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Abstract. Primary marine aerosols (PMAs) are an important ter temperature range). Fby, > 0.125um, the particle num-
source of cloud condensation nuclei, and one of the key eleber concentrations during winter were mostly higher than in
ments of the remote marine radiative budget. Changes occusummer (up to 50 %). The normalized particle number size
ring in the rapidly warming Arctic, most importantly the de- distribution as a function of water temperature was examined
creasing sea ice extent, will alter PMA production and hencefor both winter and summer measurements. An increase in
the Arctic climate through a set of feedback processes. InT,, from —1°C to 10°C during winter measurements showed
light of this, laboratory experiments with Arctic Ocean water a decrease in the peak of relative particle number concentra-
during both Arctic winter and summer were conducted andtion at about aD,, of 0.180 um, while an increase was ob-
focused on PMA emissions as a function of season and wateserved for particles witD,, > 1 um. Summer measurements
properties. Total particle number concentrations and particlexhibited a relative shift to smaller particle sizes for an in-
number size distributions were used to characterize the PMArease of7y, in the range 7-11C. The differences in the
population. A comprehensive data set from the Arctic sum-shape of the number size distributions between winter and
mer and winter showed a decrease in PMA concentrationsummer may be caused by different production of organic
for the covered water temperatuf®,j range betweer1°C material in water, different local processes modifying the wa-
and 15°C. A sharp decrease in PMA emissions foFain- ter masses within the fjord (for example sea ice production
crease from-1°C to 4°C was followed by a lower rate of in winter and increased glacial meltwater inflow during sum-
change in PMA emissions fdk, up to about 6C. Near con-  mer) and different origin of the dominant sea water mass.
stant number concentrations for water temperatures betweelurther research is needed regarding the contribution of these
6°C to 10°C and higher were recorded. Even though the to-factors to the PMA production.

tal particle number concentration changes for overlapping
ranges were consistent between the summer and winter mea-

surements, the distribution of particle number concentrations

among the different sizes varied between the seasons. Mel  Introduction

dian particle number concentrations for a dry diameigy)( ) o )

< 0.125um measured during winter conditions were simi- In recent decades environmental conditions in the Arctic re-
lar (deviation of up to 3%), or lower (up to 70 %) than the gion have changed rapidly, in particular in the Arctic Ocean.

ones measured during summer conditions (for the same wa-hanges in the Arctic Ocean sea ice and Arctic Ocean wa-
ter properties are manifold: decrease of the sea ice extent,
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decrease of the perennial sea ice, increase of freshwater ifable 1. Meteorological average conditions,standard deviations
flow, increase of water temperature, and a change of the bioand minimum and maximum conditions during the water sampling
logical state Parkinson and Cavalier2008 Comiso et al.  period in summer (24 August to 7 September 2009) and winter
2008 Johannessen et atl999 Nuth et al, 201Q Steele (15 February to 7 March 2010). The values were measured in Ny-
et al, 2008 Polyakov et al.2007 Zhang 2005 Tremblay Alesund and provided by the Norwegian Meteorological Institute.
et al, 2011). The decrease of sea ice extent should result in

an increase of the sea spray source area and thereby also in summer winter
an increase of the sea spray emissions. avg. air temperaturé C) 32+17 -144+41
Nevertheless, there is not much known about the effects on max. air temperature C) 8.2 -17
sea spray emissions from changes in the physical properties min. air temperature®C) -0.9 -231
of sea water in the Arctic Ocean region. A number of stud- ~ ¢, of precipitation (mm) 35 215

ies have examined the influence of water temperature, salin-
ity, and oxygen saturation on particle number characteristics avg- air pressure (hPa) 1008114 10159+ 139
using artificial sea water, Baltic Sea water and North At- Max. air pressure (hPa) 1022.0 1032.8
lantic sea water\lartensson et 312003 Russell and Singh min. air pressure (hPa) 993.6 967.4
2008 Tyree et al.2007 Hultin et al, 2011, 2010. However, avg. wind direction?) 137.7+942  1560+54.2
a comparison between the different studies is not straightfor-

ward due to different experimental setups and water origins. avg. Wlhd dspeed d(mf;? 1'57i 41'6 3'713 :;6
Zabori et al.(20123 conducted, to our knowledge, the only mzxx\:;nd ssppeeeed ((r:;l)) 6 0'
systematic study so far combining physical properties of Arc- i

tic Ocean water (water temperature, salinity, oxygen satura- avg. cloud cover (octas) A+2.9 28+30
tion) with marine aerosol characteristics. One main finding max. cloud cover (octas) 8 8
of theZabori et al (20123 study was that the marine particle ~ Min- cloud cover (octas) 0 0

number concentration decreased by at least four times with
an increase in water temperature frem°C to about 6C.
For higher water temperatures (upper measurement limit waghe coastline at the north-west side of the peninsula during
9°C), the particle number concentration remained relativelywinter conditions. In the inner part of Kongsfijorden, close to
constant. In this study we will examine if the trend found the glacier, water was sampled by boat during both seasons.
by Zabori et al.(20123 is consistent with measurements |n the laboratory, a deep water inlet is permanently installed.
conducted using Arctic Ocean water at higher water tem-Thus, experiments with deep fjord water were also conducted
peratures, sampled during summertime, despite an expecteliring both campaigns. The deep water was pumped through
higher biological activity during the polar day periodd- & series of inline filters with pore sizes of 100 pm and 20 um
dal et al, 2012. To this end, the dependency of the total from a depth of 80 m and entered the lab after being treated
particle number concentration and number size distributionwith UV light. The mechanical filter and UV filter could not
on the water temperature, for the same temperature range, ise bypassed. However, since the systems were not changed
compared for summer- and wintertime measurements. In adduring the duration of the experiments, the potential effects
dition, the dependency of the shape of the number size disof the filtration systems are assumed to be similar. In sum-
tribution on water temperature is examined for the differentmer, water was additionally collected by boat north of Ny-
seasons. Alesund in the middle of the fjord (Figb). The waters sam-
pled at the different locations are referred to as “water types”.
“Corresponding water types” are for both seasons referred

