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Abstract

The surface microlayer (SML) represents a unique system of which the physicochemi-
cal characteristics may differ from those of the underlying subsurface seawater (SSW).
Within the Arctic pack ice area, the SML has been characterized as enriched in small
colloids of biological origin, resulting from extracellular polymeric secretions (EPS).5

During the Arctic Summer Cloud-Ocean Study (ASCOS) in August 2008, particulate
and dissolved organic matter (POM, DOM) samples were collected and chemically
characterized from the SML and the corresponding SSW at an open lead centered
at 87.5◦ N and 5◦ E. Total organic carbon was persistently enriched in the SML with
a mean enrichment factor (EF) of 1.45±0.41, whereas sporadic depletions of dissolved10

carbohydrates and amino acids were observed. Monosaccharide compositional analy-
sis reveals that EPS in the Arctic lead was formed mainly of distinctive heteropolysac-
charides, enriched in xylose, fucose and glucose. The mean concentrations of to-
tal hydrolysable neutral sugars in SSW were 94.9±37.5 nM in high molecular weight
(HMW) DOM and 64.4±14.5 nM in POM. The enrichment of polysaccharides in the15

SML appeared to be a common feature, with EFs ranging from 1.7 to 7.0 for partic-
ulate polysaccharides and 3.5 to 12.1 for polysaccharides in the HMW DOM fraction.
A calculated monosaccharide yield suggests that polymers in the HMW DOM fraction
were scavenged, without substantial degradation, into the SML. Bubble scavenging
experiments showed that newly aggregated particles could be formed abiotically by20

coagulation of low molecular weight nanometer-sized gels. Experimentally-generated
aerosol particles were enriched in polysaccharides by factors of 22–70, relative to the
source seawater. We propose that bubble scavenging of surface-active polysaccha-
rides was one of the possible mechanisms for the enrichment of polysaccharides in
the SML.25
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1 Introduction

Low-altitude clouds play a particularly important role in the Arctic climate and are the
most important factor regulating the surface radiation budget and thus the melting or
freezing of the Arctic sea ice (Intrieri et al., 2002; Sedlar et al., 2010). Therefore, it
is essential to accurately understand their formation and properties in the region. The5

reflection of sunlight by clouds is directly dependent on their microphysical properties,
including the number and sizes of the cloud drops. In turn, these microphysical prop-
erties are dependent on chemical properties, state of mixture, and morphology of the
cloud condensation nucleus (CCN), that is the number of aerosol particles available for
uptake or condensation of water vapor.10

Recent results, based on data collected during the 2008 Arctic Cloud Ocean Study
(ASCOS), have clearly demonstrated that biogenic microcolloids and polymer micro-
gels, resulting from phytoplankton and sea ice algae biological secretions, due to their
emergent properties, can constitute an important source of CCN in the pristine high
Arctic summer (Orellana et al., 2011). The novel immunofluorescent determinations15

showed that the source of the gel particles detected in cloud, fog, and aerosol samples
was the surface water and, most probably, the surface microlayer (SML: < 1000 µm
thick) in the lead open water, where microgels accumulated. This result is in accord
with past studies on the aerosol-cloud relationship over the Arctic pack ice area (Bigg
and Leck, 2008; Leck and Bigg, 1999, 2005a, 2010; Leck et al., 2002), which strongly20

suggested that the airborne particles collected had chemical properties that linked
them to exopolymer secretions (EPS) or polymer microgels and were likely ejected
from the water by bursting bubbles. These conclusions are now confirmed.

Polymer microgels are quite ubiquitous in the world’s oceans and are a component
of high molecular weight (HMW) dissolved organic matter (DOM) or, more specifically,25

colloid-sized organic matter. About 30–50 % of DOM in surface waters can exist in
the colloid phase, much of which (30 % of HMW DOM) composed of biological reac-
tive polysaccharides (Benner et al., 1992). The macromolecular polysaccharides are
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mostly characterized by a distinctive distribution of neutral sugars, including hexose,
pentose and deoxysugars. Acidic polysaccharides, containing sulfate ester or uronic
acid, are also very often found in the polymeric materials (Mopper et al., 1995; Zhou
et al., 1998). The polysaccharides are largely produced as a result of cell exudation
during phytoplankton blooms and very often in response to nutrient depletion at the5

end of blooms (Mopper et al., 1995). Krembs et al. (2002) have, in addition, shown that
Arctic sea ice diatoms release substantial quantities of extracellular polysaccharides
as an effective buffering and cryoprotectant against extreme environmental conditions
(low temperature and high salinity).

The assembly of organic free macromolecules into microgels is a dynamic process10

in which macromolecules continuously redistribute themselves between bulk seawater
and assembled microgels having a broad range of sizes (Verdugo et al., 2004), ranging
from a few nanometers to several micrometers in diameter, the latter sometimes known
as transparent expolymeric particles (TEP) (Passow, 2002). Self-assembled polymer
gels disperse under the influence of ultraviolet light (Orellana and Verdugo, 2003) and15

undergo volume-phase transition upon acidification (Chin et al., 1998). Given that sur-
face active polysaccharides can act as effective interbridges of coagulation, they can
facilitate particle aggregation, which in turn accelerate the export of sinking particles
to the deep ocean (Verdugo et al., 2004). The important implications for the biogeo-
chemical cycle of carbon have long been of interest and widely studied. However, the20

processes causing accumulation of biopolymers within the SML and their upward flux
into the air above are largely unknown.

In this study we determined the composition of the dissolved organic matter with
emphasis on polysaccharides in the high Arctic open lead SML and subsurface wa-
ters (SSW) during summer, the most biologically active period, and into the fall freeze25

up. We present novel measurements of molecular composition of size-fractionated
polysaccharides in both SML and SSW. To assess the dynamic processes occurring
both at the SSW-SML and at the air-SML inter-phase, experimental studies of ac-
cumulation of surface-active polysaccharides were performed by bubble adsorption
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experiments. The monosaccharide composition of bubble bursting-generated aerosol
particles was compared to that of seawater HMW DOM. As an implication for the CCN-
cloud relationship, a possible transfer pathway of the surface-active microcolloid matter
into the atmosphere is discussed.

2 Route of the expedition and measurement systems5

2.1 Route of the expedition

The marine samples were collected during an expedition on the Swedish icebreaker
Oden to the central Arctic Ocean in the summer of 2008 (ASCOS-2008). ASCOS com-
bined meteorology, atmospheric chemistry and physics, marine biology and chemistry,
as well as physical oceanography to understand the processes controlling the forma-10

tion of low-level clouds. Further logistical details can be found elsewhere (Paatero
et al., 2009).

The majority of the marine biology and chemistry measurements commenced when
the ship was moored to an ice floe, which drifted passively within the pack ice (PI).
Sampling was conducted from 12 August 2008 (Day of Year (DOY) 225) at 87.3◦ N,15

1.5◦ W until 2 September (DOY 246) at 87.1◦ N, 12◦ W. Additional subsurface seawater
samples were collected outside the PI, namely two open water (OW) stations (DOY
216, 78.2◦ N, 7.5◦ E; DOY 252, 78.9◦ N, 9.2◦ E) and two marginal ice zone (MIZ) sta-
tions (DOY 217-8, 79.9◦ N, 6.1◦ E; DOY 251-2, 80.3◦ N, 9.7◦ E). The full extent of the
expedition is shown in Fig. 1a. Figure 1b shows a photograph of the ice floe (3 by 6 km20

in size). The Open Lead station, about 3 km away from Oden, was an open water chan-
nel within the drifting ice floes. The size and shape of the lead was dynamic, opening
and closing from day to day, following the drifting ice, with approximately 2 km in length
and 20 m to 100 m in width. Small ice floes floated into the water channel occasionally.
The study site had ice coverage of ∼ 90 % and ice thickness of ∼ 2.5 m, on average,25

during the sampling period.
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2.2 Sampling at the site of the open lead

