
WALTER AND ANDRÉE DE NOTTBECK FOUNDATION

SCIENTIFIC REPORTS

No. 43

Dissolved organic matter in sea ice; from 
biogeochemical processes during ice 
formation to bio-optical modelling

SUSANN MÜLLER

Academic dissertation in Aquatic Sciences,
to be presented for public examination, with the permission of

the Faculty of Biological and Environmental Sciences,
University of Helsinki, for public examination 

in auditorium 2, at Infocenter Korona, Viikinkaari 11, 
on August 21st, at 12 o’clock noon.

HELSINKI 2015



This thesis is based on the following papers, which are referred to by their Roman numerals: 

I. Maus, S., Müller, S., Büttner, J., Brütsch, S., Huthwelker, T., Schwikowski, M., Enzmann, F., Vähätalo, 
A. (2011). Ion fractionation in young sea ice from Kongsfjorden , Svalbard. Annals of Glaciology, 52(57), 
301–310.*

II. Müller, S., Vähätalo, A., Granskog, M. A., Autio, R., & Kaartokallio, H. (2011). Behaviour of dissolved organic 
matter during formation of natural and artificially grown Baltic Sea ice. Annals of Glaciology, 52(57), 233–241.*

III. Müller, S., Vähätalo, A. V, Stedmon, C. A., Granskog, M. A., Norman, L., Aslam, S. N., Underwood, G. J. C., 
Dieckmann, G.S., Thomas, D.N. (2013). Selective incorporation of dissolved organic matter (DOM) during sea 
ice formation. Marine Chemistry, 155, 148–157.**

IV. Müller, S., Uusikivi, J., Vähätalo, A., Majaneva, M., Majaneva, S., Autio, R., Rintala, J.-M. A bio-optical model 
for photosynthesis in sea ice. (manuscript)***

 
*    The research article has been reproduced with the kind permission of the International Glaciological Society. 
**  The research article has been reproduced with the kind permission by Elsevier. 
***This is an author-produced copy of the article submitted to Elementa.

AUTHORS CONTRIBUTION (names sorted after contribution)

I II III IV
Idea/ study design SMau, SM, JB, AV SM, AV, MG, RA, HK DT, SM, AV, GD SM, AV, JR, MM, RA
Sampling SM, SMau, JB RA, HK, SM DT, LN, SM, CS, MG, 

SA, GU, GD, AV
MM, SMaj, JR, JU, SM, 

Analysis SMau, SM, SB, MS, 
TH, FE

SM, AV SM, LN, SA, CS SM, JU, MM, JR

Writing SMau, AV, SM SM, AV, MG SM, AV, CS, DT, MG, GU SM, AV, JU, JR, MM, SMaj

SM = Susann Müller, SMau = Sönke Maus, JB = Juliane Büttner, SB = Sabine Brütsch, TH = Thomas Huthwelker, MS = Margit 
Schwikowski, FE = Frieder Enzmann, AV = Anssi V. Vähätalo, MG = Mats A. Granskog, RA = Riitta Autio, HK = Hermanni Kaar-
tokallio, CS = Colin A. Stedmon, LN = Louiza Norman, SA = Shazia N. Aslam, GU = Graham J. C. Underwood, GD = Gerhard S. 
Dieckmann, DT = David N. Thomas, JU = Jari Uusikivi, MM = Markus Majaneva, SMaj = Sanna Majaneva, JR = Janne-Markus 
Rintala 

Supervision by  Dr. Anssi V. Vähätalo 
  University of Jyväskylä, Finland

  Dr. Mats A. Granskog 
  Norwegian Polar Institute, Tromsø, Norway

Pre-examination by  Dr. Piotr Kowalczuk 
  Institute of Oceanology of Polish Academy of Sciences, Poland

  Dr. Jukka Seppälä 
  Finnish Environment Institute, Finland

Opponent Dr. Jacqueline Stefels 
 University of Groningen, The Netherlands

Custos Prof. Jorma Kuparinen 
 University of Helsinki, Finland

Thesis advisory committee Dr. Elina Leskinen 
 University of Helsinki, Finland

 Professor David N. Thomas 
 Bangor University, U.K.

 Assistant Professor Rainer M. W. Amon 
 Texas A&M University of Galveston, U.S.A.



