in Table
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Fig. 8. Particle number size distributions for different succinic acid
concentrations (Rkean= 23 %). Water temperature medians are
between 0.2 and-0.2°C and medians of salinity between 35.4 and
35.5gkg 1. Measurement time per succinic acid concentration be-
tween about 40 and 90 min. Grey shaded areas indicate the ar
between the 75th and 25th percentiles.

Fig. 9. Comparison between the normalized fitted particle num-
ber size distribution of Arctic Ocean water (water temperature me-
dian—0.3°C, salinity median 35.0 g Ktt, RHmean= 7 %), sodium
chloride water without succinic acid (water temperature median is
%'1°C and median salinity is 35.3gKkg, RHmean= 29 %) and
sodium chloride water with succinic acid (water temperature me-
dian is —0.1°C and median salinity is 35.6 gkg, RHmean =
Table 4. Parameters for fitted lognormal aerosol number size dis-23 %). The normalized size distributions measured and the 25th and
tributions with Nx as the number concentration (c¥), Dgx as  75th percentiles (grey shaded areas) are shown in addition.

the geometric diameter (um) aitk as the standard deviation for

the different modes and succinic acid concentrations in the water:

Opmol L1, 94 pmol =1, and 565 umol L. organic substances and inorganic salts other than NaCl, while
the other size distributions are caused only by NaCl with

succinicacid  Oumolt?  94pmolL=1  565umol -1 or without succinic acid. Between particles witl 0.07 to
concentration 0.14 um and particles witib, 0.16 to 0.3 um the synthetic
N1 300 260 240 water size dlstr|bu_t|on§ shovv_ rela'glvely hlgher values than
Dgl 0.04 0.04 0.04 the Arctic Ocean size dlstrlb_utlon with a distinct narrow peak
ol 16 16 1.6 close toDy 0.25 pm. For particle®p > 0.316 um the normal-
N2 740 680 620 ized particle number concentration is higher for the ocean
Dg2 0.105 0.105 0.105 water up to aDp of about 1.8 um. For particle diameters
o2 1.6 1.6 1.6 larger than abouDp 1.8 um the normalized concentrations
N3 720 640 600 converge. The shapes of the normalized fitted size distribu-
Dg3 0.235 0.240 0.235 tions of the two synthetic waters do not differ significantly,
o3 13 1.3 13 except for the magnitude betweén, 0.07 um and 0.16 um
N4 170 160 150 and betweerDp 0.3 um and 1.0 um (Figd). For the parti-
Dg4 0.530 0.530 0.530

cles betweerDp 0.07 um and 0.16 um the relative number is

4 14 1.4 1.4 . ! .
ES 2 16 17 higher for the inorganic NaCl water than for the NaCl water
Dg5 155 155 1.55 with succinic acid. For the size range betwdan0.3 um and
o5 1.4 1.4 1.4 1.0 um it is reversed.

5 Discussion and conclusion

Log-normally fitted and normalized number size distribu-
tions resulting from 35 g kgt NaCl water, 35gkg! NaCl Warming/cooling experiments with a NaCl solution for wa-
water with a succinic acid concentration of 2446 umotL  ter temperatures between 0 and°Zlconfirmed the water
and a normalized number size distribution resulting fromtemperature dependent trend of particle number concentra-
Arctic Ocean water were compared to study the influence oftion observed for Arctic Ocean water. It was shown, that
different organic contents and salts other than NaCl on thehis trend was clear and reproducible. This was tested by
particle number size distribution (Fi§). The Arctic Ocean using a NaCl solution with a salinity of 35gkg, an ex-
water size distribution includes the contribution of unknown aggerated low salinity of 18 gkd, and by using a NaCl
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solution with an exaggerated high succinic acid concentraparticle number concentrations than the size distribution gen-
tion of 2446 umol 1. Further experiments were conducted erated from warmer water (€ to 11°C and 13C to 16°C).