SSW samples were taken from the edge of the lead at a depth of about 0.5 m. SML
water was collected from the open lead using two battery-operated, catamaran, radio-
controlled vessels (Knulst et al., 2003; Matrai et al., 2008). Each vessel was equipped
with a rotating drum covered with a thin sheet of Teflon film etched with a solution of5

sodium in liquid ammonia to make it hydrophilic. The vessels were navigated randomly
across as much of the open lead as possible to get a representative sample. Care was
taken to avoid running the collector through its own wake in order to minimize the sam-
ple contamination. Microlayer water adhered to the surface of the partially submerged
rotating drum and then dripped continually into pre-cleaned, amber, borosilicate glass10

bottles located inside the skimmer vessel. Operational collecting time varied between
20 min and 2 h per run. The thickness of the SML was estimated by dividing the volume
of the SML sample collected by the surface area swept by the drum. The lead was at
times partly covered by a thin layer of sea ice, when sampling of the SML was sus-
pended (these conditions will be further discussed in Sect. 3.1). The newly formed sea15

ice was collected in pre-cleaned, polyethylene containers. In addition, the ice algae
assemblage loosely attached to the bottom of the ice floe was collected at the edge of
open lead. The samples were transported back to the laboratory on Oden packed in
snow and ice in dark containers. The fresh ice samples were allowed to melt at 4 ◦C
overnight before further treatment.20

2.3 Bubble experiments

Bubble experiments were performed based on a modified method by Mopper et al.
(1995). In brief, seawater without pre-filtration was fed directly into a pre-cleaned glass
tower (15.3 m length, 2 m height). Purified zero air was forced into the system through
a sintered glass frit (nominal pore size 15–25 µm) from the bottom of the tower at a flow25

rate of 150 ml min−1. This flow rate enabled a sufficient number of gentle bubbles, with
sizes ca. 300 µm in diameter to match ambient conditions (Norris et al., 2011). Unlike
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the experiment of Mopper et al. (1995) who aimed to collect surface active foam, we
simulated the accumulation of SML materials by rising bubbles. The air flow was thus
constantly controlled, rather than being optimized for high foam production. After an
1 h of bubbling, seawater at the upper most layer (about 3 cm) together with foamy
substances were slowly overflowed into a collecting flask by an additional feeding of5

seawater through the middle of the experimental tower. This sample (200 ml) is re-
ferred to as the “foam layer” in the following text and the non-bubbled background water
(before bubbling) and bubble-stripped seawater after each experiment are referred to
as “reference” and “residual seawater”, respectively. Throughout the bubbling period,
aerosol particles generated by bursting bubbles were collected with a pre-combusted10

glass plate (acting as an impact surface) at ∼ 10 cm height above the liquid level. The
particles on the glass plate were then carefully rinsed with ultrapurified (Milli-Q) wa-
ter into a pre-cleaned polycarbonate tube and frozen (−80 ◦C) aboard, before further
sample preparation.

2.4 Determination of total organic carbon, bulk carbohydrate and associated15

organic parameters

Total organic carbon (TOC) samples were collected in acid-cleaned containers and
stored frozen, until analysis by high temperature combustion (Knap et al., 1996). Par-
ticulate organic carbon and nitrogen (POC and PON) were quantified in material col-
lected on Whatman GF/F glass fiber filters stored frozen until laboratory analysis (Knap20

et al., 1996). Dissolved organic carbon (DOC) was calculated by subtracting POC
from the TOC (Sharp, 2002). Bulk carbohydrates in free (= monosaccharides) and
combined (= polysaccharides) form (d-MCHO and d-PCHO) were quantified with the
spectrophotometric TPTZ (tripyridyl-s-triazine) protocol (Hung et al., 2001, 2003). Indi-
vidual dissolved free amino acids (DFAA) were determined on 0.2 µm-filtered samples,25

with acid hydrolysis and separation achieved by using reverse phase high performance
liquid chromatography with precolumn OPA derivitization (Mopper and Dawson 1986;
Keil and Kirchman, 1991). Proteins were determined in the particulate phase (Clayton
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et al., 1988; Dortch et al., 1984). Chlorophyll-a (Chl-a) was determined according
to Holm-Hansen et al. (1965). Phytoplankton and bacterioplankton were enumerated
with flow cytometry (Sieracki et al., 1999), after fixation with 0.5 % paraformaldehyde,
flash-freezing in liquid nitrogen, and storage at −80 ◦C.

2.5 Ultrafiltration5

Ultrafiltration of SSW and SML samples was performed onboard ship, based on the
method by Gao et al. (2010). Samples were first filtered under mild pressure through
a polycarbonate membrane (nominal pore size 0.22 µm in diameter) to collect particu-
late organic matter (POM, < 0.22 µm in diameter). The algal assemblage was filtered
through a nylon sheet of 20 µm mesh. The filtered samples were then ultrafiltered10

and diafiltered through a tangential flow filtration system (TFF, Millipore) equipped with
cartridges with molecular weight cut off (MWCO) at 5 kDa. The fraction that passed
through the 0.22 µm filters but was retained by TFF is referred to as HMW DOM. Note
that the HMW DOM fraction falls in the size range between 5 kDa (equivalent to par-
ticle size of 5 nm) and 0.22 µm and, therefore, is considered as microcolloid in size15

(Leck and Bigg, 2010; Wells and Goldberg, 1991). Dissolved free monosaccharides
with low molecular weight cannot be retained by TFF and thus are not included in the
subsequent analysis. Dialysis tubing (5 kDa MWCO, Pierce) was used as an alterna-
tive method to isolate and desalt samples with small volume (i.e., foam layer samples)
(Gao et al., 2010; Underwood et al., 2010). After ultrafiltration, the samples were stored20

frozen at −80 ◦C until laboratory analysis. Details about the ultrafiltration method are
summarized in Table 1.

2.6 Determination of monosaccharide composition using liquid
chromatography coupled with tandem mass spectrometry (LC/MS/MS)

Monosaccharides present in a combined form (polysaccharides) were determined ac-25

cording to the method by Gao et al. (2011). In brief, vacuum dried samples were
hydrolysed with 4 M trifluoroacetic acid (TFA) at 100 ◦C for 2 h. Excess TFA was
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removed by vacuum evaporation and the hydrolysate was further cleaned by solid
phase extraction. The hydrolysate was reconstituted in acetonitrile and water (80 : 20,
v/v) prior to analysis with LC/MS/MS. TFA hydrolysis is a relative mild method com-
pared to the strong sulfuric acid method that is often used for carbohydrate studies
in seawater (Panagiotopoulos and Sempere, 2005) focusing on “refractory” structural5

polysaccharides or terrestrial cellulose-rich polysaccharides (Kerherve et al., 2002;
Panagiotopoulos and Sempere, 2005). As a result, the monosaccharides released
by TFA are presumed to be freshly produced and largely from extracellular algal secre-
tions. Liquid chromatographic separation was performed using an aminopropyl-silica
column (150×2.1 mm, 5 µm, Zorbax NH2, Agilent) at room temperature, with a LC10

system coupled to a triple-quadrupole mass spectrometer, equipped with a heated
electrospray ionization probe (Gao et al., 2011).

The glucose and mannose could not be baseline-separated and were determined
together using one peak since the response factor for these two monosaccharides was
equal when injected separately. The monosaccharides obtained by the LC/MS/MS15

analysis described above are also referred to as neutral sugars (NS) and the sum of the
individual NS is referred herein as total hydrolysable neutral sugars (THNS). The THNS
concentration in carbon units (µM C) for the calculation of the NS yield was obtained by
multiplying the concentration of pentose by 5 and all other monosaccharides by 6. The
monosaccharide concentrations were blank-corrected.20

2.7 Statistical analysis

Statistical analyses were performed using Statistica 7.0 (StatSoft Inc.) statistical pack-
ages. Non-parametric Spearman’s rank correlation was used to compare the correla-
tion of non-normally distributed variables. Difference and correlation were considered
to be significant at p < 0.05 (95 % confidence level). One-way analysis of variance25

(ANOVA) was used to test for significant difference between the results of individual
groups and difference was considered to be significant when the F value is greater
than the cut-off value in a F -table.
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3 Dissolved organic matter and carbohydrates in the SSW and SML

3.1 Factors influencing the biological activity at the Open Lead site

The abundance, molecular size, chemical composition and reactivity of DOM vary con-
siderably as a function of the level of biological activity in the SML and the underlying
SSW (upper ca 20 m within the euphotic zone) (Matrai et al., 2008). Within these lay-5

ers, biological activity is influenced by such factors as depth of the surface mixed layer
and stratification below it, the formation of melt pools and the removal of dry snow in
summer, which greatly increase the available radiation at a given depth in the sea (En-
glish, 1961) as well as temperature and nutrient concentration. In order to discuss the
observed changes in concentrations of the dissolved organic matter in the water, it is10

therefore necessary to consider how such physical parameters varied during the ice
drift and how they influenced biological activity.