DISSOLVED ORGANIC MATTER IN SEA ICE; FROM BIOGEOCHEMICAL 
PROCESSES DURING ICE FORMATION TO BIO-OPTICAL MODELLING

SUSANN MÜLLER

Müller, S. 2015: Dissolved organic matter in sea ice; from biogeochemical processes 
during ice formation to bio-optical modelling. W. and A. de Nottbeck Foundation Sci. Rep. 
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Biogeochemical processes in sea ice and the ice-water interface depend on abiotic processes 
and biological activity. Abiotic processes in sea ice are controlled by the crystallization 
process of freezing water and the associated formation of saline brine. Also the heat budget 
of sea ice and the resulting changes in abiotic properties such as porosity and salinity need 
to be taken into account. The dissolved fraction of sea ice brines contain ions and dissolved 
organic matter (DOM). Ions are rejected from the ice by diffusion and gravity drainage 
whereas dissolved organic matter with high complex and diverse chemical composition can 
react in many ways with other molecules and surfaces. Hence, the present work compares 
the behavior of different fractions of DOM to the ones of salts during initial sea ice 
formation. Controlled tank studies were combined with natural sea ice sampling to exclude 
the disadvantages of both systems such as the effects of small-scale experiments, artificial 
additions in tank experiments and the unknown history of natural samples. The studies 
were conducted with brackish sea ice from the Baltic Sea with its high nutrient and DOM 
concentrations, but also with oceanic sea ice from the North Sea and the Arctic Ocean. This 
allows a general conclusion about the behavior of solutes during the formation of sea ice.

The present studies indicate that the major seawater ions are significantly fractionated 
due to differential diffusion and coupled diffuse-convective salt transport through the brine 
channel network. Ions with a lower diffusivity than Cl-, in this study SO4

2-, Ca+ and Mg2+, 
remained longer in the brine channel network and got therefore enriched in sea ice relative 
to Cl-. K+, on the other hand, diffused faster than Cl- and was depleted in sea ice in this study.

The behavior of DOM in sea ice was more complex compared to ions because of the 
complex structure of DOM and the effect of secondary processes on DOM, such as biological 
production and degradation in sea ice. The quantification of DOM is challenging since 
only certain fractions such as chromophoric DOM can be measured instead of estimating 
the total concentration of DOM. Nevertheless, the present studies on DOM in sea ice from 
Baltic and North Sea water indicated enrichment of DOM compared to sea water ions. 
The magnitude of this enrichment was higher than expected from diffusion and convection 
following the transport of salts. The enrichment varied among DOM fractions with highest 
enrichment of amino-acid like DOM and lowest enrichment of humic-like substances. The 
results therefore suggest that additional processes, such as selective drainage that depends 
on the chemical properties of the DOM molecules, affect the enrichment of DOM in sea ice.

The optical properties of sea ice were used to develop a bio-optical model. The model 
estimates the primary production in Baltic Sea ice based on the absorption by particles and 
chromophoric DOM and the quantum yield for C fixation calculated from photosynthesis-
irradiance curves. The results were compared to in situ primary production measurements. 



The combination of modelled primary production estimates and the measurements of optical 
properties and primary production in different types of Baltic Sea ice gave a good overview 
over bio-optical properties in Baltic Sea ice and can be used as a tool to improve different 
parameters of ecosystem models.

Susann Müller, Department of Environmental Sciences, University of Helsinki, PO Box 65, 
Viikinkaari 1, 00014, Helsinki, Finland
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ABBREVIATIONS

C Carbon
CDOM Chromophoric dissolved organic matter
dCHO Dissolved carbohydrates
Cl- Chloride
DOC Dissolved organic carbon
DOM Dissolved organic matter
DON Dissolved organic nitrogen
Ed Measured plane (downwelling) incident irradiance
EEM Excitation Emission Matrix
FDOM Fluorophoric Dissolved Organic Matter
Ek Light saturation index
EF Enrichment factor
GoF Gulf of Finland
LC-SEC Liquid Chromatography- Size Exclusion Chromatography
N Nitrogen
Pm Maximum photosynthetic rate
P Primary production 
P* Primary production normalized to Chl a concentration
PAR Irradiance summed over photosynthetically active wavelength range (400 -700nm)
PI Photosynthesis-Irradiance curves
POM Particulate Organic Matter
UIW Under-Ice Water
dUA Dissolved Uronic Acids
b Scattering coefficient
aCDOM(λ) Spectral absorption coefficient of chromophoric dissolved organic matter
at(λ) Total spectral absorption coefficient including non-algal particles and phytoplankton-