with a stable water temperature: It was shown that salinityParticle number concentrations resulting from the two high-

concentrations between 15 and 35 gkglid not impact on  est water temperature ranges overlapped for the whole size
the relative shape of the size distribution; within the salin- spectrumZabori et al.(2012 used Arctic Ocean water and

ity range 30-35 g kg! no salinity dependent significant dif- a setup similar to that presented in this paper for the exper-
ference on the size dependent particle number concentraments. Within the water temperature range betwe@3iC

tion could be detected; examining different succinic acidand 5°C it was observed that particle number concentrations

concentrations in the water (Opmott, 94pmol -1, and  for all sizes betweerDy 0.012 pm to abouDp 1.8 um ex-

565 umol L-1) showed a decrease in particle number concen-hibited higher particle number concentrations for lower wa-
tration with an increase in the succinic acid concentration. ter temperatures compared to higher water temperatures. For
When comparing particle number size distributions from sizes larger tha®, 1.8 um the concentrations converge. Lo-
different studies, it is important to consider that the mecha-cal maxima were found to be at 0.180 um and 0.57 um. It
nism used for generating the aerosols might alter the size disvas concluded that the shape of the size distribution is not
tribution. Fuentes et a{20103 observed four aerosol modes influenced by the water temperature. Nevertheless, the rela-

at geometric diameters of 0.014 um, 0.048 um, 0.124 pm andion between the observed local maxima varied slightly with
0.334 um produced by a multiple plunging water jet system.water temperature. The experimentsHafltin et al. (2011
From a higher significance of the fourth mode in the jet sys-with ocean water from the Baltic Sea presented a signif-
tem compared to an atomizer, a glass filter and an aquariuricant decrease of particle number concentration for parti-
diffuser as aerosol production mechanisms, it was concludedles 0.02 unx Dp < 1.8 pm from about 750 particles chat

that the fourth mode is linked to a mechanism particularly oc-4°C to about 170 particles cnd at 14°C. The aerosols were
curring in the jet system. A water jet hitting the water surface generated by a nearly identical setup to the one used in the
can itself produce aerosols and is influencing the air bubblegurrent study. The studies are also comparable in that the
that rise towards the water surfa&ellegri et al(2006 also  temperature was gradually changed for the same water.
observed a higher significance of a mddg> 0.300 um for Bowyer et al.(1990 used a ROYCO Model 225/519 par-
aerosols produced by a weir compared to aerosols producetitle counter with six size channels from about 0.25 to

by spargers. Most probably the particle number size distribu+ > 5 um (80 % RH radiusr{). An increasing particle num-
tions in the current study are also influenced by the aerosober production with increasingj, (between 0C and 30°C)
production mechanism. However, since all size distributionsfrom ther > 1.5 um channel to the largest size channel was
were generated using a similar setup, a comparison betweewbserved. The effect increased with size and for the largest
the different size distributions is reasonable. That said, comehannel { > 5 um) an increase of particle number of the fac-
parison with other results presented in the literature has to béor 2—3 over the whole temperature range occurs. For the two
treated with caution due to different experimental setup andsmallest size channels (that is for particles 1.5 um) and
aerosol generation mechanisms, and different types of watef,, below about 15C the particle concentration decreased

and/or surfactants. with increasingly, up to a factor 4. For temperatures higher
than about 13C the particle number concentration remained
5.1 Total particle number concentration, number size constant. The datBowyer et al.(1990 used was from the
distribution, and water temperature same experiments &onahan et al(1982), using a 3 m long

white cap simulation tank in which two waves of collected

All tested NaCl waters with salinities of 18gk$§ and  coastal water one on each side were produced and the bub-
35gkg ! show a steep decrease of particle number con-ble generation when the waves collided was used to emulate
centration from temperatures of about@up to a temper-  ocean conditiondBowyer et al.(1990 tried several different

ature of about 8-14C. The ratio between particles with a regimes to change the water temperature. For most of their
Dp >0.01um and particles with B, >0.25um is decreas- data the aerosol is counted and sized continuously as the wa-
ing with increasingly,. This is an effect due to a more pro- ter temperature changes with only small temperature incre-
nounced decrease of particles withy>0.01 um compared ments between each reading, much like in the current study.
to the decrease of particles wiid, > 0.25 um. The same pat- With large increases in temperature between sets of two mea-
terns were observed during experiments with Arctic Oceansurements, the particle production continued to decrease with