2 Experiments to as (a) waters sampled outside the fjord mouth, (b) waters
close to the glacier and (c) deep water. The meteorological
2.1 Experimental site conditions at the experimental site for the sampling period

during summer and winter are summarized in Tdble
Laboratory experiments using Arctic Ocean sea water were

carried out at NyAlesund (7855 N, 11°56 E), western 2.2 Factors influencing the environment

Svalbard (Figla), in a marine laboratory during late Arctic within Kongsfjorden

summer conditions (from 24 August to 7 September 2009)

and late Arctic winter conditions (from the 15 February to 2.2.1 External factors

the 7 March 2010; cfzabori et al, 20123. Sampling loca-

tions were selected to account for outer and inner fjord con-The two main external factors influencing the environment

ditions, where the latter were influenced by glacial meltwaterwithin Kongsfjorden are the atmospheric general circula-

(Fig. 1b). During summertime, water outside the fjord mouth tion and the seasonality of available sunlight. High pressure
was sampled by boat, while the sampling took place fromsystems over the Arctic Ocean and Greenland as well as
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Fig. 1. (a) Overview map of the investigation area (marked red). Blue arrow indicates the direction of the West Spitsbergen Current (WSC).
(b) Sampling locations. Point 1: close to the glacier Kongsbreen (summer and winter measurements); point 2: marine laboratory with deep
sea water inlet in NyAlesund (summer and winter measurements); point 3: outside of Kongsfijorden (winter measurements); point 4: outside
of Kongsfjorden (summer measurements); point 5: middle of the fjord (summer measurements) (modifiéddfoonet al, 20123.

the Icelandic Low are the main atmospheric drivers for theSpitsbergenRiehl Harms et al|2007 Svendsen et al2002).
weather patterns on Spitsbergen, which are generally charadhe predominance of these water masses changes during the
terized by northward advection of relatively warm and humid year. During autumn and winter, the Arctic water mass gen-
air from the North Atlantic vendsen et gl2002. erally dominates, while the Atlantic water is more prevalent
The biology within Kongsfjorden is regulated by the avail- during summer monthdHop et al, 2006. In Kongsfjorden,
ability of sunlight. The polar day period (18 April to 23 Au- the water masses are further modified by inflow of fresh wa-
gust) promotes phytoplankton productivity during the sum-ters from rivers and glaciers during summer and by surface
mer months, while during polar night (25 October to 17 cooling and ice formation during winteP{ehl Harms et aJ.
February) the productivity is inhibite&{endsen et al2002 2007).
Hop et al, 2002 Hodal et al, 2012. A spring bloom, peak- The climate of the west coast of Spitsbergen is influenced
ing in May, has been reported to be the only predictableby the large amount of heat which is transported northwards
bloom in Kongsfjorden, while blooms during summer occur by the WSC. This leads to a mostly ice-free ocean along the

irregularly Hodal et al, 2012 Hop et al, 2006 20032. west coast of Svalbard and to relatively mild air tempera-
tures compared to other locations at a similar latitude. The
222 Internal factors mean air temperature at Ndesund from 1961 to 1990 was

~ —15°C in February and- 4°C in July (Svendsen et al.

. L ) , ~2002. The average annual sea water temperature in Kongs-
Phytoplankton production within Kongsfjorden is also regu fiorden has been estimated to be slightly abov€0and

lated by internal factors. High concentrations of sedimentsSea ice formation in winter is most pronounced close to the
result from increasing river discharge and ice melt during ' ion in wi : P u

summer and decrease the transparency of the water, esp oast and in the inner parts of the fjoltb(and Kudoh1997

cially in the inner part of the fjord, thereby limiting phyto- vendsen et 31200).

plankton growth Kop et al, 2002 Svendsen et gl2002.

Contrastingly, in the outer parts of the fjord phytoplankton 2.3 Experimental setup

growth is limited by grazing during the summer montisp

et al, 2002. The experimental setup was similar for the summer and win-
Two main water masses normally flow northwards alongter experiments (cfZabori et al, 2012afor winter experi-

the west coast of Spitsbergen. The West Spitsbergen Cuments). Nevertheless some differences in water flow and di-

rent (WSC) transports relatively warm and saline Atlantic lution rate by clean air occurred. Collected sea water was

water (I, > 3°C, salinity > 34.9 psu) and mixes with the poured into a 190 L stainless steel storage tank situated in the

cooler and fresher Arctic water—(.5°C < T,y < 1.0°C, laboratory. From the steel tank the water was pumped into

34.30 psu< salinity < 34.80 psu) on the western shelf of a carefully sealed polyethylene bottle (Nalgene Labware)

www.atmos-chem-phys.net/13/4783/2013/ Atmos. Chem. Phys., 13, 47839 2013
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for winter experiments, respectively. Excess air was allowed
to freely leave the top of the PET bottle through an open-
ing of 5mm in diameter. The quality of the particle-free air
water and the integrity of the whole setup were regularly checked
excess air out by switching off the water jet. The sample air was collected
from an air volume above the sea water in the PET bottle.
The total sampling air flow was kept stable at 7.2 Liin
(summer) and at 5.0 L mirt (winter) during all experiments.
A schematic of the experimental setup is shown in Big.