The sun was consistently above the horizon for the duration of ASCOS. Surface air
temperature varied substantially from near 0 ◦C to −12 ◦C. Based on the analyses of
the surface energy budget, the drift was divided into four distinct periods (Sedlar et al.,15

2010), shown in Fig. 2. The first period was typical of the pack ice melt season, having
numerous melt ponds on the ice surface, with temperatures around 0 ◦C from DOY 226
to DOY 233. A weather system at the end of the 1st period, during 20 August (DOY
233), marked the end of the melt season and was followed by the 2nd period with
a drop in temperature to −6 ◦C for about 2.5 days (DOY 234–DOY 237). The conditions20

in the 3rd period were governed by a persistent stratocumulus layer that contributed
to maintain the surface energy balance close to zero through surface cloud-radiative
forcing (Sedlar et al., 2010). Temperatures ranged between −2 to −3 ◦C. As a conse-
quence, the actual transition to the autumn freeze-up was temporarily postponed until
the end of the 3th period (DOY 243). The 4th period started on 31 August (DOY 244)25

as the persistent stratocumulus layer went away. This resulted in a negative surface
energy budget, with a drastic drop in temperature to −12 ◦C.
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As a result of the temporal development of the surface energy balance, the lead at
the sampling site was completely ice free during the 1st and the 3rd periods. In the 2nd
period, freezing of melt ponds occurred, along with heavy rimming and frost deposits
onto the surface of the frozen ponds. The lead at the sampling site started to freeze
on DOY 233 and was covered with a layer of frazil ice until DOY 238 (3rd period) when5

the lead opened up exposing open water again. The melt ponds recovered but were
at times covered with a thin layer of dry snow. On DOY 245 (4th period), freeze-up of
surface water at the open lead site was observed. The period during the ice-drift spans
the transition period from the end of the summer melting to the onset of the autumn
freezing-up.10

The formation of a highly stable surface mixed layer prevents the transport of phy-
toplankton to depths where their growth is light limited (generally below 30–50 m, Olli
et al., 2007; Sverdrup, 1953) and is therefore a factor important to biological activity.
In polar seas, its formation is dominated by melting and freezing with the consequent
variations in the relative density of sea water. During ASCOS, the well mixed upper15

layer was about 28 m in depth with little variation in terms of both temperature (ranging
between −1.73 and −1.68 ◦C) and salinity (32 psu) (Sirevaag et al., 2011). The rela-
tively low density of the surface mixed layer in summer is due partly to runoff of melt
waters of low salinity (1–4 psu) into the open leads and partly due to continental runoff
of fresh water from Siberian and other rivers.20

Moreover, wind contributes to processes occurring right at the air-sea interface,
which might lead to the concentrations of DOM varying both temporally and spatially
with thickness of the SML. Disruption of the SML at high wind speed has been well
documented (Williams et al., 1986; Wurl et al., 2009) while a highly “dense” SML and
pronounced loading of organic particles has been reported under calm weather condi-25

tions (Stolle et al., 2010). Such negative relationship between the SML thickness and
wind speed has also been documented in the Arctic open leads during a past expe-
dition to the same area and time of year (Knulst et al., 2003). During ASCOS, near-
surface winds were most often in the 2–6 ms−1 range and seldom < 10 ms−1 (Fig. 2f).
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Under these typical low wind conditions inside the pack ice the thickness of SML var-
ied from day to day from 7.7 to 36.5 µm (Fig. 2d). The 1st period that saw the highest
winds along with the passage of a large number of frontal systems had no data of SML
thickness collected.

The increasing light and the formation of a stable mixed layer during melting of the5

pack ice, maximum in the month of August, favour phytoplankton growth and nutrient
consumption, which can be partially replenished by the release of winter brine. More-
over, the ice itself is a source of microalgae, which can be released into the mixed
layer during melting (Smith and Nelson, 1985). The pack ice phytoplankton community
during summer season has been reported to be dominated by flagellates and other10

picoplankton cells (Matrai et al., 2008). At the lead sampling site, the Chl-a concentra-
tions (proxy for phytoplankton biomass) varied between 0.4 and 2.3 µg l−1 during the
ice drift, consistent with numbers reported by Leck and Persson (1996). Total abun-
dances of phytoplankton and bacteria ranged from 263 to 811 cells ml −1 and 2.11×105

to 3.66×105 cells ml −1, respectively, and were comparable to previous reports from15

Arctic open leads (Matrai et al., 2008; Olli et al., 2007). Past measurements in the
same area have reported on a mesozooplankton community that was dominated by
small copepods, contributing more than 90 % of the total mesozooplankton biomass
(Olli et al., 2007). No numbers on zooplankton were available during this study.

3.2 Organic matter in the open lead SSW20

General characteristics of organic matter in the SSW of the open lead are presented in
Table 2. The concentration of TOC measured during the ice drift was relatively invariant
over the 4 periods, with a mean value of 112.2±13.4 µM C. Slightly elevated numbers
(140.8 µM C) were observed in conjunction with the drop in temperature during the 2nd
period (Fig. 2e). The observed TOC concentration at the open lead site was relatively25

high compared to the global average (60–90 µM C) (Hansell and Carlson, 2002) but
in agreement with previous reports from the central Arctic Ocean (Amon and Benner,
2003; Rich et al., 1997). The latter studies suggested that elevated Arctic TOC levels
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should be viewed as a result of the presence of autochthonous production dominated
by sea ice algae, microbial decomposition and mesozooplankton grazing. The high
concentration of TOC could also be related to the generally shallow euphotic zone
(< 20 m) (Leck and Persson, 1996; Olli et al., 2007) where most of primary production
has been reported to take place (Olli et al., 2007). The DOC fraction represented the5

major pool of the TOC, accounting for 91±1 %, with the remaining fraction made up
by POC. The concentrations of POC were significant correlated with concentrations of
PON, as shown in Table 3. This suggests that these constituents are associated in
a common macromolecular structure. There was also a significant correlation between
POC and Chl-a (Table 3) indicating that ice algae and phytoplankton populations were10

among the primary factors controlling the abundance of POC at the open lead site
during the extent of the drift. The average atomic C : N ratio was 9.4±1.0, higher than
the global Redfield ratio of phytoplankton (C : N : P, 106 : 16 : 1, C : N ratio = 6.6) but
closer to values reported for the central Arctic Ocean (Olli et al., 2007), supporting
a microalgal origin of the particulate organic matter (Redfield et al., 1963).15

3.3 Dissolved carbohydrates in the open lead SSW

Carbohydrate is a generic term for polyhydroxycarbonyl compounds consisting of
a multiplicity of substances including HMW (high molecular weight) polysaccharides
and their constituting monomers released via enzymatic hydrolysis. The bulk determi-
nation of the colorimetric method in this study is defined as “total carbohydrates” while20

the monomeric sugars detected by the LC/MS/MS are referred to as “neutral sugars”
(NS). Carbohydrates, as algal and bacterial exudates, are mainly combined polysac-
charides providing the major proportion of dissolved carbohydrates. Monosaccharides,
or carbohydrate in free form (d-MCHO), can be utilized heterotrophically and are less
abundant compared to combined carbohydrate (polysaccharides, d-PCHO).25