waters. an increase iffy, through the entire temperature range, well
Further, it was demonstrated that the size distributions re-above 15C.
sulting from 35gkg?! NaCl water, for different water tem- For particlesDp <0.1 um, Martensson et al2003 ob-

perature ranges, all show the same local maxima betWgen served increasing particle production with decreasing tem-
0.20 um and 0.25. For the sizes 0.0124, <1.5um the  perature using synthetic sea water (with constant water tem-
particle number size distributions resulting from the lower peratures at-2°C, 5°C, 15°C and 23C). The trend was
water temperature ranges®@, 1°C to 4°C) show higher the opposite for sizes above, 0.35um . BetweerDp 0.1
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and 0.35 um there was no clear trend. In the experiments dfension at the water and air interfaces (ocean-atmosphere as
Martensson et aj2003 air bubbles were generated by press- well as ocean-bubble air) is expected to change. A higher
ing clean air through a glass frit, which was shown to be a lessvater temperature decreases the surface tension and there-
representative method to mimic sea spray formatiareftes  fore might alter the bubble spectra as well as the manner in
et al, 20103. which bubbles burst and droplets forithorpe et al(1992
It can be concluded that the observed decrease of particlstated that the net effect of water temperature on bubble pro-
number concentration with increasing water temperature umluction is an exponential decrease of mean bubble concen-
to about 8—-14C is likely independent of the mechanism with trations with a halving for every 1. Even if the net ef-
which the aerosols are produced, at least for small particlesfect of water temperature on bubble concentration seems to
Martensson et a(2003 andBowyer et al. (1990 agree that  be known, a net effect on the particle number production is
larger particles have the opposite temperature trend, but thegot. However, the laboratory experiments together with mea-
disagree very much at which size the positive temperaturesurements performed using real Arctic sea water and a com-
trend begins. It is difficult to speculate on wBpwyer etal.  parison with the literature strongly point towards physically
(1990 andMartensson et a{2003 observe this trend forthe based temperature dependence of the bubble bursting pro-
larger particles, given the huge differences in experimentacess and sea spray formation. The chemical composition or
setup and instrumentation. the role of organic matter seems to play a less important role
Martensson et a{2003 observed that betweefy, 15°C in these processes.
and 23°C the production of the smallest particles decreased
in line with the higher temperature ranges. In this it differs 5.2 Impact of organic content on particle number and
from the current study, withHultin et al. (2011) and with number size distribution
most of theBowyer et al (1990 experiments. IMartensson
et al. (2003 experiments, aerosol production was allowed For testing the influence of organics on particle num-
to equilibrate at a constant water temperature, whijlevas ber concentration and number size distribution, experi-
changed continuously within our experiments and the studyments with NaCl waters having succinic acid concentra-
of Hultin et al. (2011). Interestingly,Bowyer et al.(1990 tions from 94 pmol £ to up to 2446 umol 1 were con-
also observed a decrease of particle production with increasducted. Salinity was about 35.5 gkband water tempera-
ing T,y up to 3C°C, when considering experiments conducted ture about 0C. When the highest succinic acid concentra-
over large temperature increments. Hence, it may be that théon of 2446 umol ! was reached, water temperature was
existence of a break in the temperature trend, and its exact Ideft to warm up from OC to about 13C. It was observed
cation on the temperature scale, affects particle production. that higher succinic acid concentrations led to lower particle
Besides the setup, the observed trend of decreasing panumber concentrations fddp <312 um at a water tempera-
ticle number concentration with increasing water tempera-ture of 0°C. The artificial NaCl water mixture with a succinic
ture seems to be qualitatively independent of the three dif-acid concentration of 2446 pmott resulted in a lower total
ferent water types. NaCl water (this study), artificial sea wa-particle number concentration over a wide temperature range
ter (Martensson et gl2003, and real ocean wateBéwyer (from about @C to 10-13C, depending on the salinity), es-
et al, 1990 show a similar water temperature dependentpecially for 0.01 um< Dy < 0.25 um, compared to NaCl wa-
trend. Therefore, it is more likely that the observed trend ister mixtures to which no succinic acid was added. The differ-
driven by a physical change rather than by a chemical (or bioence in number concentration between water with and wa-
logical) change of the sea water, though details in the resultser without succinic acid for particles with, > 0.25 pm was
may still depend on chemistry or experimental setup. Thissmaller. For median water temperatures higher than®.5
is supported by the reproducibility of the results when con-the difference was less than 5 %.
ducting the experiments with temperatures going from high A comparison between the log-normally fitted and normal-
water temperatures down to lower temperatures and up agaiized size distributions from the two synthetic waters showed
to higher water temperatures. that the aerosol number concentration resulting from pure
Water temperature influences several physical propertiedNaCl water is relatively higher within 0.07 um to 0.16 um
involved in the shaping of the air bubble plume. Since seaD, than the number concentration of the size distribu-
spray is mainly produced by bursting bubbles, the water tem+ion resulting from the NaCl water plus succinic acid. For
perature is possibly important for the aerosol production. Anthe size range 0.3 pmDp<1um it is reversed. Between
increase in water temperature reduces viscosity of the wate).316 um< Dy < 1.8 um the the Arctic Ocean water caused
decreases the solubility of gases and increases the moleculaglatively higher number concentrations than the synthetic
diffusivity. The lower viscosity of water results in higher rise waters.
speeds of the bubbles, influencing the gas exchange between Sellegri et al. (2006 generated aerosols by a weir
the bubble and the water. A lower solubility of the gases in-and compared normalized size distributions resulting from