filtered air

samplingair[~.
ﬁ} instruments

pump v 2.4 Instrumentation

A
J Air sampling from the PET bottle was conducted through
J a 2m long ¥4” stainless steel tube to the instrumental pay-
load. Based on the geometry of the aerosol sampling lines
tank and associated inertial losses, the largest particles reliably de-
tected were estimated to be around 5pum in diamebg)
Fig. 2. A schematic picture of the bubble bursting experimental The total aerosol number concentration was measured at
setup Zabori et al, 20123. The tank was used as a buffer to recir- 1 Hz for particles with aD, > 0.01pym using a TSI model
culate the sea water sample trough the PET bottle, where sea spra3010 condensation particle counter (CPC) and for particles
aerosols were produced by an impinging \(vat.erjet. Darker blue linesyjith aD, > 0.25um using a GRIMM 1.109 optical particle
_represent water, and the triangle symbol indicates the water surfacgy nter (OPC).
in the bottle. The size distribution for the size ranged@um< D, <
0.30um was determined using a closed-loop sheath air
custom-built differential mobility particle sizer (DMPS)
using an aquarium centrifugal pump (EHEIM) at a rate of equipped with a TSI 3010 CPC. One scan covering 15 size
2.2 L min"! during the summer experiments and at a rate ofbins was completed in 2.5 min. The aerosol size distribution
4.8 Lmin~1 during the winter experiments. Different posi- in the range ®5 < D, <32pum was determined every 6s
tions of the pump during different seasons caused the difwith a GRIMM 1.109 optical particle counter (OPC), siz-
ferent pumping rates. The water entered the bottle througting particles in 31 bins. The relative humidity of the sam-
a stainless steel nozzle with an inner diameter of 5 mm propled air was monitored in the sampling line prior to enter-
ducing a water jet mimicking a wave crest, which entrains airing individual instruments with a Hygroclip SC04 hygrome-
into sea water. The air subsequently breaks up into bubbleger (Rotronic). The relative humidity during the experiments
which burst at the water surface. The distance between theas lower than 30% (winter and summer). Hence, we can
nozzle exit and the water surface was approximately 16 cnsafely assume that the observations were representative for
(for both the winter and summer experiments). The waterdry diameter aerosol particles.
level in the polyethylene (PET) bottle was kept stable by Water temperature, salinity and oxygen saturation were
a simple overflow system, and the water volume remaineccontinuously measured in the steel tank with a Stratos 2402
constant at 10L. Water flowing from the PET bottle was Cond and a Stratos 2402 Oxy from the Knick Elektronische
transferred back to the buffer storage tank through a PVQMessgeate GmbH & Co.
tube (more details about the experimental procedure can be
found in Sect2.5). 2.5 Experimental procedure and data analysis
Fuentes et al20103 compared different mechanisms for
marine aerosol production in laboratory experiments with re-The sampled water from the different locations (cf. SB).
spect to their ability to reproduce a realistic oceanic bubblewas split up in two parts to be used in two experiments for
size spectrum. It was concluded that a plunging water jet wagach water type (in the range from 55L to 140L for each
the best method for reproducing the shape of an oceanic bubindividual experiment). In summer, the two experiments with
ble size spectra (cf. alsHultin et al, 2010. Hence, it is  the same type of water were conducted the same day, except
assumed that this method also results in the most realistifor one case when the second sample was stored until the
bubble-mediated aerosol size spectra (i.e. neglecting spumllowing day. In the winter, half of the samples were stored
droplets produced from the tearing of breaking waves). in a dark room at 4C to be used for experiments on the
To avoid any contamination by room air, air was pumped consecutive day. The reason for this difference in procedure
through an ultra filter (type H cartridge, MSA, Pittsburgh) was that during wintertime field sampling was more time-
resulting in particle-free air into the PET bottle. The flow consuming and it was not possible to conduct more than one
rate was 9 Lmin® for summer experiments and 12Lmih  experiment per day.

Atmos. Chem. Phys., 13, 4783799 2013 www.atmos-chem-phys.net/13/4783/2013/
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After the water samples were poured into the storage tankneasurements provide higher quality data. Including the first
and the PET bottle, the water temperature increased due ttwo channels of the OPC led to an overestimation of the to-
the exposure to room temperature. Warming rates duringal particle number, when integrating over the whole particle
both summer- and wintertime experiments were both on avhumber size distribution.
erage betweenCh~1 and 22Ch~1. While water tempera-
tures covered the range betweef°C and 10°C during the
winter experiments, water temperatures were betwedh
and 16°C during the summer experiments. . .

. ) 3.1 Comparison of total particle number

The analysis strategy was as follows: (1) based on corre- . .

. . concentrations from summer and winter
sponding water types, to compare the total particle number
) . measurements
concentrations for the summer and winter data as a func-

tion of water temperature with a focus on the overlapfing  njedian particle number concentrations for both, >

ranges between the two seasons; (2) to compare the wholg oy ym andp,, > 0.25um as a function of water tempera-
particle number size distribution (i.e. the shape and particle,;re were compared for summer and winter measurements
number concentration for different size intervals) for corre- ¢, ihe three different sampling locations (FRa—c). In ad-
sponding water types and temperature ranges for both tgjiion the dependency of the resulting ratio between parti-
summer and winter data; (3) to compare separately for wintegog D, > 0.01um andD, > 0.25um on water temperature
and summer data the particle number size distribution shapg, ¢ compared for summer and winter conditions (Bi).
for each water type and its dependency on water temperaturé:pree patterns can be observed: (i) particle number concen-

The particle number concentrations were adjusted for dif-;ations decrease with increasify up to a water temper-
ferent dilution rates of the aerosol sample by clean particle—; e of about 5-7C (a factor of 4-5 decrease from about
free air. That is, observed concentrations are normalized tq o 14 g°C for all different water types and, > 0.01um)

. . - p .

the relative amount of part|cle.-free air introduced t_o the ves- stay relatively constant for higher water temperatures (in
sel compared to the sample air flow. For a comparison of they .o rqance witizabori et al, 20123 (ii) in general, no dis-
winter and summer total particle number concentration data;t concentration shift for particles with, > 0.01 um be-
total particle number concentration medians were calculateqeen the summer and winter measurem[énts can be observed
for 1°C temperature bins for each different water type. i the overlapping temperature bins; (iii) for overlapping wa-

_To compare summer and winter particle number size disyer temperature ranges, summer measurements show on av-
tributions, median number size distributions were calculatederage a ratio of three and winter measurements a ratio of two
for overlappingZy, ranges for the different water types. Me- ¢, particle concentrations db, > 0.01uny D, > 0.25um.
dian particle number size distributions were calculated for gyan if the dependency of particle number concentrations
overlapping temperature ranges: 8€7for deep fiord wa- 4 \yater temperature is consistent for winter and summer
ter, 5-10°C for close to glacier water, and 6-0 for fiord  meagyrements, summer particle number concentrations for
mouth water. For all size distributions, the medians are base%p ~ 0.01um are about 2-3 times higher than the particle
on total experiment measurement times ranging betweenmper concentrations recorded during winter for the low-
about 76 min and 5h 10 min, except for the winter size dis-o¢; overlapping temperature bifi(between 3C and 6C).
tribution outside the fjord mouth for théy range 7-8C, Ty js observed for water sampled close to the glacier and
where the total measurement time was only 10 min. at the fjord mouth. The uncertainty range (between the 75th

