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Abstract. Sea spray aerosols are an important part of the cli-1  Introduction

mate system through their direct and indirect effects. Due to

the diminishing sea ice, the Arctic Ocean is one of the most

rapidly changing sea spray aerosol source areas. Howevepea spray aerosols (SSA) represent the largest natural aerosol
the influence of these Changes on primary partic|e producsource on Earth by mass flux. Sea salt emissions have been
tion is not known. estimated to be on average 16600 Tglyi(Textor et al,

In laboratory experiments we examined the influence 0f2006. SSA are aerosol particles produced at the ocean sur-
Arctic Ocean water temperature, salinity, and oxygen satyface from breaking waves and consist of sea salt mixed with
ration on primary particle concentration characteristics. Sether species, in particular organic mattde (_eeuw et a.
water temperature was identified as the most important o011). The aerosol particles have a substantial impact on the
these parameters. A strong decrease in sea spray aerod@diative balance of the Earth through scattering of incident
production with increasing water temperature was observedolar radiation and as a source of cloud condensation nu-
for water temperatures betweenl°C and 9C. Aerosol clei (CCN). Different model estimates of the global annual
number concentrations decreased from at least 1468 6on  Mean clear sky direct radiative forcing due to sea salt range
350cnT3. In general, the aerosol number size distribution between—0.6 Wi and—5.03 Wn1 2 (compilation of re-
exhibited a robust shape with one mode close to dry diameSults inMa et al, 2008. Clarke et al(2006 reported that sea
ter Dp 0.2 um with approximately 45 % of particles at smaller Salt aerosols may account for between 5% and 90 % of the
sizes. Changes in sea water temperature did not result in prd=CN in the marine atmosphere. In recent years a number of
nounced change of the shape of the aerosol size distributiorftudies have reported enrichment of organic matter in SSA;
only in the magnitude of the concentrations. Our experiment$O’Dowd et al.(2004 reported that during plankton blooms
indicate that changes in aerosol emissions are most likelyn the North Atlantic Ocean, the organic fraction dominates
linked to changes of the physical properties of sea water athe sub-micrometer aerosol mass, including water-insoluble
low temperatures. The observed strong dependence of sénd water-soluble organics. Using a cloud-parcel model, the
spray aerosol concentrations on sea water temperature, witfgme authors estimated an increase of cloud droplet concen-
a large fraction of the emitted particles in the typical cloud trations between 15% and more than 100 % due to the in-
condensation nuclei size range, provide strong arguments fof'éase in organic matte@vadnevaite et ak201]) stressed

amore careful consideration of this effect in climate models. the importance of primary marine organic aerosol for the
availability of CCN. Despite the hydrophobic properties of
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marine organics, a high activation efficiency, expressed as thenosphere radiation flux forcing and the long wave radiation
ratio between CCN number and particle number with a di-feedback.
ameter>20 nm, was found. However, since the physical and No matter what causes the polar amplification, rapid
chemical properties of marine aerosols and their source inehanges have been observed in the Arctic during the last
tensity vary both in time and space, the magnitude of the im-decades. The Arctic sea ice extent has decreased with=-
pact of sea spray on the climate system is still not fully un-0.4% per decade based on satellite passive-microwave data
derstood Yignati et al, 201Q de Leeuw et aJ.201% Wang observations between 1979 and 208@&rkinson and Cav-
2007 Carslaw et a].2010. alieri, 2008. For all seasons the observed trend was nega-

SSA are released to the atmosphere by air bubbles burstive, but the largest trend was found in summer (6.2 % per
ing on the ocean surface. For a natural ocean environmentecade). In addition, an acceleration of the ice retreat has
air bubbles are generated from air entrainment during wavébeen detected. From 1979 to 1996, the ice retreated at a rate
breaking O’Dowd et al, 1997). Many different parameters of 2.2 % per decade, whereas in following years the melting
influence the development of a bubble. Depending on therate increased to 10.1 % per deca@erfiso et al.2008.
bubble diameter and the level of gas saturation in the water, The changes do not only involve the seasonal first year sea
bubbles tend to grow or dissolv8lauenwhite and Johnspon ice. Perennial multilayer ice (ice that has survived the sum-
1999. The rise velocity of a bubble depends on the viscos-mer melt) has decreased at a rate of 7% per decade (1978
ity and the water density, but also varies with bubble size1998) Johannessen et alL999. Moreover, the duration of
(Leifer et al, 2000. Coalescence between bubbles is thoughtthe Arctic basin melt season has increased by 20 days dur-
to be inhibited or even prevented by ions in seawa@ayen-  ing the last 30 yrKlarkus et al.2009. All in all, there is an
white and Johnsqrl999. The complexity of aerosol pro- increasing body of evidence that an ice free summer Arctic
duction due to bubble bursting has resulted in many differentcan be a reality within the next 30-50 ywWéng and Over-
formulations of the SSA source functions, based on differ-land, 2009. A direct consequence of this sea ice retreat will
ent methods, and a large uncertainty in the production fluxede an increasing magnitude and importance of the marine
(de Leeuw et a).2011;, Lewis and Schwart2004). Parame-  aerosol source in the Arctic.
terizations have been developed based on experimental stud- It is not only changes of the physical properties of sea ice
ies relating parameters which influence ocean bubble formathat have been observed, but also altered physical and chem-
tion to sea spray aerosol emissions. Sea spray production isal conditions of the Arctic Ocean sea water, e.g., sea sur-
highly dependent on wind speed, but water temperafyyg ( face temperature, salinity, and organic content. Concurrent
salinity, and oxygen saturation have also been identified asvith the air temperature increase, a higher warming rate of
important properties controlling sea spray aerosol emissionshe sea surface temperature in the Arctic compared to the
(Nilsson et al, 2001, Martensson et gl2003 Hultin et al, global average has been noted during recent dec&des|¢
2011, 2010. et al, 2008 Polyakov et al.2007 Zhang 2005. The higher

The rapid environmental changes currently taking place inwater temperatures have resulted in changes of fresh wa-
the Arctic region prompt a more thorough investigation of ter inflow into the Arctic Ocean and consequently in ocean
the influence of sea water temperature, salinity, and oxygersalinity. Nuth et al.(2010 estimated a total volume loss of
saturation on marine primary aerosol production over this9.71+ 0.55km?yr—1 for Svalbard glaciers (excluding Aust-
region. The Arctic experiences a faster surface air temperfonna and Kvitgya ice caps) during the last 40yr, resulting
ature increase compared to the rest of the globe, a featurim an estimated sea level rise of 0.026 mmyrThe impact
known as the polar amplificatiorACIA, 20095. The high  of the melt of the Greenland glaciers is estimated to be an
latitude warming rate during the last century is almost two order of magnitude largeiLémke et al. 2007). The fresh
times higher compared to the rest of the Northern Hemi-water mixed with sea water will at least temporarily and lo-
sphere Bekryaev et a].2010. This pattern must be a result cally lead to a decrease in salinity. This study focuses on
of positive feedback processes that are especially effectivgphysical changes of Arctic Ocean water and their impact on
at high latitudes, since the increase of anthropogenic greemaerosol production. We recognize that changing environmen-
house gas concentrations is more or less uniform over théal conditions will impact the fauna and flora in the Arc-
globe Miller etal., 2010 Lu and Caj2010. The key process tic Ocean (Wassmann and Reigsta2011;, Tremblay et al.
behind the observed polar amplification is not yet well estab-2011) which will have both physical and chemical impacts
lished, but the ice albedo feedback associated with a decreasm the Arctic Ocean water properties. As the flora changes,
in snow and ice-coverage has been the subject of a number difiological activity may be altered and therefore it is likely
studies and is often touted as a key drivdafiabe and Stouf-  that changes in photosynthesis and respiration will occur as
fer, 198Q Holland and Bitz 2003. HoweverWinton (20069 well. This photosynthesis/respiration change will impact on
argued that the surface albedo feedback cannot be the donthe oxygen saturation in the water, since the production of
inating process for the Arctic amplification, and suggestedoxygen in the ocean by photosynthesis or a consumption of
instead that the most likely candidates are the net top of atoxygen by respiration is giverBpyer et al, 1999 Kester

and Pytkowicz1968 Falkner et al.2005. The experiments
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by Hultin et al. (2011 suggested that diurnal changes in
dissolved oxygen, caused by photosynthesis and respiratiol
modulated the sea spray formation. In addition, changes ir
the chemical composition of the water may arise as change

in photosynthesis and respiration alter the carbon conten"s¢
of the water. The additional consideration of changes in the
chemistry of the water goes beyond the scope of this article
but this should be an important question for future studies.