creases the number of bubbles, but is compensated by an isynthetic water (including Cl, Na*, sof;, Mg?t, c&™,
crease of the diffusivityThorpe et al.1992. Also surface  and K©) and normalized size distributions resulting from
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synthetic water plus 5mgt! sodium dodecyl sulphate the foam and thus the stability of the bubbles and result in
(SDS), which is probably the most commonly used detergentigher particle production due to a higher bubble bursting
surfactant. For sizes about 0.06 g, <0.28 um the in-  rate.
organic water caused higher relative number concentrations Fuentes et al(2010 conducted experiments with a sea
than the organic. The number concentration in the size distriwater proxy (artificial sea water enriched with diatomaceous
bution resulting from organic water exceeded that of the in-bioexudates). For aerosol generation a multiple plunging wa-
organic water for sizes from 0.28 pmDp <0.55 um. These ter jet system was used. Compared to artificial (inorganic)
observations agree quite well with ours when comparing theseawater without any exudates the resulting number size dis-
size distributions derived from synthetic water to the size dis-tributions were shifted within the submicron size range to
tributions produced by using Arctic Ocean water. For particlesmaller sizes. This is qualitatively in agreement v8eillegri
sizes lower tharDp 0.06 umSellegri et al.(2006 reported et al.(2006, but opposite to our results. An increase of parti-
that the size distribution derived from organic water was cle number of particles with &, <0.1 um was observed for
characterized by a higher particle number concentration thamn increase of diatomaceous bio-exudates concentration be-
the one derived from inorganic water. This is not observedtween 175 M OG: 0.2 um and 300 uM O€ 0.2 um (where
in our measurements. For all three waters the size distribuOC< 0.2 um stands for “organic carbon concentration” of
tions differ relatively little for sizes smaller thad, 0.07 um.  water filtered through a filter with a pore size of 0.2 um).
Consequently, the influence of organics is negligible for theThis is also qualitatively in agreement wiBellegri et al.
production of aerosols within these sizes, at least for our ex{2006 (the increase in number of particles below 0.06 um
perimental setup and succinic acg&kllegri et al(2006 con- Dp when SDS was added), but not seen in our results. Even
cluded that a size distribution shift to smaller sizes appearedf the aerosol generation is similar in the current study, the
to happen when adding SDS. Within our study, when addingorganics added to the artificial seawater are quite different.
succinic acid to the water or when using Arctic Ocean wa-Fuentes et a[2010h account not only for dissolved organic
ter, a shift to larger sizes was observed instead. Differencesarbon, but also for colloidal organic matter attributed to the
to the study ofSellegri et al.(200§ might be explained by water insoluble part of primary marine aerosols. The insolu-
the differences of the experimental setup, the difference oble organic carbon is not considered in our experiment when
the synthetic water used including the difference in organicusing NaCl water with succinic acid (since succinic acid is
compound and concentration which was used. It appears thaoluble), but probably is present in the Arctic Ocean water
the results found when spiking synthetic water with one or-sample.Fuentes et al(20100) used the exudates of algae
ganic molecule cannot be extrapolated to other organic compresent in high biological active regions on the west coast of
pounds. Although, it may seem that the effect of succinic acidAfrica, which is presumably different to the late winter Arc-
gualitatively agrees better with what we found for the com- tic Ocean water sample used in our experiments. Although
plex mixture of organics in the real ocean water (compared tddifferent kind of surfactants used in the present study, the
the use of SDS byellegri et al. 2006, it has to be consid- study bySellegri et al(2006, Tyree et al(2007) andFuentes
ered that the size distribution based on Arctic Ocean wateet al. (20100 makes it difficult to compare the results, it is
is also likely influenced by the presence of other inorganicimportant to mention that water temperature may have im-
substances than NacCl. pacted as well on the surfactant’s properties. While the pre-
Tyree et al(2007) used a diffuser to produce air bubbles sented succinic acid experiments were conducted with very
in synthetic sea water (C| Na*, sof; and Mg*t) and com-  low water temperatures around©, the other studies were
pared resulting aerosol number size distributions to numbeconducted with waters having temperatures aboveC20t
size distributions resulting from artificial sea water plus 0.1, was shown that the critical micelle concentration in the wa-
1 and 10mgL?! oleic acid. In contrast to succinic acid is ter is a function of water temperaturbléhta et al. 2005
oleic acid insoluble in wateiTyree et al.(2007) observed Chen et al.1998. In addition it was demonstrated that al-
a uni-modal size distribution at arourd?) 0.1 um for all ex-  ready small changes of temperature can change the size, den-
periments. Water with oleic acid resulted in higher total num-sity, dielectrical proberties, and chemical reactivities of gels
ber concentrations compared to the synthetic water withou{Tanaka, 1992in Verdugo et al.2004).
any organic compound. The same was observeGagrett If and how much the adding of succinic acid during our
(1968. A glass frit was used to produce air bubbles andexperiment might have influenced possible stabilizing sub-
the water was synthesized by adding NaCl until a salinity ofstances present in the NaCl water is not clear. There are at
30 %0 was reached. After adding oleic acid the particle num-least two mechanisms through which the succinic acid might
ber concentration increase@arrett(1968 did not observe influence the particle number production. On the one hand,
an increase of particles if the synthesized NaCl water wast might stabilize or destabilize bubbles on the water sur-
filtered twice before the experiment. It was concluded thatface due to reactions with other substances and on the other
foam stabilizing substances were present both in real sea wdrand succinic acid might have influenced the bubble burst-
ter and in the NaCl water he synthesized. These substancesg through changes in the surface tension of the water and