To emphasize differences in the dependency of the shapgacentiles and 25th percentiles of the data) of particle num-
of the aerosol size distributions on water temperature, eacqo, concentrations for water sampled close to the glacier
median distribution was normalized to its integral number g patween 1593 and 622 particles@hduring summertime

density. The shape comparisons were made separately fof,q petween 662 and 417 particlesdwuring wintertime

summer and winter measurements, respectively. The total a4 median water temperature between 5 and fcf.

erage measurement time for which the medians of the Sizgjq 31y The same uncertainty range of particle number con-
distributions are based on is 2h 13min, with Smin as the entrations of water sampled at the fijord mouth is between
shortest measurement time and 6 h 52 min as the longest. The; 19 and 675 particles cm for water sampled during sum-
large variation in total measurement times is explained by the,artime and between 661 and 521 particles &ifor water
different numbers of repeating experiments for different Wa-sampled during wintertime for median water temperatures
ter types. In addition, it should be mentioned that the repeatpetween 5 and 6C (cf. Fig. 3c).

ing experiments did not always cover exactly the same water The ohserved decrease in particle number concentrations

temperature range. , _with increasing water temperatures up to about 8>7cf.
The first two OPC bins were not used in the analysis ofig 35 ) is a result of a decrease in particle emissions rather
the winter data, or subsequent calculations, but are presentgfla a result of particle dynamics as showrZabori et al.
for completeness. There is evidence that, for the overlappinqzmza_
size range of the DMPS and OPC instruments, the DMPS

5 3 Results
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Fig. 3. The median particle number concentrations as a function of water temperBtré(ue data points represent winter data and red
data points summer data with triangles for partialgs > 0.01pm and circles for particles with, > 0.25um. Blue and red shaded areas
represent the interquartile ranges. Particle number concentrations are the result of bubble buestohegin fiord water(b) water sampled
close to glacier(c) water sampled at the fjord mouth a(d) the ratio between particle number concentration of partiblgs> 0.01um and
Dj > 0.25um. The ratios were built for each data point pair show(arc)
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Fig. 4. Comparison of particle number size distributions resulting from water sampled close to the glacier during summertime and wintertime,
for the same water temperature range$a)f5—6°C, (b) 7-8°C, (c) 8-9°C and(d) 9-10°C. For clarity only every second data point is
shown. Grey shaded areas represent the interquartile ranges. Note the different scale for the lowest temperature range.
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600 YT The division into these sizes was made as the relationship
6-7°C |- summer between summer and winter data seems to change at about
D, 0.125 pm.

Figure4 shows median number size distributions resulting
from water sampled close to the glacier. For the lowest over-
lapping Ty range between 8 and 6°C, significantly higher
particle number concentrations fd@r, from about 0.02 um
to 0.700 um were observed for water sampled during sum-
mer conditions (Fig4a). For larger and smaller sizes within
, the T,y range of 5—-6C, the particle number concentrations
o e ~ Feees. do not differ significantly.

D, (nm) Figure4b compares median number size distributions of
] ) ) ) o ~summer and winter measurements Tar between ?C and
fifmsdgeopms‘):;'sv‘;;t;f gj:it:]gesz‘;:pnb;;ir‘:‘:zea?]';‘tcv?r‘:ttfr::; ;esfglrt”t"?eSL’C. No significant differences in concentrations between

’ the summer and winter experiments occurred for particle
same water temperature ranges of 667Grey shaded areas repre- . L
sent the interquartile ranges. sizes Dl., < 0.025pm. Up to aboutD, 0:125 pm, signifi-