In this work we test the hypothesis that primary marine
sea spray aerosol emissions are affected by an on avera(
higher water temperature, lower salinity, and a change in ar /
unknown direction of the oxygen saturation (as a result of — \Fa 9
a change in biological activity). Using real Arctic sea wa-
ter in laboratory experiments, we focus on analyzing the mi-Fig. 1. (a) Overview map of the investigation area (marked red).
crophysical properties, including number concentration andBlue arrow indicates the direction of the West Spitsbergen Current
number size distribution, of the aerosol particles emitted(WSC).(b) Sampling locations. Point 1: close to the glacier, Point
from the sea water surface by bubble bursting. To our knowl- 2: marine laboratory with deep sea water inlet in Alyesund Point
edge, this is the first study of wintertime SSA production 3 fiord mouth (outside of Kongsfjorden).
from Arctic Ocean water.

tration systemNlopper et al. 1991). Since the DOM chem-

2 Experiments istry was not quantified in any of the experiments and the
filtration systems were not changed during the duration of
2.1 Experimental site the experiments, the potential effects of the filtration systems

are assumed to be constant.
Laboratory experiments using Arctic Ocean sea water were Sampling of the deep water sampling line supply took
carried out at NyAlesund (7855 N, 11°56 E), Western  place on the 25 February and surface sea water close to the
Svalbard (Fig.1a) in a marine laboratory during late Arc- glacier was sampled on the 26 February. Surface sea water
tic winter conditions (from the 15 February to the 7 March from the fjord mouth (referred to as “water from outside the
2010) and during late Arctic summer conditions (from the 24 fjord”) was collected on five days: 21, 23 February and 1, 3
August to the 7 September 2009). This paper presents resulgnd 5 March.
of the winter measurements, wher&abori et al (2012 will
compare summer and winter conditions. Sea water sample8.2 Environmental conditions
each of 1801 were collected at three different locations in
the vicinity of Ny-Alesund to cover possible differences be- The climate of Western Svalbard is highly influenced by the
tween outer-fiord and inner-fiord conditions, including the West Spitsbergen Current (WSC), the northernmost exten-
potential influence of the Kongsbreen glacier (Hi). The  sion of the Norwegian Atlantic Current (Figa). The WSC
samples were collected at the sea surface, using buckets aiith its relatively warm water accompanied by a relatively
ther from a small motor boat or directly from the shore. Whenhigh salinity transports large amounts of heat deep into the
considering sea spray aerosol production, surface sea watérctic Basin Hop et al, 2006 Svendsen et gl2002. This
samples should be the most relevant for characterizing théeads to a mostly ice-free ocean along the west coast of Sval-
emissions from the ocean. However, a continuous supply obard and to relatively mild air temperatures compared to
deep sea water (80 m below the sea surface) was also avaibther locations at a similar latitude. The mean air tempera-
able in the laboratory. This water was used in the experimentsure at Nyf\lesund from 1961 to 1990 was aboufl5°C in
as a controlled reference, given that water from this depth id=ebruary and about*€ in July Svendsen et al2002. The
more likely stable in terms of both biology and chemistry. average sea water temperature in Kongsfjorden has been es-
It should be noted in this context that one part of the deeptimated to be slightly above @ and sea ice formation in
water continuous supply system was an inline filtration andwinter is most pronounced close to the coast and in the in-
UV-filter system (pore sizes 100 um and 20 pum), which couldner parts of the fjordlfo and Kudoh 1997 Svendsen et al.
not be bypassed. This filtration system may potentially have2002.
affected the dissolved organic matter (DOM) concentration The water in Kongsfjorden is a mixture between Atlantic
and composition of the deep seawater samples, both througivater brought by the WSC and Arctic basin shelf waters.
removal of particulates and coagulation of dissolved surfaceThis so-called “transformed Atlantic water” is character-
active organic matter on the mechanical filters and throughized by water temperatur®, > 1°C and salinities above
photochemical degradation of the DOM in the UV light fil- 34.7 psu $vendsen et gl.2002. In winter and autumn
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Table 1. Meteorological average conditions during the water sampling period (15 February to 7 March 2010) measurédeauhtyand
provided by the Norwegian Meteorological Institute.

Arithmetic meart-/— standard deviation ~ Minimum value  Maximum value  Sum

Air temperature {C) —1444+41 —231 -17 -
Precipitation (mm) - - — 215
Air pressure (hPa) 10150 13.9 967.4 1032.8 -
Wind direction ) 1560+ 54.2 - - -
Wind speed (m3sl) 3.7+36 0 19.9 -
Cloud cover (octas) B8+30 0 8 -

so-called “local water” and “winter cooled water” (WCW) PET bottle returned to zero. The sample air was collected
are formed in the fjord due to surface cooling and convectionfrom an air volume above the sea water in the PET bottle.

(Piehl Harms et aj2007). The total sampling air flow was kept stable at 5.0 Iinlur-
Meteorological average conditions for the period 15ing all experiments. A scheme of the experimental setup is
February to 7 March are summarized in Table shown in Fig.2 and parameters and physical characteristics