delay the bubble bursting process. Adding oleic acid reduce$®ubble surfaces.
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5.3 Impact of salinity on particle number and size tions related to the non-dimensional fluid-mechanicahvis
distributions number (Eo), which indicates that the forces controlling the
bubble bursting mechanism are described effectively by the
Log-normally fitted and normalized size distributions were ratio of buoyant and surface forces. Since they worked with
compared for different salinites from 0gk§ up to 2 mm sized bubbles, their study concerns the few large bub-
35gkg* while the water temperature was stable. It was ob-bles and the film drops presumably produced from them. The
served that relative particle number concentrations for pardarge majority of bubbles in a full bubble spectrum (more rep-
ticles between 0.10 umDp<0.23um are higher for the resentative of real ocean conditions) will be around 100 um
lower salinities and decrease with increasing salinity untildiameter, and their Eo number will be far below the critical
they remain stable at a salinity of about 15 gker higher.  value found byRussell and Singt2008.
Scott(1979 examined the coalescence ability and air bubble The inorganic system with only salt and water may appear
stability on the water surface for different salinities (Ogll.  simple. Yet, when comparing studies in the literature and the
80gL ! and 350¢gLt1). The coalescence of small air bub- current study, the results on how salinity influences the par-
bles was more efficiently inhibited for higher salinities result- ticle number size distribution differ considerably. These dif-
ing in a lower rising velocity and therefore a delayed arrival ferences might arise from different combinations of salts in
to the water surface. Bubbles with a higher stability on thethe waters used for the experiments, the presence of some or-
water surface were observed as a result of higher salinitiesganic compounds in the commercial aquarium salt mixtures
Blanchard(19631989 stated that small bubbles produce used in some experiments, or the experimental setup. It can
rather jet drops and large bubbles rather film drops. If weat least be concluded that the difference in salinity between
assume that the 35 g kg saline water produces more small 15gkg! and 35gkg? NaCl concentration in our experi-
bubbles which result in jet drop production, we would ex- ments have only little effect on the shape of the particle num-
pect an increase of particles in the super micrometer aerosdier size distribution, a conclusion supported by Hdtlitin
range. et al.(2011) andTyree et al(2007).
Martensson et a(2003 compared number size distribu-
tions with salinities of 0gkg?, 9.3gkg? and 33gkg?.
At higher salinity, higher number concentrations for parti- 6 Future implications
cles withDp > 0.2 um but a conserved shape of the distribu-
tion was observedVartensson et a{2003 stated that the The effect on sea spray formation by changes in water tem-
change was consistent with a total aerosol volume linearlyperature may have implications for the future climate in
proportional to the salinity. That would be the logical re- the Arctic. The decrease of particle number concentration
sult if simply every droplet left a smaller dry aerosol particle with increasing water temperature might decrease the direct
due to lower salinity, but it would require the fresh sea sprayaerosol effect over the Arctic Ocean. On the one hand the
size spectra to stay unchanged despite that the bubble speciiacreased direct effect might result in a decrease of the nega-
change. tive radiative forcing at the top of the atmosphere, since less
Tyree et al(2007), who used a diffuser and artificial water sea spray particles are emitted over the relatively dark sea
of different salinities (from 1 to 70 %), showed that the geo- surface. However, on the other hand a decreased direct ef-
metric mean diameter was almost constant with salinity, cenfect may result in a decrease of the positive radiative forcing
tered near 100 nm dry diameter, except for the lowest salincaused by a reduced sea spray concentration consisting of
ities where it changed towards slightly smaller sizes. Thispartly absorbing particles above a bright surface such as sea
is in good agreement with our results. For the aerosol humice (Forster et al.2007). At the same time the indirect ef-
ber concentration they found that it increased with increasingect of aerosols should decrease as well. Less small particles
salinity, which cannot be confirmed from our measurementsimply a reduction in cloud condensation nuclei and there-
Hultin et al.(2011) observed higher particle number concen- fore might decrease cloud cover and with it lower albedo
trations over the whole measurement range for higher salinever the Arctic Ocean. This applies mainly to open Arctic
ity ranges (examining real ocean water with salinities aboutwaters, asNilsson et al(200]) showed that sea spray emis-
6gkg?t, 7gkg! and 35gkg? salinity), which is at least  sions within the central Arctic Ocean fields of sea ice are
qualitatively in agreement witfyree et al(2007). 1-2 orders of magnitude smaller than from open sea. Dur-
Russell and Singl{200§ experimented with three dif- ing the last decades, Arctic Sea ice has retreated faster than
ferent sodium salts. They found that the aerosol mass waslimate models predictStroeve et a).2007). Nilsson et al.
linear to the aqueous salt concentration, in agreement witlf2001) was the first to suggest that in the Arctic, climate
Martensson et a(2003. However, both number concentra- change would cause changes in sea spray emission due both
tion and mean diameter depended on the one-sixth power dab changes in local meteorology (e.g., higher wind speed) and
the aqgueous concentration. This suggests that ionic forcethe retreat of sea ice, which would also generate larger areas
retard the fluid motion and limit the bubble bursting pro- with higher sea spray emissions, a factor which may com-
cess. They found that diameter, number and mass concentr&ine or compete with the ice albedo feed back. To this we
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can add the effects of changing water temperature. Recentl\2446 pmol L. Particle number size distributions resulting
Struthers et al(2011) used a GCM to quantify the increase from NaCl water as a function of water temperature (ex-
in climate forcing caused by sea spray in a climate scenari@aminedT,, =0°C, Ty, =1-4°C, T, =8-11°C, andTy, =13—