related particles
ad(λ) Spectral absorption coefficient of de-pigmented particles
aalgae(λ) Spectral absorption coefficient of phytoplankton-related particles
aalgae*(λ) Spectral Chl a-specific absorption coefficient of phytoplankton-related particles 
ā* Wavelength-dependent, Chl a-specific absorption by all pigments
Cx concentration, measured in bulk ice (Cbulkice) or normalized to sea water salinity (Cnorm)
Φ Quantum yield for photosynthetic C fixation 
Φ*

max
Maximum quantum yield for photosynthetic C fixation 

α Maximum light utilisation coefficient
Sx Salinity of bulk ice (Sbulkice) or seawater (Sseawater)
Tx  temperature parameter with x describing the sample
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1. INTRODUCTION

1.1.  Formation of sea ice, 
microstructure and physical 
properties

Sea ice forms from saline and brackish 
water in polar and sub-polar regions and 
covers about 7% of our planet (Thomas and 
Dieckmann, 2010). The arctic sea ice extend 
varies between a minimum of about 4x106 
to 7x106 km2 in summer (in 2012 and 1980s, 
respectively) and 14 x106 to 15 x106 km2 
in winter (in 2011 and 1980s, respectively; 
http://www.ijis.iarc.uaf.edu). The scientific 
exploration of sea ice has started only within 
the last 200 years. Since then, sea ice has been 
considered as a very complex ecosystem that 
has a great impact on the climate as it affects 
the gas-exchange between the atmosphere 
and the ocean and biogeochemical processes 
in the ice and the ocean. The logistically 
very difficult exploration of sea ice limits 
the number of sea ice studies. Therefore, any 
processes and climatic feedback mechanisms 
related to sea ice are not fully understood. 
These include the influence of enhanced 
number of melt ponds on the ice-albedo 
feedback and the faster melting of sea ice 
due to enhanced ice (Meier et al., 2014). 

Besides observations of these large 
scale processes, one needs to investigate 
small-scale processes to get a better 
understanding of the whole system and to 
be able to model this complex ecosystem. 
These ecosystem models can expand time- 
and space-restricted observations to global 
estimates and predictions of important sea-
ice-related factors such as greenhouse gases, 
ocean temperature and primary production 
(Schofield et al., 2010; Vancoppenolle, 2013). 
This applies not only to the polar oceans, 
but also to sub-polar regions and brackish 

waters such as the Baltic Sea (Moellmann 
et al., 2009).

The formation of sea ice is initiated by 
impurities in the water that act as nuclei for 
the ice crystal formation. Wind, waves and 
thermo-haline mixing keep the ice crystals 
in suspension, floating at the surface. The 
increasing number of ice crystals then 
forms a slush layer on the water surface 
that reduces the mixing and allows the ice 
crystals to freeze together and form a first 
ice cover (Petrich and Eicken, 2010). Upon 
formation of a continuous ice cover, the ice 
floats can be partly stacked on top of each 
other or turned upside-down before freezing 
together resulting in ice with a rough surface 
and a variable structure and biogeochemical 
composition (Lange et al., 1989; Petrich and 
Eicken, 2010).

After the solid ice cover has calmed down 
the mixing by wind and waves, elongated 
prismatic crystals grow downwards and 
form the columnar ice with its up to a few 
centimeter wide and tens of centimeters 
long crystals. As the ice crystals do not 
incorporate dissolved impurities (ions and 
DOM), highly saline brine forms brine 
channels in between the ice crystals. This 
creates a complex network of brine channels, 
brine pockets and inclusions within the ice 
sheets. The size of the brine channels and 
their connectivity depend on temperature 
and salinity. Due to the constant changes in 
temperature also other abiotic parameters in 
sea ice change constantly. With decreasing 
temperature, new ice crystals form from 
brine within the ice, the concentration of 
ions and DOM in brine increases and the 
porosity and connectivity of the ice decreases 
(Eicken, 2003). For organisms living in 
this environment it means not only extreme 
changes in temperature, salinity and space, 
but also changing concentrations of nutrients 
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and light (Horner et al., 1992; Thomas and 
Dieckmann, 2002). Since the brine channel 
network is a closed or semi-closed system, 
the organisms living within brine channels 
cannot move away but need to acclimate to 
the changing conditions. 