of the bubble tank are listed in Tali?e
2.3 Experimental setup

2.4 Instrumentation
The collected sea water was poured in a storage stainless

steel 1901 tank from which it was pumped into a carefully The air sampling outlet of the PET bottle was connected
sealed polyethylene bottle (Nalgene Labware) at a rate othrough a 2m long 24" stainless steel tube to the instru-
4.8Imin~1 using an aquarium centrifugal pump (EHEIM). mentation that provided information about aerosol number
The water entered the bottle through a stainless steel nozzleoncentration and size distribution. Based on the geometry of
with an inner diameter of 5mm producing a water jet mim- the aerosol sampling lines and associated inertial losses, the
icking a falling wave crest which entrains air in sea water. upper size limit which was reliably detected was estimated to
This air subsequently breaks up into bubbles which burst abe around 5 um in diameteDy).
the water surface. The distance between the nozzle exit and The total aerosol number concentration was measured at
the water surface was approximately 16 cm. The water levell Hz for all particles with &y > 0.01 um using a TSI model
in the polyethylene (PET) bottle was kept stable by a sim-3010 Condensation Particle Counter (CPC) and for all par-
ple overflow system and the water volume remained constarticles with aDp > 0.25um using a GRIMM 1.109 Optical
at 101. Water flowing from the PET bottle was transferred Particle Counter (OPC).
back to the buffer storage tank through a PVC tube (more The size distribution for the size rangeD@um< Dp <
details about the experimental procedure can be found i©.30um was determined using a closed-loop sheath air
Sect.2.5). During one experiment the water flow was higher custom-built differential mobility particle sizer (DMPS)
than 4.8 Imin® resulting from a lower water pump position equipped with a TSI 3010 CPC. One scan covering 15 size
(see end of SecB.2). bins was completed in 2.5 min. The aerosol size distribution
Fuentes et ali2010 compared different mechanisms for in the range @5um< Dy < 32 um was determined every 6 s
marine aerosol production in laboratory experiments with re-with a GRIMM 1.109 Optical Particle Counter (OPC), siz-
spect to their ability to reproduce a realistic oceanic bubbleing particles in 31 bins. The relative humidity of the sam-
size spectrum. It was concluded that a plunging water jet wapled air was monitored in the sampling line prior to enter-
best at reproducing the shape of an oceanic bubble size speing individual instruments with a Hygroclip SC04 hygrome-
tra (cf. alsoHultin et al, 2010. Hence, it is assumed that ter (Rotronic). The relative humidity near the sensing instru-
this method also results in the most realistic bubble-mediateanents was always lower than 10 %, which is mainly a result
aerosol size spectra (i.e., neglecting spume droplets produceaf the relative high temperature in the instrument payload.
from tearing of breaking waves). Whereas the aerosols were characterized as dry aerosol par-
To avoid any contamination by room air, air was pumpedeticles, the relative humidity conditions in the bottle where the
through an Ultra Filter (type H cartridge, MSA, Pittsburgh) bubbles were produced were significantly higher.
into the PET bottle at flow rate of 12 |min. Excess air of Water temperature, salinity, and oxygen saturation were
11min~! was allowed to freely leave the top of the PET bot- continuously measured in the steel tank with a Stratos 2402
tle through an opening of 5mm in diameter. The quality of Cond and a Stratos 2402 Oxy from the Knick Elektronische
the particle-free air and the integrity of the whole setup wereMessgeate GmbH & Co.
regularly checked by switching off the water jet, to confirm  The size distribution of air bubbles with bubble diame-
that the particle number concentration in the air space of theéers 0, between 30 um to 1140 um, generated through an
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filtered air ) ) Table 2. Physical characteristics of the bubble bottle.
samplingair[~ R '
‘ > | Instruments Parameter Characteristic number
water . Water volume 101
excess air out Water flow rate 4.8Imin?
Distance nozzle to water surface 16 cm
Inner diameter of stainless steel nozzle 5mm
Air sampling rate 51Imimn?l
Turn over time water 2.1min
Turn over time air 0.8 min
pump A 4
il
where it warmed up to approximately’6. Thereafter, the
W buffer tank was placed on a terrace outside the marine labora-
K tory and exposed to ambient air temperatures areut@PC
tan to —15°C, while the rest of the setup and instrumentation

remained indoors. The water from the buffer tank was trans-
Fig. 2. Schematic picture of bubble bursting experimental setup.ported into the marine laboratory through an open window
The tank was used as a buffer to recirculate the sea water samplgiit. The tank was never exposed to direct sunlight.
trough the PET bottle, where SSA was produced by an impinging The average warming and cooling rates were estimated to
water jet. Darker blue lines represent water, and the triangle symbo}ange between 1 and°Zh-1. This warming rate is more
indicates the water surface in the bottle. . ) . . .
than twice of that measured during a few daily warming
events in the Arctic Ocean (up to @ h~1, Eastwood et a/.

impinging water jet comparable to the one used to producezou)' Given the high warming and cooling rates in the ex-
aerosols in the PET bottle, was determined using an opticaPenmentS’ possible biologically-based long-term changes of

bubble spectrometer (TNO-mini BMS) in the stainless steel},::rtﬁ; (:;?g?:g;;jgﬁ?:;g?g;gg;eg f(]:i)ue tothe short time
tank (Leifer et al, 2003. Similar to previous studies by, for ' '

example Hultin et al. (2010 and Fuentes et al(2010, the

bubble spectrum was measured in a tank separate from thg Results

aerosol spectrum due to the size of the BMS and in order to

avoid contamination. In this section we present the analysis of the influence of
) water temperature on the air bubble spectrum. Links be-
2.5 Experimental procedure tween SSA microphysical properties (number concentration

and size distribution) and the Arctic Ocean water tempera-

Each one of the water samples of 1801 collected at the locayre, salinity, and oxygen saturation were analyzed. Medians
tions mentioned in Sec?.1was divided into two equal sub-  for the aerosol characteristics were calculated o€ Wide
samples. One subsample was used immediately in a bubblg pins. The total observational time per temperature bin var-
bursting experiment, whereas the other subsample was storgdq petween 8 and 73 min during warming experiments and
in a dark room at 4C air temperature (to minimize biologi- petween 6 min and close to 3 h during cooling experiments,
cal activity) for later experiments on the following day. The regpectively. Salinity bin widths were chosen as 1 %o, with
dark room was the only option to store the water at a rela-3 smaller bin width for salinities lower than 28 % as a result
tively low temperature without freezing. Eliminating the risk of imited data in this range (the lowest salinity measured was
of freezing was desired as a subsequent melting would beg 5 9%, and no salinity with 27.9 %. was recorded). The total
slow. A long melting time could result in a higher biological measurement time for each salinity bin was between 20 min
activity compared to the activity expected when storing theang close to 34 h. Based on the relatively narrow oxygen
sample at 4C in a dark room. saturation range between 72 % and 83 %, associated aerosol

Two different types of experiments were performed, gata were not binned according to oxygen saturation. The
“‘warming experiments” where the water was slowly warmed typical duration of one experiment was approximately 6 h.
up during the measurements and “cooling experiments”
where the water was sIowa cooled down. During Warming 3.1 Air bubble spectra dependence on sea water
experiments, the complete experimental setup was placed in-  temperature
side the marine laboratory where the water sample warmed
up due to its exposure to room temperature. For the coolingrhe investigation of water temperature effects on the air bub-
experiments, the sea water sample was first placed indoorsle spectra provides the background for the later discussion
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on the influence of water temperature on SSA properties. The —outside the fjord
influence of different salinities and oxygen saturations on the 10’ ; S _gg’js o giacter
bubble development could not be sufficiently studied due ta ' -~

N ===outside the fjord (median)
a limited number of bubble spectra measurements (varying | }@% 2

. . . B g et & - °
between one and seven measurementsiebin). Within E

-2
-n .ar*1.7

- 23

each temperature bin, the oxygen saturation and salinity val < : e =
ues covered only a narrow data range. ol 10 ? e \

All recorded bubble spectra were analyzed for the differ- 2 \ XX‘%
ent water temperatures. In order to obtain a better compar$ 2. W ¥
ison between the bubble spectra at different water temper 2 , o \
atures, the bubble number size distributions were normal- .
ized to the size distribution at the highest water temperature ~ *° .
Within each size bin, no trend in the air bubble population

with water temperature could be detected (data not shown).  10'L; L .

All air bubble spectra were divided according to sampling 10 bubble radius D, (um)
location and the average concentrations per bubble diameter
were calculated (Fig). Figure3 is based on 28 bubble spec- Fig. 3. Solid lines represent arithmetic means with standard devia-
tra measurements in water sampled outside the fijord, nindions for bubble population distributions versus bubble diameter for
measurements in water sampled close to the glacier and fiveifferent water sampling locations. The black dashed line shows as
measurements n doep sea water sampls. Al averaged bug? XATIe A medien or comparton wih e et nean 1
glne dsopr?((a:t;ébihl%vg) Sr??y:g,\,seh dagsla\/\g?;; dnye dpeec?zfzggfnk])ub- k_)ubbles produced in yvater With its origin outside the fjord_(black

. o . . line), close to the glacier (blue line) and deep water (green line), re-
ble number concentration with increasing but_)ble dla.meFer. spectively. Red lines represent power law functioNgd- = ar "

A two-sample Kolmogorov-Smirnov test with a rejection it the bubble radius for b = 2, » = 1.7 andb = 2.3.
of the null hypothesis at a 5% significance level was ap-
plied to the different bubble spectra. A significant difference
was found between the deep and glacier water bubble sizg; |imited to at the most 30 %. For the other water types, the
distributions for the first three size bin®§ 30 um, 36 um  (ifference is smaller.
and 45 um) and for bubble diameters of 84 um and 465 um.