cantly higher particle number concentrations for the summer-

time conditions are found compared to concentrations during
wintertime, although the median concentrations do not differ
much (difference of about 3%). For sizéy, > 0.125um,
winter concentrations are generally significantly higher than
Particle number size distributions based on Arctic summersummer concentrations, except for the size range between
and Arctic winter measurements are compared for over-D, 0.265 andD, 0.750 um. Generally, particle number con-
lapping water temperature ranges for different water typescentrations are comparable for winter and summer measure-
(Figs. 4-6). A two-sample Kolmogorov—Smirnov test, at ments forD, < 0.125um and are about 50 % higher for the
a 95 % confidence level, was applied to all data to test thewinter measurements fap, > 0.125um.
significance of any differences between the size distributions. Figure 4c displays summer and winter size distributions
Additionally, the relative differences in total particle num- resulting from waters having &, between 8C and 9C.
ber concentrations foP, < 0.125pm andD, > 0.125pm  Particle number concentrations do not differ significantly for
are compared between summer and winter measurement®, < 0.015um between summer and winter measurements.
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3.2 Particle number size distributions from summer
and winter measurements
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Significantly higher concentrations during summertime oc-number concentrations are fd?, < 0.125um about 55 %
cur for the size rang®,, 0.015-0.060 um. Winter concentra- higher for summer than winter measurements andXgr-
tions are generally significantly higher than summer concen-0.125 pum about 40 % lower for summer compared to winter.
trations for particles withD, > 0.060um. Particle number Figure 5d compares summer- and wintertime measure-
concentrations are fab, < 0.125um about 20 % higher for ments of particle number size distributions for water temper-
summer than winter measurements and gy > 0.125um  atures between @€ and 10°C. It is illustrated that particle
about 40 % lower for summer compared to winter. number concentrations for the size ragg0.016-0.125 pm
Figure 4d presents size distributions of both seasons re-are significantly higher for the summer measurements com-
sulting from 9°C to 10°C warm water. No significantly dif- pared to the winter measurements. Particle number concen-
ferent particle number concentrations between summer anttations for the size ranges betwebp 0.010-0.012 um, be-
winter measurements for the smallest particle siZes tweenD, 0.141-0.200 um and betwedr), 0.265-5um are
0.025um) were detected. Up to aboutly, of 0.100pum,  significantly larger for winter measurements compared to
significantly higher particle number concentrations for the summer measurements. Particle number concentrations are
summertime conditions are found compared to concentraabout 46 % higher foD, < 0.125um during summer than
tions during wintertime. Generally, particle sizes larger thanwinter measurements, and fd@, > 0.125um about 45%
a D, of 0.100 um show significantly higher winter concen- lower for summer compared to winter measurements.
trations than summer concentrations. Particle number con- Figure6 shows particle number size distributions based on
centrations forD, < 0.125um are comparable for summer experiments with deep water for summer- and wintertime, for
and winter measurements (difference of about 2 %) and fothe only common water temperature range of 857Both
D, > 0.125um about 50 % lower for summer compared to size distributions overlap fab, between approximately 10
winter measurements. and 20 nm and for the size rangg, 0.125-0.300 um, which
Figure 5 compares median number size distributions of is supported by the significance test. Betwdn0.020 pm
summer and winter measurements resulting from water samand 0.125 um, the particle number concentration based on
pled at the fjord mouth for overlappin@, ranges. Fig- summer measurements exceeds significantly the one based
ure5a shows summer and winter particle number concentraon winter measurements, while f@, > 0.300um the op-
tions for water temperatures betweetand 7C. Summer  posite result is obtained.
particle number concentrations are significantly higher than In order to characterize the particle number size distribu-
winter particle number concentrations for sizes betwbgn  tions, log-normal functions were fitted to the median particle
0.015um and 0.223 um. The winter particle number concennumber size distributions of the summer and winter data pre-
tration is significantly higher for sizes between 1.450 um andsented in Figd and Fig.5. When calculating the medians for
5um. Particle number concentrations of the other measurethe respective season, the lowest water temperature range for
sizes are not significantly different between summer and win-the water sampled close to the glacier and the water sampled
ter measurements. close to the fjord mouth were not considered (cf. Sect. 4).
Figure5b presents median particle number concentrationsThe parameters of the fitted log-normal distributions are pre-
of summer and winter measurements for the water tempersented in Tabl&.
ature range 7-8C. Summer particle number concentrations Median volume size distributions for the data presented
are significantly higher fo, 0.02-0.140 um and fob, in Figs. 4-6 are shown in Figs7-9. The maxima of the
0.200-0.223 um. The winter particle number concentrations/olume distribution occur at dry diameters between 3 and
are significantly higher than the summer particle number4 um for the winter measurements and between 2 and 3 um
concentrations foiD, 0.265-0.425um and fab, 0.625—-  for the summer measurements. The volume size distribution
5.0 um. Particle number concentrations of the other measuredhanges in a similar manner to the particle number size distri-
sizes are not significantly different between summer and win-bution, even though the differences between winter and sum-
ter measurements. Particle number concentrations are faner are more distinct for the larger particles when comparing
D, < 0.125um about 70 % higher for summer than winter volume due to the size dependence of the volume calcula-
measurements and f@, > 0.125um about 30 % lower for tions.
summer compared to winter. The normalized dependencies of the particle number size
Figure5c displays a comparison between winter and sum-distributions on water temperature are presented in BEi@s.
mer particle number concentrations for water temperaturegnd11 for summer and winter conditions, respectively. The
between 8C and 9C. Summer particle number concentra- experiments with deep sea water cover the smallgsange
tions are significantly higher for sizes betwelp 0.014um  during summer measurements (620) and result in nor-
and 0.125 pm, and winter particle number concentrations arenalized median number size distributions with similar shape
higher for the size rangeB, 0.010-0.0125ump, 0.158—  for all individual Ty ranges (Fig.10a). Experiments con-
0.177um and for 0.265-5pum. Particle number concentraducted with water sampled close to the glacier, sampled at the
tions of the other measured sizes are not significantly dif-fiord mouth and sampled at the middle of the fjord (HiGb—
ferent between summer and winter measurements. Particld) show a decrease of the relative particle density in the
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accumulation mode and a shift towards smaller sizes (withmulation mode, the relative particle number concentration is
indeed decreasing with increasing water temperature (from