During the ice drift, total dissolved carbohydrates including both free (d-MCHO) and
combined (d-PCHO) form accounted for 22±4 % of the TOC pool (Table 2), similar to
lower latitude open oceans (McCarthy et al., 1996; Pakulski and Benner, 1994). The
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temporal evolution of free and combined carbohydrate in SSW during the ice drift is
shown in Fig. 2b. Concentration of d-PCHO varied by a factor of two during the first
period of the drift, ranging from 7.3 to 17.6 µM C. On DOY 236, during the 2nd period
(open lead site covered with a layer of frazil ice), concentrations decreased to 2.8 µM C,
but increased thereafter substantially, up to 41.8 µM C, until the surface water started to5

freeze up again during the last regime (DOY 243 to DOY 245). Previous studies (Brier-
ley and Thomas, 2002; Krembs and Deming, 2008) have shown that secretion of EPS
by microorganisms might be enhanced in response to the extreme environmental con-
ditions within a lead (e.g., low temperature and high salinity), which in turn would lead
to a high carbohydrate loading. The observed high contributions of d-PCHO observed10

during the 4th regime could therefore be due to enhanced secretion of EPS at low tem-
perature. In comparison, the variation of SSW d-MCHO levels during the drift was not
significant. The observed negative correlation (Fig. 2b and Table 3) between d-MCHO
and d-PCHO suggested that the former could be derived in part from the degradation
of the latter. The transformation of carbohydrate between the free and combined forms15

is governed by both physical and biological processes. Carbohydrates in the dissolved
phase, particularly those with high molecular weight, can aggregate abiotically to form
highly polymerized polysaccharides known as gels as part of a reversible physical pro-
cess (Chin et al., 1998). Conversely, larger aggregates such as TEP can be converted
back into the dissolved pool biotically via, e.g. enzymatic hydrolysis by heterotrophic20

bacteria (Decho, 1990). However, there was no apparent temporal correlation between
DOC and carbohydrate concentrations. One suggested explanation is that the concen-
tration of dissolved carbohydrates is related not only to phytoplankton and ice algae
growth, but also to bacterial and microzooplankton activity (Deming, 2010; Rich et al.,
1997; Verity et al., 1999), both of which can vary over time.25
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3.4 Enrichment of organic matter (particulate and dissolved) and dissolved
carbohydrates in SML

There is a continuous exchange of organic matter (chemical composition and concen-
tration) between the SSW and SML (Liss and Duce, 1997). Bigg and Leck (2008)
proposed a bubble-induced mechanism responsible for transporting organic-rich ma-5

terial towards the SML. It was suggested that the highly surface active polymers can
readily attach to the surface of rising bubbles and self-collide to form larger aggregates
that may embed solid particles such as bacteria, phytoplankton and their detritus. On
the other hand, it has been suggested that the process of polymerization into larger
aggregates can inhibit the enrichment of DOM in the SML, including carbohydrate and10

amino acid (Wurl and Holmes, 2008). Furthermore, temperate water observations indi-
cate that the higher the initial concentration of organic compounds in SSW, the relative
lower enrichment of the matter in the SML will result (Williams et al., 1986). It is also
well known that the exopolymers can help the downward transport of biological and
chemical components into the deep ocean, in particular POC including bacteria and15

phytoplankton (Wassmann and Reigstad, 2011). However, the flux of vertical down-
ward export of organic carbon (by sinking, aggregation and coagulation) has been
reported as low under the Arctic pack ice (Olli et al., 2007).

Unlike the SSW, there was no negative correlation between d-MCHO and d-PCHO
observed in the SML (r =0.321, p<0.05) (Fig. 2c), suggesting a passive accumulation20

of organic materials (Matrai et al., 2008). Table 4 presents enrichment factors (EF),
defined as the ratio of the concentration in the SML over that in SSW. TOC was slightly
enriched (mean EF value of 1.5±0.4) in the SML. A slight SML depletion (indicated by
EF<1) was occasionally observed for d-MCHO, d-PCHO, dissolved free amino acids
(DFAA) and proteins. A significant enrichment of d-PCHO (EF = 19.4) and proteins (EF25

= 14.3) was recorded during DOY 231.44 (1st period) whereas d-MCHO and DFAA
were only slightly enriched with EF of 1.3 and 2.3, respectively. The EF of TOC in this
study is similar to observations in the North Pacific (Henrichs and Williams, 1985) and
Singapore Strait (Wurl and Holmes, 2008).
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It is difficult to compare the accumulation of organic material within the SML using
only EF when the thickness of the SML varied substantially, as displayed in Fig. 2d.
This is because the EF value will depend on the thickness of the specific SML col-
lected (Liss and Duce, 1997). Excess concentration is thus often used as it normalizes
for SML thickness (Liss and Duce, 1997; Matrai et al., 2008) by defining it as the dif-5

ference between the SML and SSW concentrations, multiplied by the thickness of the
SML. The SML excess concentrations for observed organic parameters (Table 5) con-
firm the enrichment patterns during most of sampling days. During the ice drift, Norris
et al. (2011) revealed that the number concentration of bubbles correlated positively
to the heat flux from sea to air. The high number concentrations of bubbles during10

DOY 232 (1st period) and DOY 240 (3rd period) corresponded to the relatively high
SML excess concentrations of TOC, confirming a physical transport process. Further-
more, the strong enrichment of polysaccharides and proteins (Table 4) as opposed
to the “truly” dissolved pools (e.g., monosaccharides and amino acids) observed on
DOY 231 supports the selective ascending of organic compounds under the prevailing15

environmental conditions.

4 Extracellular polysaccharides in the SSW and SML

Extremely numerous and variable numbers of microcolloidal particles (ranging between
106 and 1014 ml−1) have been observed in the SML of open leads of the high Arctic dur-
ing the month of August (Bigg et al., 2004). Particle size distributions were also very20

variable with modal diameter sizes of 10 nm in some samples and 40–50 nm in oth-
ers, with the 40–50 nm particles appearing to be aggregates of the 10 nm ones. The
variability of the observed size distributions may be a consequence of different stages
of assembly and/or aggregation discussed in the introduction. Orellana et al. (2011)
showed that marine polymer microgels from the open lead sampling site underwent25

reversible phase transition as a function of pH, dimethyl sulfide, and dimethyl sulfo-
niopropionate concentration, which stimulated the gels to attain sizes below 1 µm in
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diameter. Their results showed that polymeric material from the SML and SSW as-
sembled spontaneously into gels that ranged from colloid to micrometer sizes, similar
to polymer gels from other water sources (Orellana and Verdugo, 2003).

4.1 Enrichment of extracellular polysaccharides in the SML

THNS concentration in the SSW of the open lead sampling site (see Table 6) were5

generally higher in the HMW DOM pool (94.9 ± 37.5 nM) than in the POM pool
(64.4±14.5 nM) (F1.8 = 2.88, p= 0.128). Enrichment of THNS in the SML appeared
to be a common feature with EFs ranging from 1.7 to 7.0 for particulate polysaccha-
rides and 3.5 to 12.1 for polysaccharides in the HMW DOM (Fig. 3a). This pattern
was consistent for all HMW DOM and POM paired samples examined (F1.6 = 2.93,10

p= 0.138). The excess concentration of neutral sugars in SML shows similar pattern
to that of EF (Fig. 3b). The higher substantial enrichment of polysaccharides in the
HMW DOM class in our measurements indicates that colloid organic matter could be
preferentially scavenged into SML with respect to the POM pool. As discussed above,
transmission electron microscopic images of micron-sized particles collected at the15

same location and season (Bigg et al., 2004) showed that the most abundant com-
ponents were discrete, amorphous aggregates in the modal diameter of about 50 nm.
The suspended small colloid particles in seawater might ascend preferably towards sea
surface through positive buoyancy due partly to low density (0.7–0.8 g cm−3) relative to
seawater (Azetsu-Scott and Passow, 2004), through bubble adsorption as previously20

mentioned, or as part of the freezing cycle.
Indeed, the high SML EF of THNS of HMW DOM on DOY 239 coincided with the

end of the cold episode. It is possible that new ice crystals floating at sea surface con-
tributed to the high THNS since the freshly formed sea ice sample contained a high
concentration of THNS (2285.5 nM in HMW DOM on DOY 234). The high concentra-25

tion of DOM in sea ice and associated seawater has been reported in a number of
studies (Giannelli et al., 2001; Krembs et al., 2002; Krembs and Engel, 2001), most
of whom attributed it to increasing EPS by sea ice diatoms in response to the extreme
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environmental conditions. Given that the fresh ice was newly formed within one day, it
seems unlikely that the EPS observed was produced autochthonously via in situ biolog-
ical activities. It is further unclear which factors control the DOC or EPS fluxes between
the ice and associated brine during the initial freezing. Our study showed that the salin-
ity of the melting sea ice was significant lower (17 psu) than the underlying seawater.5