A comparison of the bubble spectra resulting from water out-3.2  Particle number concentration dependence on
side the fjord and the deep water showed significant differ- water temperature
ences aDy 45 um andDy 123 um.

The shapes of the averaged bubble number size distribufhe particle number concentrations as a functiomphbe-
tions, for the three different waters, were compared to typ-tween —2°C and 9C are shown for each experiment as
ical bubble size distributions measured in the ocean to ena median for each temperature bin in Fyg.Figure5 dis-
sure that the preconditions of producing realistically aerosolplays the medians of particle number concentrations per wa-
spectra apply. Generally, bubble size distributions can be deter temperature bin for the three different waters. While
scribed as a power law functioB@dwyer, 2001, Leifer and  Fig. 4 presents information about the variability of the parti-
de Leeuw 2006 Hultin et al, 2010 with the radius of the cle number concentration generated by one water type5SFig.
bubbler: allows for a comparison between the different waters. In each

b case two experiments were conducted with deep water and
dN/dr =ar™". (1) k ' i
water sampled close to the glacier and six experiments were

For 01 mm< Dp < 1mm, the exponent b for bubble size conducted with water from the fjord mouth. For the experi-
distributions observed in the real ocean has been estimatemhents based on water close to the glacier and deep sea wa-
to be close to 2 (sedultin et al, 201Q for a compilation of  ter, the two experiments were conducted with water sam-
measurements). Power law functions with the exponents opled at one single time, but half of the water was stored be-
b=2,b=17 andb = 2.3 are shown in Fig3 and suggest fore starting the second experiment. For water outside the
that the measured bubble spectra are comparable to bubbf@rd, four experiments were conducted with two water sam-
spectra occurring in the ocean, at least fyy> 0.1 mm. In ples collected at the same time. For the other experiments
addition to the arithmetic mean values of the bubble spectravith water outside the fjord, no water sampled at the same
shown in Fig.3, a median is shown as an example. For thetime was used twice. Only data from warming experiments
bubble size range which follows the typical power law func- are considered, and only data for the most common salini-
tion of bubbles in the real oceaf > 0.1 mm), the arith-  ties between 34 %o and 35 %o (representing more than 33 h
metic mean and the median of the bubble spectra are essenf measurements) were used in the analysis, in order to ex-
tially not different. Even at sizeBy < 0.1 mm, the difference clude any possible influence of salinity. The typical salinity
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Dp >0.01 um Dp >0.25 um Dp >0.01 um Dp >0.25 um
5000—————— g - 12001 . - 5000——————— 1200
a) -@-outside the fjord b) -@- outside the fjord @ outside the fiord @ outside the fiord
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Fig. 4. Medians of particle number concentration for distinct water Fig. 5. Medians of the particle number concentration as a func-
temperature bins and each experiment. Dashed lines represent 254an of water temperature for different sampling locations. Dashed
and 75th percentiles. The salinity was between 34.3 and 34.4 %fines represent the 25th and 75th percentil@sMeasurements for
for the sampled water close to the glacier, 34.4 to 34.7 %. for theparticles withDp > 0.01um.(b) Measurements for particles with
deep water and 34.1 to 35.0%. for experiments which were con-p,, > 0.25um. Note the different scales.

ducted using sea water from outside the figeg Measurements for

particles withDp > 0.01um.(b) Measurements for particles with

Dp > 0.25um. Note the different scales.

ond half was used in an identical experiment the subsequent

of WCW occurring in Kongsfjorden is approximately be- day (though not always covering exactly the same tempera-
tween 34 %0 and 35 %diehl Harms et al2007). For the to-  ture range). The experiments from the first day were com-
tal particle number concentration, particle sizes are analyzegared with the experiments from the second day for the dif-
separately foDp > 0.01um andDp > 0.25 um based on the  ferent types of water. The smallest difference was obtained
cut-off sizes of CPC and OPC used for the measurements. for deep sea water (not shown), where the particle number

Generally, particle number concentrations decrease wittconcentrations differed by less than 10 ¥p(> 0.01pum)
increasing water temperature. This effect is clearest for theand around 7 %10, > 0.25um). For the water sample col-
lowest water temperatures, while for higher temperatures théected close to the glacier, the particle number concentra-
decrease levels off. The magnitude of this effect is differ-tions were 44 % lower Iy > 0.01um) in the experiment
ent for the different water samples (Fi4). Quantitatively, = conducted the first day compared to the second day, and 51 %
the surface water from the fjord mouth spans a wider rangdower for particles with abp > 0.25um. For the surface wa-
of particle number concentrations (up to a factor of 5) for ter from the fjord mouth, the particle number concentration
a given temperature compared to particle concentrations refor the first experiment was on average 97 % and 68 % lower
sulting from deep sea water and water close to the glacierfor particles D, > 0.01um and particle®p > 0.25um, re-
The water sampled close to the glacier results in one curvespectively. Comparing the other two experiments replicated
close to the center of the data range and one in the uppewrith sea water outside Kongsfjorden resulted in differences
range from the fjord mouth water, while both curves resultingaround 14 % for both particles withp > 0.01 um and parti-
from deep water are in the upper range (Mjy.We cannot  cles withDy > 0.25um.
say, however, if additional experiments would have shown Medians of the particle number concentrations for each
a larger variation for the glacier and deep water, as well. Fowater temperature bin for the distinct water types are shown
the glacier water, where we have two experiments, the temin Fig. 5. The median of the particle number concentra-
perature range shows a difference in particle number contions for the different water types converge & > 6°C.
centrations of up to a factor of about 2—-3 (fB; between  Figure5 indicates that belowy, 7°C, the median particle
4 and 5°C andDp > 0.01um). At sea water temperatures of number concentrations (for particles with, > 0.01um
around 8C-7°C, the particle number concentrations gener-and particlesD, > 0.25um) produced from the water sam-
ally converge to around 400 particIeSC?n(Dp > 0.01um pled close to the glacier and out of the fjord do not dif-
and 200 particles cn? (Dp > 0.25um) (Fig 4a, b). fer significantly, but the median particle number concentra-

As previously described, half of the sea water sample wagions from deep sea water are significantly higher. A two-
used on the same day the sample was collected and the sesample Kolmogorov-Smirnov test applied to the data shows
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Fig. 6. Medians of the relative change in particle number concentra-Fig- 7. Comparison of warming experiments with their re-
tion from one temperature bin to the previous one. Numbers on théated cooling experiments using sea water from outside the
x-axis represent the middle of the two temperature bins for whichfiord (W1=warming experiment 1, C1=cooling experiment 1,

the particle number concentration change was calculé&@gdlea- W2 =warming experiment 2, C2 = cooling experiment 2). The same
surements for particles withp > 0.01um. (b) Measurements for markers indicate two related types of water. Dashed lines are the
particles withDp > 0.25um. 25th and 75th percentiles. Red solid lines represent experiments

with increasing water temperature and blue solid lines experiments
with decreasing water temperatu¢a) Medians of particle number

a significant difference for all waters and temperature binsconcentration withy, > 0.01um.(b) Medians of particle number

(significance level of 5%). concentration withDp > 0.25um.

The relative change in aerosol number density from one
temperature bin to the next one shows a maximur,abe-
tween 2C and 5°C (Fig. 6). At this temperature range, the
decrease ofy, by one degree results in an increased aeroso
concentration of the order of 22 % to 33 % for particles with
Dp > 0.01um and between 14 % to 27 % for particles with
Dp > 0.25um, depending on the type of water. At higher and
lower sea water temperatures the rate of change in the aeros
concentration is lower. This type of pattern is observed for all
three types of water (Fig), but it is less pronounced for the
glacier water.