with largely ice free summers in 2100, and reported these tdl6°C) and as a function of succinic acid concentration
be between-0.2 and—0.4 Wn?; a negative feedback on the (0umolL™1, 94 umol -1, and 565umol 1) were anal-
climate system. The model predicted that the change in thgsed. Additionally, normalized particle number concentra-
first indirect aerosol effect (cloud albedo effect) is approx- tions for 12 different salinity ranges between 0 and 35g'kg
imately ten times greater than the change in direct aerosolvere compared to test the influence of salinity on relative par-
forcing. Struthers et al(2011) used the temperature depen- ticle number size distributions at a stable water temperature.
dency found byMartensson et a(2003. However, numer-  The key findings of this study can be summed up to:

ous factors are expected to change in the Arctic regions and
influence its climate (increased water vapor concentration
and changing general circulation patterns etc.). The warming
trend of the Arctic region is clear, but precise predictions are
difficult. Nevertheless, implementing the boosted sea spray
particle number emissions at low water temperatures into
climate models may be important. A sensitivity test includ- — Particle number concentrations resulting from NaCl wa-
ing also the effects of wind speed and sea ice on primary  ter with a succinic acid concentration of 2446 umofL
marine emissions might give valuable information about the show the same water temperature dependent trend as
relevance of the new water temperature dependence of par-  pure NaCl waters, but on a lower particle concentration
ticle number production and contribute to improving future level.