This implies that the rejection of inorganic sea salts as well as the preferred trapping
of organic matter could take place during the initial freezing (Loose et al., 2011; Muller
et al., 2011). If the presence of divalent cations (Ca2+ and Mg2+) in seawater can act
as inter-bridges to promote the aggregation of DOM (Chin et al. 1998), polymeric ag-
gregates bound by inadequate cationic complex and hydrogen bonding due to brine10

rejection might dissociate more easily during the melting and refreezing processes.
Previous studies of THNS concentration of DOM in central Arctic polar region are

limited. The report of Rich et al. (1997) from the ice-covered areas of the Canadian
and Eurasian Basins has showed that THNS ranged from 34 to 700 nM for surface, un-
fractionated DOM. Compared to other studies from Arctic Ocean including Greenland15

Sea (1.05–4.09 µM C, equivalent to 170–700 nM) and the Arctic Mediterranean Sea
(75–409 nM) (Engbrodt and Kattner, 2005; Amon and Benner, 2003), the THNS con-
centrations observed in the central Arctic Ocean during ASCOS had a similar range.
SML enrichment of carbohydrates has been reported previously but the numbers have
been limited to bulk concentration of carbohydrates using colorimetric methods (Hen-20

richs and Williams, 1985; Williams et al., 1986). Recent studies demonstrated the
enhancement of acidic polysaccharides, or Alcian blue stained TEP, which procedu-
rally ignores all particles less than 0.4 µm diameter (Kuznetsova et al., 2005; Wurl
et al., 2009). However, no data are available on the enrichment patterns of smaller
polymers, with respect to either chemical dynamics or molecular composition of size25

fractionated exopolymers. Nevertheless, as in other lower latitudinal oceans (Amon
and Benner, 2003; Goldberg et al., 2011; Kaiser and Benner, 2009), the THNS lev-
els in this study constituted only a small fraction of total DOC, although carbohy-
drates remain one of the largest identified subcomponents of the DOC pool. Yields of

232

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/215/2012/osd-9-215-2012-print.pdf
http://www.ocean-sci-discuss.net/9/215/2012/osd-9-215-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 215–259, 2012

Polysaccharides in
the central Arctic

Ocean

Q. Gao et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

neutral sugars (NS), defined as the percentage of C-normalized monosaccharide con-
centration to TOC, were higher in SML samples (2.7±0.3 %) compared to the SSW
(0.7±0.2 %) (F2.5 = 50.7, p< 0.01). The NS yield determined in the fresh ice (2.8 %)
was similar to that of SML samples (F1.2 =0.53, p=0.839). NS yields are often used as
an index of the freshness and bioreactivity of organic matter (Amon and Benner, 2003;5

Skoog et al., 2008). Higher yields indicate more labile DOM and less diagenetic state.
The higher NS yields in the SML samples suggested that newly released exopolymers,
without substantial degradation, were more favourably scavenged to the SML.

4.2 Chemical dynamics of molecular composition of extracellular
polysaccharides10

The molecular composition of SSW polysaccharides at the open lead site varied slightly
from sample to sample for both the HMW DOM and POM fractions (Table 6). In
general, glucose + mannose, fucose, and xylose were the predominant monomers,
with galactose and rhamnose being less abundant. Together, these 6 monosaccha-
rides made up over 90 % of the total neutral sugars determined. Arabinose was the15

least abundant compared to the other 6 neutral sugars, indicating a negligible ter-
restrial influence of organic matter in the Arctic pack ice, open lead reservoir (Cowie
and Hedges, 1984). Ribose and an undefined 5 carbon sugar were occasionally
detected in small amounts. Ribose is subjected to decomposition during acidic hy-
drolysis and thus the result is less reliable. The undefined 5 carbon sugar might be20

from lyxose, partly as a product of epimerization from xylose formed through the hy-
drolysis (Cowie and Hedges, 1984). Given the difficulty of quantification as well as
their minor contribution to the total NS determined, these two sugars were not in-
cluded in the calculation of monosaccharide composition. The determined monosac-
charide compositions suggested that macromolecular polysaccharides over the Arctic25

pack ice area are heteropolysaccahrides containing different type of monomers. Be-
cause of the relatively uniform distribution of monosaccharides from sample to sample,
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average molar percentages ofmonosaccharides are used in the following sections to
enable a comparison of the contribution of individual monosaccharide between differ-
ent reservoirs (i.e., SML, ice, foam, bubble-spray aerosol). Seawater samples collected
during the OW and MIZ stations (Table 6) exhibited distinct monosaccharide spectra,
with relatively higher contributions of arabinose and galactose compared to the open5

lead samples. Such differences in monosaccharide distributions might result from vari-
ability in biological microalgal and bacterial species and related physiology in the open
water and first-and multi-year ice-covered seawater in the pack ice.

The general pattern of monosaccharide composition in HMW DOM was similar to
that in POM. Some differences in the relative mole percentage of fucose opposed10

to rhamnose were observed. HMW DOM was enriched in fucose (29.3±9.2 %) and
depleted in rhamnose (5.3±2.3 %) compared to POM where the contribution of the
two deoxysugars was approximately equal (13.1±6.2 % for fucose and 9.6±4.4 % for
rhamnose). In addition, polysaccharides in the POM fraction were slightly enriched in
glucose + mannose (36.3±10.4 %) compared to the HMW DOM fraction (23.6±9.3 %).15

The distinct pattern between HMW DOM and POM was extremely evident in the fresh
ice sample with 61.9 % of fucose in HMW DOM and 76.5 % of glucose + mannose in
POM fraction. The high percentage of glucose + mannose in POM could be related
to the glucose polymers (glucan or glycoprotein) in structural polysaccharides as sug-
gested by other studies (Pakulski and Benner, 1994; Panagiotopoulos and Sempere,20

2005; Skoog and Benner, 1998).
The monosaccharide composition of SML samples was nearly identical to the SSW

samples, even though the THNS concentration in SML varied considerably from one
day to the next. This might be indicative that in situ production by microorganisms in the
underlying seawater or nearby sea ice may be an extremely important source for the25

SML polysaccharides. The exclusively predominant fucose (61 %) in the ice algae as-
semblage suggested a primary source of extracellular polysaccharides with an ice algal
origin (Table 6). The substantial xylose (27.3 %) in the ice algae assemblage probably
indicates that these two monosaccharides (fucose and xylose) are either associated
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together as heteropolysaccharides (i.e., fucoxylan) or appear as homopolysaccharides
(i.e., fucoidans and xylans) (Handa and Yanagi, 1969).

In this study, the observed monosaccharide spectra (relative percentage of
monosaccharides) over different sizes of organic matter were similar to that reported
from the central Arctic (Rich et al., 1997) as well as from lower latitude temperate wa-5

ters, such as the Gulf of Mexico, Atlantic and Pacific Ocean (Benner et al., 1997; Kaiser
and Benner, 2009; Gogou and Repeta, 2010). Most of these studies showed that ara-
binose was the least abundant sugar while the other 6 monosaccharides were nearly
equally abundant, although variations in relative monosaccharide abundance were ob-
served due to differences in local DOM sources and removal processes. The resem-10

blance of monosaccharide spectra among different sampling sites suggested that the
processes responsible for the formation of bio-molecules must be highly specific on
a global basis (Aluwihare et al., 1997). Briefly, it was shown that polysaccharides rich
in deoxysugars including rhamnose and fucose are mostly acidic/anionic polymers with
uronic acids (glucuronic acid and galacturonic acid) or sulfate ester groups associated15

(Decho, 1990; Mopper et al., 1995; Zhou et al., 1998). The association of deoxysugars
and anionic function groups in the polysaccharides could be important to regulate the
production of aggregates. The lower fraction of rhamnose in the open lead samples
relative to the results of Zhou et al. (1998) may reflect the different species of planktonic
diatoms encountered in the two studies. For example, the sea-ice diatom Melosira arc-20

tica, abundant underneath the ice floe at our pack ice site (Orellana et al., 2011) and
others (Melnikov, 1997), likely has a different physiology and biochemical composition
than the planktonic diatom Chaetoceros gracilis studied by Zhou et al. (1998).