a local maximum at aboub, 0.05um) with increasingy

from about 5-7C to about 10-15C. A different pattern is

based on winter measurements (Fida—c). For the accu-

www.atmos-chem-phys.net/13/4783/2013/

about—1-3°C to about 6-10C) for a part of the size range
observed for the normalized particle number concentration§D, 0.100-0.300 um), but at the same time an increase in
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ture bin was rather long (more than 1h), and therefore the
difference cannot be explained by natural variability of the
data. Since this offset is observed during the first hours of
the experiment, it is likely that the system was not yet stable.
The relatively large interquartile range between the 75th and
25th percentiles (971 particles cchand 444 particles cr?
for the water sampled close to the glacier and at the fjord
mouth, respectively) observed for the summertime lowgst
range also supports the conclusion that the system was un-
winter stable for _these measur_ements.
0 e e o Interestingly, the partlclef)p < 0.250um_ were more af-
D, (M) fected than the particle®, > 0.250 um. This indicates that
the particles withD, < 0.250um and withD, > 0.250um
Fig. 9. Comparison of particle volume size distributions resulting are produced from different processes, and the instability is
from deep sea water during summertime and wintertime, for theonly influencing the process producing particles with <
same water temperature ranges of 8S7Grey shaded areas repre- g 5 um, which predominantly originates from film drops.
sent the interquartile ranges. Figure 3d shows that the ratio between particles with a
D, > 0.01pym and with aD, > 0.250pum is a function of
water temperature during wintertime but not during sum-
mertime. The ratio is also on average higher for summer-
time measurements compared to wintertime measurements.
This results from a combination of both higher particle num-
4 Discussion ber concentrations for particles with/a, < 0.250um and
lower particle number concentrations for particles with a
Despite the aim to reproduce the technical conditions ofD, > 0.250 um during summertime. There are a number of
the summertime measurements during the wintertime campossible reasons for this. Firstly, the water composition is
paign, differences in the dilution rate of the aerosol sampledifferent due to high biological activity during the summer
by clean air and the water pump rate could not be avoidedseason compared to the winter season. Secondly, the local
Whereas data could be adjusted for the different dilution fac-sources of meltwater and river runoff in the fjord change with
tors, it was not possible to correct for the different water flow season, which possibly modified the measured particle con-
rates. It cannot be excluded that different water flows duringcentrations at different sizes. Thirdly, a potentially important
summer and winter experiments led to different aerosol charfactor for substances present on the ocean surface is the ver-
acteristicsFuentes et al20103 examined the bubble spec- tical mixing of the water column, bringing material from dif-
tra generated by a plunging-water jet system, as a functiorierent depths to the surface. Which, if any, of these factors, or
of water recirculation rate. Especially for the larger bubbles,combination of factors, led to the differences in the ratios be-
differences for different water flow rates occurred. Thesetween the measured particles witlDg > 0.01um and with
larger bubbles in the water (bubble diametet—2mm) are  aD, > 0.250 um between summer- and wintertime measure-
important for the film drop production, meaning submicron ments is impossible to say with the data available from this
aerosol production. However, a comparison of normalizedstudy.
particle number size distributions caused by a water pumping Although a consistent dependency of the particle number
rate of 3Lmir ! and 4.8 Lmirr! showed no appreciable dif- concentration on water temperature was observed for the two
ferences. Nevertheless, it cannot be excluded that differenceseasons, there are significant differences between summer
in shape do not occur when comparing particle number sizeand winter particle number size distributions for the over-
distributions caused by pumping rates of 2.2 L mifsum- lapping water temperature ranges (excluding Figs.and
mer measurements) and 4.8 L min(winter measurements). 5a for which a not yet stable setup system can be assumed).
Despite the different water flow rates during the seasonsFor measurements based on fjord mouth water represent-
the results show a consistent particle number concentratiomg open sea conditions, higher particle number concentra-
for overlappingT,, ranges for the summer and winter mea- tions of particles smaller than abay, 0.125 um were regis-
surements (Fig3a—c). This tends to support the presump- tered in summer. However, this feature was not observed for
tion that differences in water flow rates within our experi- measurements based on water sampled close to the glacier.
ments do not contribute significantly to the observed patterrOne possible explanation is that photoautotrophic species are
during either season. Differences of up to more than 50 %a source of material, likely of organic nature, which is im-
between the particle number concentration of summer angbortant for formation of small sea spray particles. The avail-
winter measurement only occur for the lowest overlappingability of light is often considered to be the limiting factor
Tw range. The total measurement time per water temperafor phytoplankton growthHop et al, 2002 Hodal et al,

(nm3 cm's)

a

dV / diogD

® winter

the relative particle number concentration for particles with
D, > 1um is observed for all water types.
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Table 2. Parameters for fitted log-normal aerosol number size dis-waters. During the winter months, the water in Kongsfjorden
tributions, where Nx is the number concentration (¢ Dgx the s more influenced by Arctic water, while during summer-
geometric diameter (um) anck the standard deviation for the dif-  time Atlantic water dominates the water mass in the fjord.
ferent modes and seasons. In this context, it is interesting to note that the dominance
of one specific water mass during each season may change
in the future due to a changing climate. However, to date

winter  summer

N1 129 182 no significant change in the water volume of Atlantic water
Dgl 0.063  0.067 supplying the West Spitsbergen Current has been observed
ol 2.48 2.48 (Beszczynska-Mgller et aR012).
N2 22 28 A relationship between particle number concentration and
Dg2 0.164 0.227 water temperature has been reported in previous studies (e.g.
o2 1.19 1.08 Martensson et a12003 Hultin et al, 2011, Bowyer et al,
1990. However, to our knowledge no comparison between
N3 132 58 . - . A
Dg3 0.3 0575 partlcle nurnber concentratlop and size dIStI’IbU'tllonS result-
o3 154 150 ing from biologically productive (summer conditions) and
less biologically productive (winter conditions) waters has
N4 58 18 been made. Our study finds differences in aerosol character-
Dga 21 18 istics between summer and winter measurements. However,

o4 1.42 134 predictions of future aerosol characteristics resulting from an

increase in water temperature caused by climate change are
difficult. The warming rates of about 122 h~! during the

2012. The waters close to the glacier are characterized byexperiments represent more or less instantaneous tempera-
high sediment loads during summer, which weakens the penture changes which cannot be directly compared to the slow
etration of sunlight into the water column inhibiting the ac- changes expected by climate change. Long-term changes in
tivity of photoautotrophic specietpp et al, 2002 Svend-  biological and chemical processes occurring in the real Arc-
sen et al. 2002. Several studies showed that, during phy- tic Ocean are not captured by our experiments.
toplankton blooms in the North Atlantic, the submicron pri-
mary marine aerosol (PMA) is enriched with organic matter
compared to the super-micrometer particl€aalli et al, 5 Future implications
2004 O’'Dowd et al, 2004 Facchini et al.2008. Fuentes
et al. (20108 observed an increase in the production of par- The decrease in Arctic sea ice extent due to climate warm-
ticles with D, < 100nm and a shift towards smaller particle ing will be followed by changes in a number of different
sizes with an increase of a phytoplankton bioexudate concenprocesses, which eventually will lead to different feedbacks.
tration in a sea water proxy. If this observation is transferableFigure12 displays a potential feedback loop focused on pro-
to our experiments, it would result in a relatively lower small cesses closely related to PMA production and changes in
particle production from water sampled close to the glaciersea ice cover (marked in red). For the sake of completeness,
compared to the particle production from open sea waterwe have also included one BVOC emission process loop
Another explanation is that the water sampled close to thgbiogenic volatile organic compounds; which also include
glacier is mostly meltwater (as surface water was sampledflimethylsulphide (DMS)) in the figure (marked in green). It
and, therefore, does not contain as much biological materials worth reiterating that our results are based on laboratory
as the water sampled at the fjord mouth. This is supportedexperiments and therefore lack the interdependencies that
by the particle number size distribution resulting from deepmay occur in the Arctic environment. However, to our knowl-
fijord water, which resembles the size distributions from wa-edge no existing in situ measurements have been reported in
ter close to the fjord mouth. Since no chemical analysis of thethe literature. As such we feel it is appropriate to base our dis-
sampled aerosol was made in this work, we cannot determineussion on possible Arctic feedbacks on our laboratory mea-
whether organic material from phytoplankton influenced thesurements. With this caveat in mind, it should be noted that
particle number size distribution. Fig. 12 only serves to exemplify key pathways and does not