To test whether the increase in aerosol concentrations wit
decreasing water temperature is a robust feature and to e
clude possible unknown experimental artifacts, the whole
procedure was performed in a reversed manner. The se
ond half of the sample was in two cases slowly Warmed
up in darkness to 2C and 5°C, respectively. The bubble

ture shows a similar trend of comparable magnitude. The
erosol number density fdp, > 0.01 um changed by 87 %
C2) and 89% (W2) for a change betweBp= 0.5°C and
Tw = 5.6°C. The associated accumulation mode aerosol den-
sity for Dp > 0.25um changed by 82 % (C2) and 81 % (W2),
respectively. The other set of warming/cooling experiments
1/C1) displayed a similar trend, but with much larger dif-
ference in magnitude between the cooling and warming ex-
periments. The number particle concentration change was
51% for C1 and 35% for W1 withDp > 0.01pm (from
= —0.5°C to T,y = 1.5°C). A number increase of 35 %
)fC1) and a decrease of 24 % (W1) were calculated for parti-
cles withDp > 0.25pm.

Comparing the absolute particle number concentrations
can be misleading, since it depends on the experimental setup
(the position of the water pump with respect to the water level
bursting experiment was then carried out, while the tankm the tank and the PET bottle and the water flow itself). Dif-

with sea water was placed on a terrace outside the Marng .ent water pump heights will result in different intensities

I;lb(:rr]atory snd tthe ts%mplg \f[vater W"’:S slowly C?;_’zlfg dOWnof the water jet impacting on the water surface (different wa-
y the ambient outside air temperature (appre: )- ter flows) and so in different efficiencies of air entrainment

{/r\I/ZF'g th?ﬁ warming ?xgerlmlents (referred tto as le 3 tdlnto the sea water. This change in entrainment will influence
) i eir associated cooling experiments (referre Othe magnitude of air bubble formation in sea water. This is

as C1 and C2) are presented. It is clear that cooling of th%llustrated with the W1 experiment (Fig) where the wa-
sea water from 2C (C1) and S)C (C2), respectwely to sub- ter pump was situated in a lower position compared to the

"Sther experiments, which most likely resulted in a larger wa-
centrations for both cases, i.e., a mirroring of the warmmgter flow.

experiments. For the warming/cooling experiment W2/C2,
the change in aerosol emissions with sea water tempera-
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Table 3. Salinity bins and the days from which the median total D,>00L m D, >0.25 um
particle number concentration for the different water temperature A (@802 % T T T Ty [@ %R
bins was calculated. ittt I Souzr
3000, : : -@-33 1034 %o -@-331034 %
.. . . '34:235%0 800- '34}(335%0
Salinity bin (%) Day of experiment “@-351036 % “@-351036 %
260 27 7 Mar s § o0
271028 7 Mar £ E ol
321033 5 and 6 Mar g7, 2000 £t
33t034 5 and 6 Mar % 3 § g 500"
341035 21, 22, 23, 24, 25, 26, 27 Feb and 1, 5 and 6 Mar £ £ 1500 £ £
3510 36 21,22, 23,24 Feband 1, 5 and 6 Mar ze 2 %0
§. 1000 g 3001
200}
3.3 Particle number concentration dependence on 5000 ol
salinity
Y1 0123456780910 Y1 0123456780910
Besides water temperature, changes in salinity are expecte .. water temperature (°C) water temperature (°C)

to have a pronounced effect on the aerosol ConcentratloIi]—'ig. 8. Median particle number concentration dependence of salin-

resultlng frqm the bubble b“rs“”g process. In, the follqw- ity for different water temperature bins. Dashed lines represent 25th
ing subsection, resoults from eoxperlments covering a salinity;ng 75th percentilega) Medians of total particle number concen-
range between 26 %. and 36 %. and measurement times Pefations for particles with ®p > 0.01um.(b) Medians of total par-

salinity bin between 20 min and 33 h are presented. Differ-ticle number concentrations for particles witiDg > 0.25 um.
ences in salinity result from

— different sampling locations,

than 1000 cm?, rather high. As discussed earlier, the aerosol
concentration can vary substantially among individual sam-
— adding fresh glacier ice to the water sample. ples for the same salinity and temperature. The low variabil-
ity in measured particle number concentrations for salinities
Fresh glacier ice was collected close to Rigsund and  between 32 %o and 33 %o is likely a result of the small num-
added to a water sample in an attempt to investigate the effedier of experiments conducted for this salinity range=(1).
of melted glacier water on aerosol emissions from sea wateror T, from 2°C to 4°C, the median particle number con-
Table3 displays the different salinities and the days the ex-centration Dp > 0.01um) is highest for salinities between
periments were conducted. On the evening of 6 March, frest84 %. and 35 %0 and then decreases with decreasing salinity.
glacier ice was added to the water sample and the salinitf-or higher water temperatures, there is no clear trend of the
decreased below 28 %o the following day. median particle number concentration with salinity. A simi-
On 5 March water was sampled outside the fjord and thear pattern can be observed for the measurements of particles
salinity was typically expected to be above 34 %.. However, with Dp > 0.25um.
since the sea was almost completely frozen, except at some Since the variability of the measured particle number con-
spots from where the sampling took place, a high amountentration for a certain salinity within one temperature bin
of ice slush with a lower salinity was also collected from is relatively large, especially for salinities between 33 %o and
the ocean surface, leading to relatively low salinities in the36 %o, a two-sample Kolmogorov-Smirnov test was applied
sample, i.e., between 32 %o, and 34 %.. For all sampling sitesfo the data. A test was conducted to determine if the particle
the sea water samples often froze during the transport tmumber concentration of a given salinity within ofig bin
the marine laboratory. Therefore, at water temperatures bewas significantly lower compared to the particle number con-
tween zero degrees and the freezing point of sea water (abowgentration resulting from water having the adjacent higher
—1.5°C to —1.9°C depending on salinity) salinities higher salinity range. The test was applied for particle number con-
than 34 %o were measured as a result of a not yet completelgentrations withDp > 0.01 pm andDp > 0.25um. Figured
melted sample in the storage tank. shows, that for particles with @, > 0.01um, the hypoth-
Measured median, 25- and 75-percentile particle numbeesis was fulfilled for salinities between 32 %o to 34 %o for
concentrations as a function of water temperature and salinthe whole temperature range and that it was rejected for
ity are shown in Fig8. For Ty, from —2°C to +2°C, the  the salinity range between 34 %0 and 35 %o i > 2°C.
median particle number concentratioPy(> 0.01um) de-  The test results differ only slightly for the particles with a
creases with salinity for each temperature bin, but the vari-Dp > 0.25um.
ability of particle number concentration within one water  Only in the range off,, between—2 and—1°C and Ty
temperature bin is, with an interquartile range up to morebetween 0 and 9C were there significantly lower particle

— formation of ice slush at subzero temperatures, and

www.atmos-chem-phys.net/12/10405/2012/ Atmos. Chem. Phys., 12, 1040821 2012
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D, >0.01pm D, >0.25 um 35 %o and 36 %o) and to the most common salinity of 34 %o to
a)‘ T significant change b; T significant change 35 %0 (nOt ShOWﬂ).
FEE i EEEia All size distributions showed local maxima and minima
B3 | e ] at the same sizes and no influence of the examined salinity
range on the shape of the size distribution was detected. No
HOBHBEBEBBBBBB BB 30035% BEBBBRBE N g . )
salinity dependent trend in total particle number concentra-
5055 | souseee tion for sub-micron and super-micron particles was observed.
321033% | 20w ] 3.6 Influence of water temperature on the particle
number size distribution
27 t0 28 %o * 4 27 t0 28 %ol *
The impact of the water temperature on the magnitude and
261027 %ol 2 3 1 261027 %l . ] shape of the aerosol number size distribution was examined
using data from measurements performed on 3 and 4 March
B e R e e I e SN N RAr ar e aa 2010. The changes in median aerosol size distribution were
vater temperatre *C vater temperature *C studied during a warming experiment frafy —1°C to 5°C