5 Bubble scavenging of polysaccharides and its implication for aerosol
formation25

As proposed by Bigg and Leck (2008), highly surface active EPS and embedded solid
particles such as bacteria, phytoplankton and their detritus could be selectively carried
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to the SML by rising bubbles. Simple biological sugars, bacteria and phytoplankton
cells have also been observed to be several orders of magnitude enriched in the SML
as well as in the production of nascent particles through bubble bursting (Keene et al.,
2007; Kuznetsova et al., 2005; Russell et al., 2009). That a rising bubble within the
ocean water column can scavenge and transfer organic materials to the atmosphere5

upon bursting was already early on suggested by Blanchard (1975).

5.1 Scavenging of polysaccharides at the air-water interface

Within the first half hour of bubbling, foam was readily formed and occasionally amor-
phous aggregates became visible on the wall as bubbles accumulated at the surface
of the seawater in the experimental glass tower. In general, the THNS concentration10

within the foam layer was 1–2 orders of magnitude higher than the reference seawater
used for bubbling (Table 7). The increase of THNS concentration in the foam layer
coincided with a decrease of THNS in the residual seawater. This result provides ev-
idence that the polysaccharides in bulk water can be carried by rising bubbles and
accumulated at the air-water interface. The removal of THNS (indicated by % loss;15

Table 7) from the source water reflects that 31–63 % of the polysaccharides exhib-
ited surface active properties. Mass balance calculations, defined as the percentage
of total amount of THNS (residual water + foam layer) after bubbling to those initially
existent in source bulk water before bubbling, were used to indicate the formation of
new aggregates or the loss of “old” particles (i.e., by disaggregation, dissolution or20

adsorption onto the wall of glass tower). The results in Table 7 show that the bub-
bling process itself formed a remarkable fraction of new polysaccharides aggregates
abiotically. The number of newly formed colloid particles (HMW DOM) from dissolved
precursors (<5 kDa, equivalent to a <5 nm) might be even larger than that reported in
Table 7 because they can be either aggregated further to form new particles (<0.22 µm25

diameter) or be transported into to the air as nascent aerosol particles (see discussion
below). The newly formed colloids imply that some short-chain oligosaccharides in
the nanometer length scale might represent an important pool for the formation of

236

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/215/2012/osd-9-215-2012-print.pdf
http://www.ocean-sci-discuss.net/9/215/2012/osd-9-215-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 215–259, 2012

Polysaccharides in
the central Arctic

Ocean

Q. Gao et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

microcolloids/particles through bubbling. It has been well documented that freshly re-
leased polymers can exist as fibrils of about 1 kDa MW (equivalent to 1 nm in diameter)
which may assemble and form loose aggregations (Buffle and Leppard, 1995; Decho,
1990). The abundance of microcolloids observed at the open lead site (Orellana et al.,
2011) could therefore have resulted from either separate physical, chemical and bio-5

logical processes or in combination. Using the current TFF ultrafiltration method might
therefore have missed out on the smaller colloid fraction of THNS. Looking forward,
it appears that bubbling of bulk seawater may serve as an efficient method to obtain
colloids smaller than the sizes traditionally retained by ultrafiltration. The relative lower
abundance of newly formed colloid particles collected at the MIZ (Table 7) is probably10

related to the difference in biological activity and freshness of EPS with respect to the
open lead. The formation of new particles by bubbling has been found to be less ef-
ficient for “aged” colloid precursors with lower bioreactivity (Zhou et al., 1998). It was
also reported that the efficiency of aggregate formation is largely dependent upon the
initial size of the dispersed materials (Johnson et al., 1986), with older polymers being15

shorter (Orellana and Verdugo, 2003). Nevertheless, the bioreactivity and, to a large
extent, the surface active properties of polysaccharides are closely associated with
their chemical composition. The resemblance of monosaccharide spectra observed
between the foam-fraction and the SML samples (Fig. 4) implied that fucose-enriched
polysaccharides exhibited a strong tendency to be adsorbed on the surface of a rising20

bubble and were preferentially transferred into the SML. This finding is supportive of
the suggested (Bigg and Leck, 2008; Kuznetsova et al., 2005; Russell et al., 2011)
existence of a bubble-mediated mechanism for the accumulation of surface active ma-
terials in the SML.

It has been proposed that the efficiency of aggregate formation by bubble adsorp-25

tion depends on the properties of bubbles, including size and number concentration
(Andreas and Monahan, 2000; Blanchard, 1975). In a parallel study at the open lead,
Norris et al. (2011) demonstrated the presence of a significant number of bubbles with
size of 30–100 µm in diameter, which were typically smaller than those observed in
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temperate open water regions under breaking wave conditions. Johnson et al. (1986)
showed that small bubbles (< 200 µm in diameter), with longer resident time in seawa-
ter, were less effective for the coagulation of colloids than larger bubbles. We therefore
hypothesize that the relatively smaller bubbles present in the surface waters of the lead
may, on one hand, have given the microcolloids a longer residence time by preventing5

aggregation and any subsequent sinking of any resulting larger particles. On the other
hand, the bubble population may have been sufficient to initiate upward transport of the
buoyant nano- and microcolloids to the air-sea interface (upper most surface water).

5.2 Bubble adsorption of polysaccharides and their transformation at the
sea-air interface10

A concurrence of substantial numbers of bubbles with microcolloids attached is impor-
tant because the bubbles, upon bursting at the sea-air interface, could provide a mech-
anism for the transfer of microcolloids from the ocean SML into the atmosphere (Bigg
and Leck, 2008; Leck and Bigg, 2005a,b; Russell et al., 2009; Orellana et al., 2011).
Hoffman and Duce (1976) noted that the efficiency to transfer organics from sea to air15

via bubble bursting was positively correlated to the path length of rising bubbles and
therefore their stability. The THNS detected in the nascent aerosol samples generated
by the bubbling experiment demonstrated the presence of an active water-to-air flux
of polymeric substances (Table 7). By assuming that 1 ml of seawater impacted on
the glass plate during bubbling, we can estimate that the THNS in the experimental20

aerosol samples, with concentrations ranging from 4852 to 7870 nM (Table 7), was en-
riched relative to the source seawater by factors of 22–70. The mean relative mol %
of monosaccharides in field aerosol samples (from DOY 227 (1st period), 230 (1st pe-
riod), and 242 (3rd period)) is given in Fig. 4. By comparing the relative contribution of
fucose vs. rhamnose as well as the percentage of glucose + mannose, which we used25

to differentiate the POM and the HMW DOM, the nascent aerosol particles resembled
the HMW DOM and, to some extent, the POM as well. This suggests that bubble burst-
ing might carry both a substantial fraction of microcolloid matter and their aggregate
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products from the SML into atmosphere. Our observations agree with Kuznetsova
et al. (2005)’s reported enrichment of organic matter in aerosols, including TEP (EF
= 44±22) and amino acids (up to 50-fold). Furthermore, polysaccharides-containing
aerosols exist not only over the central Arctic Ocean but also over temperate and sub-
tropical oceans (Leck and Bigg, 2008; Russell et al., 2009), where a significant fraction5

of carbohydrates (7–20 % of organic mass) in organic aerosol particles can be ocean-
derived (Crahan et al., 2004). The processes responsible for the bubble production
and particle fragments include film drops and jet drops (Blanchard, 1963; Blanchard
and Woodcock, 1957). The formation of airborne particles by film droplets (centered on
100 nm diameter) constitutes the largest contribution to CCN number concentrations,10

particularly in remote marine areas (Lohmann and Leck, 2005; O’Dowd et al., 2004).
However, the nascent aerosol particles artificially generated in our study were bulk col-
lected without size segregation. Therefore, the relative abundance of film droplets or jet
drops generated during the bubbling experiment remains uncertain. Nevertheless, the
monosaccharide composition of the bubble generated aerosol particles indicates that15

a large fraction of these spray particles was derived from organic polymers represent-
ing a colloid size fraction. It is noteworthy that the bubble properties in our bubbling
experiment may differ from the bubble spectra observed during typical conditions at
the open lead site. Bubbles generated mechanically in the glass column apparently
had both higher rising velocity and slightly larger bubble sizes compared to the in situ20

naturally occurring bubbles (Norris et al., 2011). Higher water temperature present
under experimental condition (about 4 ◦C) might also have a positive effect on the dis-
solution of microbubbles. Olli et al. (2007) showed that most of biological activity took
place in the upper 5 m of the ocean surface mixed layer at the open lead. It should
be expected that the path lengths of bubbles occurring in situ were longer than the25

experimental condition (2 m). Given the potential differences in bubble generation and
residence time, future studies should quantify the injection of SML organics and the
bubble enrichment of polysaccharides in situ in open leads.
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6 Summary and conclusion