The increase in the number of smaller particles duringrepresent all possible feedback processes related to aerosol
summer forms a contrast to the observed relative increasdirect and indirect effects that may be affected by climate
in particle number concentrations of larger particles with anchange in the region. Following discussion of the feedback
increase inT,, during winter measurements (Figk0 and loop, analysis of those parameters which are expected to alter
11). Besides biological production in summer and local ef- with climate change is conducted. However, these parameters
fects (sea ice formation, different sediment loads), changesare not included in the figure to retain clarity. The decrease
in water characteristics between the two seasons may alsim Arctic sea ice extent, which follows a warming of the Arc-
occur due to different contributions by Arctic and Atlantic tic, will influence parameters controlling the production of
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primary and secondary marine aerosols (E®). These fac- and coarse mode for aerosols produced by water sampled
tors are the increase of the PMA source region, an increasduring wintertime and summertime. An increase in water
in sea surface temperature (with subsequent effects on PMAemperature (from 5 to 1% for summer experiments and
production as presented within this study), and an increase ifrom —1 to 9°C for winter experiments) reduces the relative
BVOC emissions, those precursor gases responsible for separticle number concentration in the accumulation mode, i.e.
ondary marine aerosol production. those particles that are most efficient as CCN. The different

If sea surface temperature changes in the redign- changes for the Aitken and coarse mode for the different sea-
~6°C, no sea ice will be present and no change of PMAsons may affect the particle dynamics and consequently the
due to a change in source area will occur. If the results of ouramount of CCN which can be activated into cloud droplets.
laboratory studies are correct, there will also be little effect Besides primary marine aerosols, the importance of sec-
of sea surface temperature changes on PMA production abndary marine aerosols as CCN is currently being discussed
these temperatures as effects here are minimal (cf. $4gt.  extensively in the literature. Conclusions on the role of DMS
Assuming a change dfy, in the lower water temperature for CCN production are ambiguou€harlson et al(198%)
range {w < ~ 6°C), the net resulting change in the PMA showed that the CCN number was affected by DMS emis-
production due to the two factors (increasifigand increas-  sions; however, other studies have found only sporadic or no
ing source area) is currently unknown (due to their opposingcorrelation between DMS and CCN (eBates et a].1992
sign on PMA production). This issue therefore merits furtherand Berresheim et g1.1993in Kloster et al, 200§. Gabric
studies, for example using modelling tools, as well as includ-et al. (2005 modelled the DMS production in the Arctic
ing additional parameters other th#p that may impact on  Ocean as a result of a G@ripling up to the year 2080. DMS
PMA production. It is likely that there will be a region that emissions were shown to increase considerably, mainly due
experiences sea surface temperature changes in the range be-the decrease of the sea ice extent and the resulting de-
tween seawater ice formation afiy ~ 6°C. In a scenario crease in the ocean—atmosphere exchange barrier. Besides
with no or rather limited sea ice extent, PMA production will DMS, other BVOCs are suspected to be precursors of sec-
mainly be affected by the temperature trend. ondary aerosols, e.g. isoprendéttovaara et gl2006. A