Fig. 9. Green markers show significantly lower particle number (Fig. 10) and the corresponding cooling experiment from

concentrations for the salinity to the left of the markers compared4 °C to —2°C (Fig. 11). These two experiments cover t.he
to the adjacent higher salinity bin by applying the two-sample MOst relevant sea water temperature range and can be directly

Kolmogorov-Smirnov test. The red markers show a rejection of thecompared to each other as they were made with the same wa-
hypothesis(a) Dp > 0.01pm(b) Dp > 0.25um. ter sample. Aerosol size distributions from other experiments
were analyzed in a similar way and the result from these ex-
periments are well represented by the example experiments
from 3 and 4 March (Figsl0 and 11). For every *C sea
water temperature bin, the median aerosol size distribution
is based on 8-18 (individual) DMPS size distributions and
150-400 (size) distributions measured by the OPC.

A comparison between the number size distributions re-
sulting from warming (Fig.10a) and cooling (Fig.11a)
shows that for all size distributions, independent of the as-
sociated water temperature, there are two local maxima at
180 nm and 570 nm. The most prominent feature is the ro-
bustness of the aerosol size distribution shape. Changes re-
The oxygen saturation in the experiments varied over a Narfated to sea water temperature are pronounced almost only
row range between 72 % and 83 % during the whole win-in the magnitude of the aerosol size distribution. The rela-
ter experiment, which made it difficult to assess a possiblg;je proportion between both modes at 180 nm and 570 nm
influence of oxygen saturation on sea spray aerosol emisy powever changing slightly depending on sea water tem-
sions. Taking two rather different cases with water temper-perature. During both the warming and the cooling exper-
ature ranges betweerf€ and 6C and I°C and 2C and  jpent (Figs.10a and11a), for water temperatures up to
similar salinities between 34 %. and 35 %.; a dependence of\gocy the maximum at 180nm is most distinct. For sea
oxygen saturation on particle number concentration for paryyater temperatures greater thaiC3 the peak at about
ticles with aDp > 0.01pm andDp > 0.25um was not ob- 570 nm is more pronounced. In addition, a smaller local max-

number concentrations (foDp > 0.01um) between one
salinity bin and the adjacent higher salinity bin, indicating
that the particle number concentration followed a trend with
salinity. For particles withDp > 0.25um this was only ob-
served forTy, between-1 and O°C (Fig. 9).

3.4 Particle number concentration dependence on
oxygen saturation

served. imum at around 2 pm becomes more important at higher sea
water temperatures. Median aerosol volume size distribu-

3.5 Influence of salinity on the particle number size tions for the same warming and cooling experiments were
distribution calculated for the different temperature ranges and are shown

in Figs.10b and11b. A maximum of the total aerosol volume
The influence of salinity on the shape of the particle num-within the measured size range was observed at dry diame-
ber size distribution was examined for waters having a wateters between 3 um and 4 um. Below 2 um size, the aerosol
temperature between°€ and 7C. This temperature range volume is decreasing with increasing sea water temperature
was chosen as the measurements in this interval covereith a similar pattern as the aerosol number size distribution.
a broad range of salinities (between 26 %o and 36 %0). Me- A comparison between the median number size distribu-
dian number size distributions for the lowermost measuredions calculated for the three different kinds of sampled wa-
salinities (between 26 %0 and 28 %0) were compared to theter (outside the fjord, close to the glacier and the deep water
size distribution of the highest measured salinities (betweersample) forT,, = 2°C—4°C shows a consistency for all local

Atmos. Chem. Phys., 12, 10408:0421, 2012 www.atmos-chem-phys.net/12/10405/2012/
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Fig. 10. (a)Median particle number size distributions for different Fig. 11. (a)Median particle number size distributions for different
water temperaturegb) Particle volume size distributions for dif- water temperaturegb) Particle volume size distributions for dif-
ferent water temperatures. The warming experiment was conducteterent water temperatures. The cooling experiment was conducted
with water sampled outside the fjord on 3 March 2010. The partwith water which was sampled outside the fjord 3 March 2010 and
of the size distribution measured by DMPS is marked with circles, then stored in a dark room with an air temperature 9€4The part
whereas the part measured by OPC is marked with squares. Onlgf the size distribution measured by DMPS is marked with circles,
every second bin data point is shown for clarity. whereas the part measured by OPC is marked with squares. Only
every second bin data point is shown for clarity.

maxima and minima (Figl2a). Medians were calculated

using between 24-66 size distributions from DMPS mea-with a discussion of the results regarding how water temper-
surements and between 610-1690 size distributions from thature influenced the air bubble spectra. An influence of water
OPC measurements. Peaks in the size distributions are foun@mperature on air bubble spectra was not included in the hy-
at about 180 nm, between 375nm and 615nm, and aroun@othesis, but was expected to give an explanation for possible
1.8pum. The peak at 180 nm and the peak between 375 nrobserved relationships between the tested physical properties
and 615nm have the same magnitude for each size distriand the SSA emissions.

bution of the different types of water, whereas the mode at

1.8 um is much lower in magnitude for all size distributions. 4.1 Effect of sea water temperature on air bubble

The slight difference in the magnitude of the peak between number spectra

the different types of water may result from the large vari-

ability in particle number concentration between the experi-The observed bubble spectra between about 10 g <
ments (Fig4). The corresponding volume size distributions 1140um was shown to be comparable to bubble spectra mea-
for respective types of water (Fid2b) show a peak at dry  sured during other in-situ experiments under non-laboratory
diameters between 3 um and 4 um. conditions. Consequently, the generated SSA should mimic
the bubble driven flux as far as our understanding permits.
However, for the experiments presented here, no dependence
of the bubble number size distribution on sea water temper-
ature was detected for bubbles with 30 ghDp < 1140 um.

The hypothesis, that primary marine sea spray aerosol emisthis undetected impact of sea water temperature on the bub-
sions are affected by changed physical properties of the Arcble spectra is somewhat unexpected since several previous
tic Ocean, is partly confirmed and partly repudiated. The hy-studies have detected such an influence, both in fresh water
pothesis was repudiated for a change in oxygen saturatioand in sea waterHwang et al. 1991 Thorpe et al. 1992
between 72% and 83 % and could not be confirmed for aSlauenwhite and Johnsat999. Hwang et al(1991), using
change of salinity between 36 %o, and 26 %o (for a wide rangean impinging water jet, showed that the entrainment depth of
of different water temperatures). The hypothesis that an inbubbles with a diameter of 0.1 mm increased with increasing
crease in average water temperature impacts on SSA emisvater temperatures from 2C to about 19C and remained
sions was on the other hand confirmed. The results which le@t a plateau value for higher water temperatures.

to these conclusions will be discussed separately for the dif- Thorpe et al(1992 pointed out that when water temper-
ferent tested parameters in the following sections, beginningture increases, the molecular diffusivity also increases, but

4 Discussion
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10° 4.2 Effect of oxygen saturation on particle number
a) @ outside the fiord

$sdsins ® close to glacier concentration
' - deep sea water
gessuvy Ly | . |
n No dependence of the particle number concentration on oxy-

L} gen saturation between 72 % and 83 % for particles with a
10 b Dp > 0.01ym orDp > 0.25um was observeddultin et al.
e T e Ty (2010 did find a relationship between dissolved oxygen (in
By (') an oxygen saturation range between 90 % and 107 %) and sea
w07 spray production in the northeast Atlantic Ocedultin et al.
y o (2011 observed an anti-correlation between particle produc-
107 eeeRE=" ] tion and dissolved oxygen at shallow water in the Baltic Sea,
000®° : following the biologically driven diurnal cycle in the water
e o o @ outside the ford|| (oxygen saturation range between 90 % and 100 %).