The central Arctic Ocean pack ice area was characterized by generally high concentra-
tion of TOC, comprised of polysaccharides released by sea ice algae and phytoplank-
ton, and possibly sea ice bacteria. High concentrations of hetero-polysaccharides with
high ocean surface activity (indicated by % removal of THNS in the bubble experi-5

ments, Table 7), were common features of the exopolysaccharides present at the high
Arctic open lead site sampled. Size fractionation of the organic polymeric materials in
surface seawater showed varying patterns in their chemical composition and distribu-
tion between the SML and SSW. A small, but persistent enrichment of TOC as well as
sporadic depletions of dissolved carbohydrates and amino acids were observed in the10

SML; these patterns are consistent with observations in lower latitudes (Kuznetsova
et al., 2004; Reinthaler et al., 2008). Our data indicated that the SML at the open
lead site differed from its SSW not only in the concentration of organic matter, but also
in its chemical composition. It has been recognized historically that organic matter in
seawater exists in a continuum of sizes (Hansell and Carlson, 2002). Indeed, polysac-15

charides with high bioreactivity (indicated by NS yield) in the colloid organic pool (HMW
DOM) were preferentially concentrated in the SML, relative to the truly dissolved and
particulate organic matter fractions. Furthermore, the SML enrichment factors of TOC
indicate a strong tendency for organic matter to be accumulated at the air-sea inter-
face, for which rising bubbles and surface coagulation of polymer microgels are the20

likely causes. The prevalence of the colloid fraction polysaccharides observed in our
study, the high concentration of microgels within the SML (Orellana et al., 2011), and
the polysaccharide enrichment of our experimentally generated aerosols suggest that
particulate matter enriched in biogenic polysaccharides may represent a potentially im-
portant reactive medium in a number of air-sea exchange processes, including CCN25

formation and cloud droplet activation.
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Table 1. Different fractions of organic matter obtained by ultrafiltration.

Organic components Filtration technique Size range of
organic matter

Particulate organic matter (POM) Microfiltration through >0.22 µm
polycarbonate membrane

High molecular weight (HMW) Ultrafiltration using 5 kDa to 0.22 µm
dissolved organic matter (DOM) TFF system or dialysis
(also referred to as microcolloids tube when the sample
or microgels) volume is low

Low molecular weight (LMW) The fraction that passed <5 kDa
DOM (including dissolved free through TFF system
monosaccharides)
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Table 2. Concentrations of particulate organic carbon (POC), total organic carbon (TOC), dis-
solved bulk free and combined carbohydrate (d-MCHO, d-PCHO), dissolved free amino acid
(DFAA) and particulate protein in subsurface seawater of the open lead. The conditions ob-
served at the lead site during each sampling day are indicated.

Sampling date Condition TOC, POC, d-MCHO, d-PCHO, DFAA, Protein,
of lead µM C µg l−1 µM C µM C nM mg l−1

14 Aug (JD 227.46) Open 134.3 98.9 15.4 13.4 2791.0 0.03
15 Aug (JD 228.46) Open 121.6 – 12.0 17.6 – 0.04
16 Aug (JD 229.42) Open 120.8 122.6 10.2 16.5 2530.3 0.02
17 Aug (JD 230.60) Open 108.6 – 11.6 16.3 – 0.04
18 Aug (JD 231.44) Open 116.1 – 19.6 7.3 1592.8 0.03
19 Aug (JD 232.42) Open 89.8 – 9.4 14.8 – 0.03
20 Aug (JD 233.42) Started to 111.1 68.9 7.4 11.0 2231.1 0.04

freeze
21 Aug (JD 234.44) Started to 116.1 – 15.4 7.3 – 0.04

freeze
22 Aug (JD 235.42) Covered with 140.8 150.6 16.9 3.8 2594.4 0.04

frazil ice layer
23 Aug (JD 236.42) Covered with 87.8 – 16.4 2.8 – 0.03

frazil ice layer
24 Aug (JD 237.42) Covered with 104.1 – 12.0 7.2 – 0.03

frazil ice layer
25 Aug (JD 238.61) Open up again 102.8 – 13.4 11.4 – 0.03
26 Aug (JD 239.44) Open 128.8 – 13.5 9.1 2531.4 0.01
27 Aug (JD 240.44) Open 104.8 – 11.4 15.8 – 0.02
28 Aug (JD 241.46) Open 103.4 82.8 18.3 6.8 1381.4 0.02
29 Aug (JD 242.44) Open 115.7 – 20.2 5.9 – 0.03
30 Aug (JD 243.44) Open 106.9 – 15.2 25.4 1117.4 0.03
31 Aug (JD 244.44) Start to 108.3 – 11.9 33.8 – 0.04

freeze up
1 Sep (JD 245.42) Closed 110.9 197.8 12.5 41.8 701.5 0.03

persistently
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Table 3. Spearman’s rank correlation coefficients for particulate and dissolved organic matter
(POC, DOC), particulate organic nitrogen (PON), chlorophyll (Chl-a), d-MCHO and d-PCHO
(SSW only). Asterisk indicates a significant correlation (p<0.05).

POC DOC PON Chl-a d-MCHO d-PCHO

POC 1.000 0.257 1.000∗ 0.886∗ 0.143 0.371
DOC 0.257 1.000 0.257 0.543 0.181 0.029
PON 1.000∗ 0.257 1.000 0.886∗ 0.143 0.371
Chl-a 0.886∗ 0.543 0.886∗ 1.000 0.371 0.029
d-MCHO 0.143 0.181 0.143 0.371 1.000 −0.621∗

d-PCHO 0.371 0.029 0.371 0.029 −0.621∗ 1.000
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Table 4. Enrichment factor of TOC, d-MCHO, d-PCHO, DFAA and particulate protein in the
surface microlayer.

Sampling date TOC d-MCHO d-PCHO DFAA Protein

16 Aug (DoY 229.42) 1.0 1.0 1.1 0.5 0.7
17 Aug (DoY 230.60) 1.1 1.5 0.6 – 0.8
18 Aug (DoY 231.44) – 1.3 19.4 2.3 14.3
19 Aug (DoY 232.42) 1.7 2.2 4.5 – 4.0
20 Aug (DoY 233.42) 1.2 1.6 0.6 0.7 1.4
21 Aug (DoY 234.44) 1.9 1.5 1.9 – 2.0
25 Aug (DoY 238.61) 2.4 – – – –
26 Aug (DoY 239.44) 1.1 1.5 0.5 0.6 6.1
27 Aug (DoY 240.44) 1.5 1.5 0.9 – 3.0
28 Aug (DoY 241.46) 1.3 0.8 1.6 1.35 0.9
29 Aug (DoY 242.44) 1.2 0.9 2.2 – 1.8
30 Aug (DoY 243.44) 1.7 1.4 1.6 1.74 4.1
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Table 5. Surface microlayer (SML) excess concentration of TOC, d-MCHO, d-PCHO, DFAA
and particulate protein.