climate predictions. As shown previously, a comparison be-
tween laboratory experiments is difficult due to different
aerosol generation mechanisms, different waters, partly dif-
ferent water temperatures, and different organic substances
used. More studies are needed for examining the influence _ An increase of succinic acid concentration from
of water temperature, salinity, soluble and insoluble organic Opmol L1 to 94 umol L1 at a water temperature of
substances present in different marine environments on parti-  0°C tends to decrease the particle number concentra-
cle number production by using only one experimental setup.  tjon for particles with 0.01 pra Dp<4.5um by about
Particular attention should be paid to the choice of the surfac- 109,

tant. A representative proxy for biogenic organic mixtures ) ] o

covering a wide range of molar masses and so a large variety — High concentrations of succinic acid and other unknown

in chemical and physical properties, should be chosen. organic components and inorganic salts present in Arc-
tic Ocean water alter the size distribution resulting of

pure NaCl water. A shift to larger sizes is observed from
pure NaCl water to Arctic Ocean water.

— Changes in water temperatures close to the freezing
point strongly influence the total particle num-
ber concentration, especially for particles with
0.01 pum< Dp <0.25um. This is likely a consequence
of physical rather chemical processes.

— A water temperature change betweetCOand 16C
does not change the shape of a particle number size dis-
tribution resulting from NaCl water (35 g kg salinity).

7 Summary

_ _ _ _ — Salinity changes between 15gkgand 35gkg?! do
Earlier experiments conducted with Arctic Ocean water not influence the shape of the particle number size

showed a dependence of primary marine particle number  yistribution between 0.01 D, <5um when using
production on low water temperatures suggesting the de- pure NaCl water.

velopment of a sea spray parameterization for high latitude

oceans. Laboratory experiments with aerosol production by
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