@ close to glacier
deep sea water
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Fig. 12. (a) Comparison of median particle number size distri- The influence of'salinities betwegn 26 %?" and 36 %o 9” th?
butions for different sea water typeth) Comparison of median ~ Shape and magnitude of the median particle number size dis-
particle volume size distributions. Dashed lines represent the 25tfiributions revealed no clear trend for water temperatures be-
and 75th percentiles. The part of the size distribution measured byween 6 and 7C. A trend of increasing total particle num-
DMPS is marked with circles, whereas the part measured by OP@er concentration with increasing salinity was only observed
is marked with squares. Only every second data point is shown fofor T, between—2 and—1°C andT,, between 0 and 1C
clarity. (both for Dy > 0.01pm) and forT,, between—1 and (°C
(Dp > 0.25um). An impact of salinity on particle number

. . . ) size distribution and particle number concentration has been
the viscosity and the solubility of oxygen and nitrogen de- ,pqerveq in other studiesM@rtensson et al2003 Hultin
crease. The d(_acreas_,e in V|sc03|ty_for h|gh¢r water temperg; al, 2011). Martensson et a{2003 compared number size
atures results in a higher bubble rise velocity. At the sameigyintions with salinities of 9.3 %o and 33 %o. Higher num-
time, f[he reduced solubility of oxygen and nitrogen with in- ber concentrations for particles witb, > 0.2m, but a simi-

increase in diffusivity. As a net effect, the numerical model \\,yner concentrations over the whole measurement range
by Thorpe et al(1992 showed an exponential decrease of ¢, pigher salinity ranges (examining real ocean water with
the mean bubble concentration with increasing temperatureginities about 6 %o. 7 %, and 35 %o salinity).

with a halving for every 10C for bubbles with radii be-

tween about 10um and 150 ym at 4 m depth. Sl_nce the tran_§[.4 Effect of sea water temperature on particle number
fer function between bubble number concentration and parti- concentration

cle number concentration is unknown, one can only speculate

what this implies for our observations. A dependence of primary marine particle number concen-
Our measurements focused on sub-micrometer particles, a4ion with water temperature has previously been observed
These particles are most likely a consequence of evaporatloBy a number of authorBpwyer et al, 1990 Hultin et al
and production of so-called film drops with radii between 2011 Sellegri et al. 2006 |\/|?irtenssonr et gl2003. Bowyeﬁr
about 1(_)nnj_and a few hundred micrometers. Somewha&t al. (1990 used a 3m long white cap simulation tank, in
counter-intuitively, these small droplets (and thus the subsynich two waves of collected coastal water broke against
micrometer particles) are most likely produced by air bub-gach gther in the middle of the tank. They observed (sim-
bles larger than 2mm in diameter, whereas air bubbles with 5 14 oy study) a steep decrease of particle number con-
a rad_|us smaller tha_m 1 mm mainly form droplets with a ra- centration for particles with @, < 3um with slowly in-
dius in the super-micrometer rangge(Leeuw et a).2011). creasing water temperature fronf® to 13°C. For tem-
With our instrumentation, we could only measure air bubblesperatures higher than 2, the particle number concentra-
with Dp < 1140um. Thus, we could not obtain any informa- i, remained constanMartensson et a{2003 observed
tion regarding the temperature dependence of the bubble sizg ye rease of particle number concentration with increas-
range that was perhaps the most relevant for the particles Otihg water temperatures (for the temperature2°C, 5°C
served. 15°C and 23 C) for particles withDp < 70nm. For particles
with Dp > 350nm an increase of particle number concen-
tration was observedsellegri et al.(2006 reported a shift
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of modes from 110 nm to 85 nm, from 45nm to 30 nm and temperature, as one would expect if the whitecap fraction de-
from 300 nm to 200 nm, when water temperature decreaseg@ends on the sea surface temperature as suggestdory
from 23°C to 4°C. BothMartensson et a(2003 andSelle-  ahan and O’Muircheartaigfi986 andJaegk et al.(201J).
gri et al. (2009 used artificial sea water and a sintered glassOne explanation could be that the water surface in the ex-
filter at the bottom of an experimental tank to produce theperimental bottle was too limited to allow for an undisturbed
bubbles.Hultin et al. (2011) observed, during experiments whitecap fraction evolution (that wall effects limited the bub-
with Baltic Sea water, a decrease of aerosol number concerble plume and hence the white cap size). On the other hand,
tration in the size range 02 um< Dp < 1.8um, when water  no change in the bubble spectrum with temperature was ob-
temperature of 4C changed to 14C. The negative correla- served either, which is notable as this should be a major cause
tion of the number concentration with water temperature wasof the whitecap fraction change with water temperature. An-
observed for all particle sizes. An identical setup to the oneother possible reason for the contradictory results obtained in
used in our experiment was used in that study. We concludeur study and the ones presentedlbggé et al.(2011) could
that the observed trend of particle number concentration wittbe that the latter focused on coarse mode concentrations of
water temperature is not due to changes of oxygen saturatiorsea salt, whereas the temperature dependence observed in our
This conclusion is based on the fact that a change in oxygestudy was most clear for aerosols with a diameter smaller
saturation between 72 % and 83 % for the water temperaturéghan 1 um. A positive temperature trend could also be ex-
range 5-6C and 1-2C did not cause any change in particle plained by the results dflartensson et a(2003, which in
number concentration, whereas a change in water temperaontrast to the current study saw increasing aerosol numbers
ture within these small intervals did. produced at diameters larger than about 350 nm with increas-
Although several studies support our results of a decreasang temperature (and decreasing numbers for smaller parti-
in total particle number concentration with an increase incles in agreement with the current study).
water temperature (see studies mentioned above), there are Conducting warming experiments with water sampled at
some studies indicating the opposite relationsMpnahan  the same time but used on two different days showed parti-
and O’Muircheartaig1989 demonstrated that for a con- cle number concentration differences of up to 97 % (for the
stant wind speed, an increase in water temperature enlargesmme size range and water temperature). The inevitable dif-
the whitecap fraction on the ocean surface. This is importantferences in experimental setup between the different experi-
as the sea spray aerosol production is considered proportionahents made it difficult to repeat a certain experiment and ob-
to the whitecap fractionlaegé et al.(2011) compared glob-  tain exactly the same results. However, it cannot be excluded
ally modeled and observed mass concentrations of coarsenat biological and chemical activity modified the properties
mode sea salt aerosol (in their study taken to be particle®f the water during storage which may have affected the par-
with a radius between 0.3 and 3 um) and concluded that théicle concentration.
modeled bias was improved when introducing an increased In recent years, it has been shown that organic matter may
sea salt production with increasing water temperature. Theontribute to a large fraction of the SSA sub-micrometer
increase of whitecap fraction with an increase in surface waimass Q’'Dowd et al, 2004 Vignati et al, 2010. One pos-
ter temperature can be explained by an increased productiosible explanation for the observed change in SSA concentra-
of smaller air bubbles with slower terminal rise velocities tion with temperature is that over time, a depletion of organic
compared to larger bubbles with an increase in water tempereompounds from the sea water in the storage tank occurred.
ature.Monahan(1985 in Monahan and O’Muircheartaigh Even in the beginning of the twilight period in the Arctic,
1986 showed that the time constant characterizing the decay certain amount of organic material can be expected. Since
of whitecaps changed inversely with the terminal rise speedhe polar night near Kongsfjorden lasts from 25 October to
of the smaller bubblesAnguelova et al(2006 stated that 17 February $vendsen et 3l2002, our measurements took
a decrease in viscosity caused by higher water temperaturgdace in the beginning of the biologically active period.
facilitated wave breaking and as a consequence prolongs the However, our observations, and especially the sets of mir-
lifetime of a whitecap. Another suggested explanation for ob-roring warming/cooling experiments, support that for win-
served large-scale increases in whitecap fraction with an inter Arctic Ocean seawater, most of the variation in particle
crease in water temperature is the difference in the duratiomumber concentration originated from sea water temperature
of a certain wind speed over different areas. Trade windschanges and not from a depletion of organic substances from
for example, occur over relatively warm waters and persistthe sea water.
relatively long so that whitecaps can fully develop, whereas The aerosol emissions were most likely controlled by the
over colder waters the duration of high wind speeds is relaphysical properties of water (temperature dependent changes
tively short Monahan and O’Muircheartaigh986. During in surface tension and viscosity), whereas they were not lim-
our laboratory experiments, we did indeed produce small arited by the amount of organic substances. Our results sug-
eas of whitecaps as a consequence of air bubbles reachingest that the organic fraction of the SSA, under the condi-
the water surface. However, we did not observe any increaséons observed, is not controlling the number concentration
in particle number concentration with an increase in wateritself (within one experiment). This hypothesis needs further
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testing and has to be experimentally explored as other stud- — Increasing (decreasing) wind speed will increase (de-
ies have shown a clear effect of organic matter on physical crease) whitecap fraction and thereby increase (de-