Alternatively, they need to find other 
ways to protect themselves from harmful 
irradiation levels, for instance. Acclimation 
mechanisms can differ among algae (Michel 
et al., 1989; Mock and Kroon, 2002; Kudoh et 
al., 2003; Morgan-Kiss et al., 2006), bacteria 
(Lizotte, 2003; Ewert and Deming, 2013) and 
viruses (Deming, 2010, Colangelo-Lillis and 
Deming, 2013). The temperature-dependent 
microstructure of sea ice can be visualized 
by X-ray tomography (Golden et al., 2007) 
to investigate micro-scale processes (Pringle 
et al., 2009) that are important for mixing 
processes, but also for heat transport and 
radiation penetration (Eicken, 2003). Within 
this brine channel network and at the sea 
ice interface, brine is moving vertically and 
horizontally and it is mixing with under-
ice water. Even though the processes of 
brine movements are not fully resolved yet, 
experiments have shown the downwards 
movement of brine through horizontal 
brine channels as a combination of gravity 
drainage and convective flow (Niedrauer and 
Martin, 1979). Gravity drainage describes the 
convective movement of brine from highly 
saline brine within the ice towards lower 
saline brines in the bottom of the ice and 
in under-ice water (Untersteiner, 1968). At 
the ice-water interface, brine is leaving the 
sea ice matrix and is then partly replaced by 
sea water moving upwards (Niedrauer and 
Martin, 1979). Also temperature changes are 
causing brine expulsion and movement due 
to the extension of forming ice at the brine 
channel surfaces. Melting on top of the sea 
ice layer can result in flushing of the brine 
channels with low saline melt water from the 

top. The main processes causing loss of salt 
from sea ice are gravity drainage and, during 
melting, flushing events (Notz and Worster, 
2009). In Baltic Sea ice, transport processes 
through the ice matrix and at the ice-water 
interface differ from polar sea ice because 
of the lower porosity, lower salinity and 
generally higher fluctuation of the salinity 
due to the mild climate (Granskog et al., 
2006a; Granskog et al., 2006b). 

Salinity has been used to investigate the 
transport of other solutes in brine by relating 
the concentration of the solutes to the salinity 
in different samples. If changes in the solute 
concentration are not following changes in 
salinity, it is called non-conservative behavior 
of the solute. This has been reported for ions 
(Granskog et al., 2004), for nutrients (Zhou et 
al., 2014) and DOC (Giannelli et al., 2001). 
Nevertheless, the processes causing the non-
conservative behavior are not resolved yet, 
and further studies are necessary to describe 
and quantify the behavior of dissolved and 
particulate substances in sea. 

1.1.1. Regional aspects

As discussed above, sea ice formation 
is a temperature and salinity dependent 
process. Hence, at the same temperature 
sea ice from brackish waters such as the 
Baltic Sea is characterized by a lower 
porosity than ice formed from sea water as 
described in detail by Weeks and Wettlaufer 
(1996). Baltic Sea ice has been described as 
structurally similar to polar sea ice but is also 
resembling characteristics of freshwater ice 
because in brackish water, the temperature 
of maximum density is reached before the 
temperature has cooled down to the freezing 
point (Kawamura et al., 2001; Granskog 
et al., 2003; Granskog et al., 2006 a + b). 
The low salinities in brackish water and 
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the resulting low connectivity of the brine 
channel network may also restrict the thermal 
convection and the distribution of ions and 
dissolved constituents (Granskog et al., 
2006a). But even within the Baltic Sea, 
properties of seawater and sea ice vary with 
a salinity of 18 to 26 in the southern Kattegat 
and only 2 to 4 in the northern Bothnian 
Bay with its high freshwater inflow. Also 
the composition of organic matter and the 
concentration in nutrients are highly variable 
among the different regions of the Baltic 
Sea due to highly variable external loadings 
from rivers (Larsson et al., 1985; Wulff et al., 
1990; Aarnos et al., 2012). This variability 
is also reflected by the biodiversity, which 
is generally lower than in the oceans due to 
its brackish water and its relatively young 
evolutionary history of about 10 000 years 
(Ojaveer et al., 2010). Sea ice formed from 
Baltic Sea water is therefore also very 
variable in its abiotic and biotic parameters, 
regionally and annually (Granskog et al., 
2003; Granskog et al., 2006a). 