Sampling date SML thick- TOC d-MCHO d-PCHO DFAA Protein
ness µm pmol cm−2 pmol cm−2 pmol cm−2 fmol cm−2 ng cm−2

16 Aug (DoY 229.42) 36.5 0.9 −0.6 5.2 −4.9 −0.03
17 Aug (DoY 230.60) 23.5 22.3 13.1 −16.0 – −0.02
18 Aug (DoY 231.44) 26.9 – 14.0 358.3 5.7 1.00
19 Aug (DoY 232.42) 27.7 184.9 30.8 142.1 – 0.3
20 Aug (DoY 233.42) 28.5 48.2 12.0 −12.4 −1.6 0.04
21 Aug (DoY 234.44) 7.7 75.0 5.3 4.5 – 0.03
25 Aug (DoY 238.61) 13.8 192.9 – – – –
26 Aug (DoY 239.44) 26.6 21.7 16.6 −12.2 −3.1 0.1
27 Aug (DoY 240.44) 30.6 163.7 17.7 −3.7 – 0.1
28 Aug (DoY 241.46) 34.0 94.9 −14.0 13.2 1.7 –
29 Aug (DoY 242.44) 34.1 72.5 −8.0 23.0 – 0.09
30 Aug (DoY 243.44) 8.4 62.0 5.5 12.0 0.7 0.08
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Table 6. Total hydrolysable neutral sugars (THNS) concentration (nM), NS yields (% TOC) and
monosaccharide composition (mol %) in particulate (POM) and high molecular weight dissolved
(HMW DOM) organic matter fractions of lead subsurface and surface microlayer seawater.
The monosaccharide abbreviations are: Xyl (xylose), Ara(arabinose), Rha (rhamnose), Fuc
(fucose), Glu+Man (glucose+mannose), Gal (galactose).

Sample Size fraction THNS, THNS yieldsa, Monosaccharide composition, mol %
nM % TOC Xyl Ara Rha Fuc Glu+Man Gal

3 Aug (216.37)
Bulk (OW,8 m) POM 72.8 1.5 18.1 5.4 5.8 7.0 41.1 22.6

HMW DOM 228.3 19.7 10.2 5.4 3.7 48.0 12.9

4 Aug (217.52)
Bulk (MIZ, 8 m) POM 134.7 3.5 12.4 3.8 5.7 7.7 46.3 24.1

HMW DOM 288.5 15.1 10.3 14.1 9.9 26.0 24.5

14 Aug(227.46)
SSW (Lead) POM 50.3 0.5 37.4 0.9 11.3 20.1 18.5 11.8

HMW DOM 62.7 41.5 1.1 7.7 30.8 14.7 4.2

16 Aug (229.42)
SML(Lead) POM 118.0 2.5 28.4 3.8 13.5 5.8 44.8 3.7

HMW DOM 429.2 41.5 0.1 2.5 212.1 32.4 1.4

SSW(Lead) POM 49.6 0.7 24.0 1.5 12.2 6.3 44.3 11.7
HMW DOM 104.7 29.2 1.5 5.6 28.2 28.9 6.6

17 Aug (230.91)
SML(Lead) POM 448.1 – 38.5 1.6 7.5 25.4 21.1 5.9

HMW DOM 1801.8 38.0 1.6 7.0 39.3 10.5 3.5

SSW(Lead) POM 64.2 1.1 27.6 1.1 2.5 17.5 40.5 10.8
HMW DOM 148.8 35.7 0.9 2.9 43.7 12.3 4.5

26 Aug (239.44)
SML(Lead) POM 135.3 3.1 16.5 5.2 18.4 6.9 43.2 10.0

HMW DOM 588.9 14.9 5.8 9.9 21.7 33.7 13.9

SSW(Lead) POM 80.3 0.6 13.6 3.5 13.5 7.0 42.0 20.5
HMW DOM 55.7 24.2 2.7 8.2 24.4 30.1 10.4

29 Aug (242.44)
SML(Lead) POM 142.6 2.5 18.5 3.2 13.2 7.0 38.3 19.9

HMW DOM 357.7 22.5 1.0 6.4 20.4 42.3 7.4

SSW(Lead) POM 77.4 0.7 25.3 2.0 8.5 14.4 36.4 13.4
HMW DOM 102.5 30.2 1.2 4.2 19.3 32.0 13.1

21 Aug (234.44)
New ice(Lead) POM 177.0 2.8 13.7 0.9 3.1 2.3 76.5 3.6

HMW DOM 2285.5 32.9 0.2 1.5 61.9 2.0 1.5

Ice algal assemblage 27.3 0.5 1.9 61.0 7.5 1.9

a Percentage of sum of THNS (POM +HMW DOM) to TOC.
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Table 7. Total hydrolysable neutral sugars (THNS) concentration (nM) in the particulate (POM)
and high molecular weight dissolved (HMW DOM) organic matter fractions of foam and aerosol
particles generated by bubbling experiment as well as the residual, bubbled seawater. Also
shown for comparison are concentrations in unsparged seawater (reference).

Sample Foam Residual Reference Aerosol % Mass
(seawater seawater particles balance∗∗

% loss∗)

POM HMW POM HMW POM HMW POM HMW
DOM POM DOM POM DOM POM DOM

4 Aug (217.52) 2877.6 7666.8 50.0 196.9 134.7 288.5 – 65 103
MIZ (63) (32)
14 Aug (227.46) 1245.3 4579.7 34.7 44.2 50.3 62.7 7870.1 101 165
Pack ice (31) (30)
17 Aug (230.60) 1610.0 19 200.2 42.0 50.9 64.2 148.8 4852.3 98 203
Pack ice (35) (66)
29 Aug (242.45) 9567.0 10 070.5 28.6 37.1 77.4 102.5 5683.9 198 165
Pack ice (61) (64)

∗ % Loss given in parenthesis is defined as: 100 % × (reference seawater − residual seawater)/reference seawater.
∗∗ Mass balance is defined as the percentage of the total amount of THNS (residual + foam layer, in mol) to the reference
seawater. The volumes used to calculate the amount of THNS are: 15.3 l for residual and reference seawater; 200 ml
for foam water.
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(a)

Figure 1 a 

 
 

 
 
 

Figure 1b 
 

 

(b)

Figure 1 a 

 
 

 
 
 

Figure 1b 
 

 

Fig. 1. (a) Map of the ASCOS cruise track (pink) with the ice-drift period highlighted (red,
and inset area indicated) and shown in detail (inset, ∼ 87◦ N, ∼ 1–11◦ W), with the start of the
drift marked by the circle. The ice edge (blue line) is shown for the start of the drift period
on 12 August 2008. (b) The ice floe on which the ASCOS measurements took place with the
icebreaker Oden and the Open Lead sampling site indicated.
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Figure 2

Fig. 2. Time series of total organic carbon (TOC) in surface microlayer (SML) and subsurface
water (SSW) (a), dissolved monosaccharides (d-MCHO) and dissolved polysaccharides (d-
PCHO) in subsurface water (SSW) (b), dissolved monosaccharides (d-MCHO) and dissolved
polysaccharides (d-PCHO) in surface microlayer (SML) (c), SML thickness (d), air temperature
(e) and wind speed (f). The four distinct periods based on the analyses by Sedlar et al. (2010)
of the surface energy budget (see Sect. 3.1) are indicated by grey panels.
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(a)

Figure 3a 
 

 
 

Figure 3b 
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Figure 3a 
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0 

2 

4 

6 

8 

10 

12 

14 

229.42 230.91 239.44 242.44 

EF
s 

POM 

HMW DOM 

a 

0 

1 

2 

3 

4 

5 

229.42 230.91 239.44 242.44 

Ex
ce

ss
 C

o
n

ce
n

tr
at

io
n

, p
m

o
l c

m
-2

 

DoY 

POM 

HMW DOM 

b 

Fig. 3. Enrichment factor (EFs) (a) and excess concentration (b) of total hydrolysable neutral
sugars (THNS) in the particulate (POM) and high molecular weight dissolved organic matter
(HMW DOM) in the surface microlayer.
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Figure 4 
 

 

 
% mol monosaccharide 

 

Fig. 4. Relative mole percentage of monosaccharides (% mol) in new ice, surface microlayer
(SML), subsurface seawater (SSW), foam layer, aerosols and algal assemblage. Shown are
xylose (Xyl), arabinose (Ara), rhamnose (Rha), fucose (Fuc), the sum of glucose (Glu) and
manose (Man), and galactose (Gal) in the high molecular weight dissolved (HMW DOM) and
particulate (POM) organic matter except aerosol and algal assemblage which were not frac-
tionated (see Sects. 2.3 and 2.5).
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