properties of water which may alter air bubble generation. crease) albeddfonahan and O’Muircheartaigh986).

For exampleNageli and Schan997) reported that surface

tension was reduced by phytoplankton exudated émmland — Increasing (decreasing) temperature will decrease (in-
Leckie (198]) theoretically described the decrease of sur- ~ Crease) sea ice cover and increase (decrease) sea salt
face tension caused by surface-active organics. An impact ~ €missions (e.g.Nilsson et al. 2003, Struthers et aJ.

of organics on bubble properties was determinedyrett 2011).

(1967. A stabilization of air bubbles on the air—sea interface
due to surface-active substances scavenged by the air bub-—
ble while rising to the water surface was observed. However,
with our current data, we cannot address the role of surfac-

tants in SSA emissions for winter Arctic Ocean conditions. Struthers et al(2011), however, indicated that the impact of
These somewhat contradicting results call for further studiesfuture changes in wind speed on the sea salt aerosol produc-

on the role of organic matter on particles emissions from the;jon, over the Arctic Ocean was small compared to those as-

oceans. sociated with changes in sea ice coverage and sea surface
temperature. All in all, the magnitude and interplay between

the decrease of sea ice coverage, the increasing sea water
temperature, changes in wind speed and the possible accom-

The observed trend of decreasing SSA production with in-panied change in whitecap coverage should be addressed in
creasing water temperature may have large implications fofarge-scale model studies, where changes in meteorology,
the climate in the Arctic region. The diminishing sea ice 0cean characteristics and marine aerosol emissions all are
will result in a decreased surface albedo and contribute tdepresented in a consistent manner. An updated sea spray
a positive feedback of the Arctic warming. At the same time, @erosol emission parameterization, which better represents
larger areas of ice-free ocean will provide large areas of pothe effects of low sea water temperatures on the SSA emis-
tential SSA emissions, which in turn can act as a negativesion strength, would be useful to develop for these types of
feedback by increasing aerosol scattering and by modifyingstudies.

cloud microphysical properties providing additional CCN

(cf. Struthers et al.2011). On the other hand, with increas- )

ing sea water temperature and as shown in this study, the s¢a Summary and conclusions

spray source strength might decfeas_e and thus We_aken t fhe influence of water temperature, salinity, and oxygen sat-
negative feedback of SSA on Arctic climate. Another impor- . o : :
uration on sea spray aerosol emissions from winter Arctic

tant factor influencing the sea spray aerosol emissions is thg :
. : cean sea water was studied by means of laboratory ex-
wind speed. In order to answer questions about how changes

in SSA emissions influence the future Arctic climate, it is periments at NyAlesund, Svalbard. In ambient conditions,

. . . wind speed is the dominant physical parameter determin-
important to consider all of the above-mentioned factors. To. : .
. . ing sea spray production (e.g., Nilsson et al., 2001). Tank
summarize, there are a number of potential feedback pro- ; L
) . : experiments, such as those presented in this study, remove

cesses between a future changing climate, changes in surfacé

) . . any influence of wind speed. The results show that in the
albedo and changes in sea spray production, for example: . ) .
absence of wind, sea water temperature is the most impor-

— Increasing (decreasing) water temperature will decreaséant of the studied parameters controlling the magnitude of
(increase) sea spray emissions due to changes in thgea spray aerosol emissions. During the bubble bursting lab-

physical properties of water (present stuowyer  oratory experiments and for the measured water temperature
et al, 199Q Hultin et al, 2011). range between 9C and—2°C, particle number concentra-

tions were increasing with a decrease in water temperature.
— Increasing (decreasing) wind velocities will result inin- The largest change of magnitude was observed betwe@én 2
creased (decreased) sea spray emissiomee(t, 1978  and 5°C where the rate of change was between 22% and
Nilsson et al, 2001, Geever et a).2009. 33% per IC for particlesDp > 0.01um and between 14 %

. . - and 27 % for particle®p > 0.25um. No clear relation was
— Increasing (decreasing) water temperature will mcrease];

. . ; und between sea spray aerosol concentrations and salin-
(decrease) whitecap fraction and increase (decrease

sea spray emissiondpnahan and O'Muircheartaigh ity. In addmon,. for the I|m|teq oxygen range enc;ountered,
1986 oxygen saturation changes did not influence particle number

concentration. The dependence of sea spray aerosol emis-
sions on water temperature was reflected in the magnitude of
aerosol concentrations in various modes, whereas the aerosol

Increasing (decreasing) temperature will decrease (in-
crease) sea ice cover and decrease (increase) surface
albedo.

5 Future implication
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size distribution shape remained unchanged. This is consisomiso, J. C., Parkinson, C. L., Gersten, R., and Stock, L.: Acceler-

tent with the fact that the particle number size distribution ated declim_e in the Arctic sea ice cover, Geophys. Res. Lett., 35,

shape exhibited a conservative behavior for all conducted ex- L01703, doi10.1029/2007GL031972008. _

periments. Further research is needed to clarify the potentigfl€ Leeuw, G., Andreas, E. L., Anguelova, M. D., Fairall, C. W.,

effect of organic matter on SSA concentrations and to put in ;eW'_S' Efl R., (f) Dowd, C., SChulz,I MR., ang Schgvartzl,lg. FEeé;(r)%_l

perspective to the observed water temperature effect found jn 4uction flux of sea spray aerosol, Rev. Geophys., 49, ’
. . . . doi:10.1029/2010RG000342011.

this study. Furthermore, implementation of our results into

| le cli del Id b ful . Eastwood, S., Le Borgne, Péf, S., and Poulter, D.: Diurnal vari-
arge-scale climate models wou e useful to give a more ability in sea surface temperature in the Arctic, Remote. Sens.

complete picture of the feedback processes occurring in the gpyiron,, 115, 2594-2602, daD.1016/j.rse.2011.05.018011.
Arctic region. Falkner, K. K., Steele, M., Woodgate, R. A., Swift, J. H., Aa-
gaard, K., and Morison, J.: Dissolved oxygen extrema in the
Arctic Ocean halocline from the North Pole to the Lincoln
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