The change in PMA production has important implications study modelling the Arctic Ocean has highlighted the impor-
for the number of available cloud condensation nuclei (CCN)tance of both DMS and other BVOCs for new particle forma-
in the Arctic region. An increase in water temperature be-tion (Karl et al, 2019. Despite these hints it is our opinion
low ~ 6°C will likely decrease the PMA number concen- that the factors influencing BVOC emissions in the Arctic
tration and, subsequently, the amount of potential CCN (cf.Ocean are not well enough constrained to discuss the poten-
Zabori et al, 20123. In addition to this, our results high- tial influence of climate change (s&haw et al.201Q for a
light that the temperature-dependent relative PMA numberreview of marine isoprene and monoterpene emissions).
size distribution is changing in the same direction for the ac- Our limited understanding of Arctic CCN characteristics
cumulation mode but in different directions for the Aitken and their potential response to a changing climate affects
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our ability to predict future aerosol-related changes in cloud An increase in water temperature affects the production of
cover. The supersaturation of water vapour in the atmo-gas bubbles in the water. These gas bubbles produce aerosols
sphere, atmospheric dynamics and the availability, size, anevhen rising and bursting on the ocean surfadeorpe et al.
composition of CCN determine if and where cloud droplets (1992 concluded that the temperature-related decrease in
and clouds form. The amount of water vapour in the Arc- gas solubility and the temperature-related increase in molec-
tic atmosphere is dependent on sea ice cover, sea surfaedar diffusivity cancel out and that the net effect of a tem-
temperature and air temperature. Lower sea ice cover coinciperature increase is a decrease in bubble concentrations due
dent with an increase in sea surface temperature should resuth a reduction in viscosity. However, a water-temperature-
in an increased transport of water vapour to the atmospherandependent change in oxygen saturations in the water occurs
given that the sea ice represents an evaporation barrier fadue to a change in photosynthesis rates. Since altered envi-
the water and higher sea surface temperatures will increaseonmental conditions caused by climate change may impact
evaporation rates. As the air temperature increases, more wéhe flora and fauna in the ArctidMassmann and Reigstad
ter vapour can remain in the atmosphere before condensatio?011; Tremblay et al.2011), a future change in oxygen sat-
occurs, consequently intensifying Arctic warming. uration is likely to take placeZabori et al.(20123 did not
A further parameter besides PMA source area, sea sumbserve a change in PMA number production with a change
face temperature, BVOC emissions, and water vapour thain oxygen saturation between 72 and 83 % for Arctic Ocean
is influenced by a decreasing sea ice extent is the surfaceonditionsHultin et al.(2011) observed for Baltic Sea water
albedo, which decreases with decreasing sea ice cover. Thaen anti-correlation between particle production and oxygen
decrease in surface albedo is coincident with increases isaturations in the range 90 to 100 %. Thus, it is not possible
water vapour, an unknown change in PMA production andto derive a clear conclusion on the role of oxygen saturation
the subsequent unknown change in cloud properties closen PMA production.
the feedback loop and impact on the warming of the Arc- The concentration of organic substances in the water is
tic. Both the decrease in surface albedo and the increase iknown to impact PMA production. Depending on the sub-
water vapour are expected to have a positive feedback on thstance used, differences in total particle number concentra-
warming of the Arctic. tions and shifts in particle number size distributions have
Itis impossible to assess the net sign and magnitude for albeen observed. Experiments with dissolved organic carbon
the feedbacks in the warming Arctic linked to changes of seaand colloidal organic matter (exudates of algae) have pro-
ice coverage and PMA production at this point. Neverthelesduced a shift of the size distribution towards smaller particle
we can speculate that the non-linear relation between PM/Asizes relative to artificial inorganic seawatéuéntes et al.
production and increasing sea surface temperatures in cor20108. Tyree et al(2007) observed an increase in total par-
cert with changes in sea ice cover has a strong potential téicle number concentration with an increase in the concentra-
contribute to the evolution of the Arctic climate and deservestion of oleic acid.Zabori et al.(2012}) observed a decrease
future attention. in total particle number concentration with an increase in the
As previously mentioned, the feedback loop presented inconcentration of succinic acid. Clearly the influence of or-
Fig. 12 only considers a small fraction of those factors im- ganic substances on PMA is complex and there is a need for
portant for marine aerosol production in the Arctic. What fol- further well-designed experiments to aid understanding.
lows is a discussion of other parameters that may impact on Another important parameter for PMA production that is
PMA production in the Arctic Ocean. impossible to assess in laboratory experiments using water
The salinity of the Arctic Ocean is expected to decrease inets is the wind speed. It has been shown that PMA produc-
the future for a number of different reasons; at local scaledion is a non-linear function of wind speetdyvett, 1978
a negative mass balance of glaciers has been obsevuld (  Nilsson et al. 2001). Struthers et al(2011) simulated the
etal, 2010. This results in a decrease in the salinity of oceansea salt emissions in a future Arctic climate, where the emis-
surface water. It has also been suggested that an interplay beions were dependent on sea ice extent, sea surface tempera-
tween wind fields, melting sea ice and river runoff may lower ture and the 10 m wind speed. An increase in sea salt emis-
salinities in the Arctic OcearQjles et al, 2012 MacDon-  sions was observed with the effect driven predominantly by
ald et al, 2002. The effect of salinity on PMA is unclear. the decrease in sea ice extent and changes in sea surface tem-
Zabori et al.(20123 did not observe a clear trend of particle perature rather than from a change in wind speed. However,
number concentrations with salinity changes between 26 and change in wind speed is likely to change the organic com-
36 %owhen conducting experiments with Arctic Ocean water.position of PMA. Gantt et al.(2011) developed a concep-
However, a number of other studies have shown that highetual model describing the organic mass fraction of sea spray
salinities can result in higher particle number concentrationsaerosols as a function of wind speed. As the wind speed ex-

(Martensson et gl2003 Tyree et al, 2007 Hultin et al, ceeds 3—4 mg!, the surface microlayer (a tens of nanometers
2017). Nevertheless these case experiments were conductdd about 100 um thick layer on the ocean surface consisting
outside the Arctic. of organic substancekipn and Leckig 1981, Cunliffe et al,

2013) starts to become mixed with subsurface water, and at
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wind speeds larger than 8 msa homogeneous water col- with D, > 0.01um). For higher water temperatures, the
umn is expected, resulting in lower organic mass fractions concentrations remain relatively constant.

of sea spray aerosols. Transferred to our experiments, this

means that possible PMA organic fractions in the aerosols 3. For overlapping water temperature bins, median parti-
are dependent not only on the production of the organic sub-  cle number concentrations resulting from water sam-
stances in water, but also on the mixing in the water column. pled during summertime are similar or up to 70%

Additional factors potentially important for the climate higher than during wintertime for particles with, <
feedback loop shown in Fi@2 are an increase in the mar- 0.125um. ForD,, > 0.125um, the particle number con-
itime transportation, tourism, and oil exploration activity as centrations during winter were mostly higher than in
a result of an increasingly ice-free Arctic Ocean. These will summer (up to 50 %).
result in increasing anthropogenic aerosol emissions and the
release of substances into the Arctic Ocean water. 4. During both seasons, a decrease in the relative particle

Our attempt is to present a rather simplified scheme of number concentration fab, 0.100-0.300 pm with in-
possible feedbacks linked to PMA production from the Arc- creasingly, is observed. At the same time, a relative in-

tic Ocean and sea water properties. There are numerous crease of particles with, > 1um andD, < 0.100pm
other processes influencing the ocean—atmosphere interac- s observed for winter and summer measurements, re-
tions. Some of them were discussed in the text and some of  spectively.

them not at all, like impact of broader scale processes out-

side the Arctic linked to the atmospheric and ocean general 5. Changes in direct and indirect effects of primary marine
circulation. aerosols may occur as a consequence of decreasing sea
ice extent. These changes are in turn likely to depend on
the sea water temperature range. The sign of the feed-
back resulting from a change in primary marine aerosol
production may therefore be different for summer- and
wintertime conditions in the Arctic.

6 Summary and conclusions

During previous laboratory experiments with Arctic Ocean
water sampled during wintertime at Kongsfjorden/western
Spitsbergen, an increase of water temperatures close to the
freezing point was found to give a decrease in the parti-
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