1.2.  Geochemical and biogeochemical 
parameters

Salinity is a major factor that shapes the 
physical properties of sea ice since the 
formation of brine channels happens due 
to the change in the ionic composition of 
brine during freezing. Also the importance of 
salinity for biological and chemical processes 
has been shown (Arrigo and Sullivan, 1994; 
Papadimitriou et al., 2004). The composition 
of the major ions of sea water, Cl-, Na+, Mg2

+, 
SO4

2-, Ca2+, K+, has been studied intensively 
(Millero et al., 2008). For sea ice, Assur 
(1960) has described the phase relation in 
sea ice and others investigated the sea ice 
salinity, its variability and ion ratios in sea ice 
(Meese, 1989; Reeburgh and Springer, 1983; 

Granskog et al., 2004). Besides the physical 
environment, also biogeochemical parameters 
control biological activity and productivity 
(Arrigo, 2013). The concentration and 
distribution of nutrients, gases and dissolved 
and particulate organic matter is also 
highly variable in sea ice depending on 
physical changes as discussed above, but 
also depending on biological production, 
respiration and degradation, as summarized 
by Vancoppenolle (2013). Macro-nutrients 
such as PO4

3-, SiO4
4, NO3

-, NO2
- incorporated 

in sea ice behave almost conservatively in 
brine if not affected by biological activity 
(Granskog et al., 2004; Zhou et al., 2013). 
The nutrient ions follow the diffusive-
convective transport of salt that describes 
the transport of salt away from the ice into 
the under-ice water by a combined process of 
convective transport and molecular diffusion 
(Eicken, 2003). Photosynthetically active 
organisms consume inorganic carbon which 
then usually results in lower concentrations 
in inorganic carbon than expected from the 
dilution lines (Tison et al., 2008). Macro-
nutrients, such as nitrogen, phosphate or 
silicate, are occasionally limited depending 
on the connectivity of the brine channel 
network and biological activity (Dieckmann 
et al., 1991; Gradinger, 2009).

Gases, such as CO2, O2 or Ar, can be part 
of the gas phase or the liquid phase of the 
ice depending on two temperature-dependent 
parameters: gas-solubility and brine volume 
that in turn affects the gas concentration 
(Zhou et al., 2013). Gases can be exchanged 
with the under-ice water through brine 
channels, either penetrating into the ice as 
bubbles or leaving the ice in dissolved form 
with the rejected brine. If the brine volume is 
high enough, bubbles can also escape from 
the ice to the atmosphere (Vancoppenolle, 
2013). Concentrations of gases in sea ice, 
in particular O2, CO2 and dimethyl sulfide 
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(DMS), are also influenced by respiration 
and primary production (Tison et al., 2010). 
The formation of ikaite crystals from CO3

2- 
and Ca2+  is another process that affects the 
carbon-pump driven by sea ice (Delille et 
al., 2007) and the buffering capacity of sea 
ice (Dieckmann et al., 2010). Hence, also 
gas dynamics are closely related to physical, 
biogeochemical and metabolic processes.

1.3. Organic matter 

An important factor for the sea ice ecosystem 
is dissolved and particulate organic matter. 
Dissolved organic matter (DOM) makes 
up to 98% of the organic mass of the 
world’s oceans (Nelson and Siegel 2002, 
Wozniak and Dera, 2007). Per definition, 
DOM comprises all organic matter smaller 
than 0.2 µm, while the rest comprises 
particulate organic matter (POM). Due to 
the wide spectrum of molecules and complex 
substances that form the pool of DOM, it is 
still impossible to describe the whole DOM 
pool on a detailed molecular level (Minor et 
al., 2014). Therefore, only fractions of DOM 
can be described. Quantitatively, the amount 
of carbon and nitrogen associated with the 
DOC or DON pool can be measured after 
oxidizing DOC to CO2 and DON to NO3

- or 
NO that can be analyzed colorimetrically 
(for CO2, NO3

-), in a non-dispersive infrared 
analyzer (for CO2) or by using a chemi-
luminescence detector (for NO).  More 
recently, molecular-level characterization of 
DOM has been approached using reversed-
phase liquid chromatography, electrospray 
ionization Fourier transform ion cyclotron 
resonance spectrometry and nuclear magnetic 
resonance (Koch et al., 2008; Hertkorn et al., 
2012).

DOM has been also characterized based 
on its lability: a biologically labile material 
has a turnover time of minutes to days and 
it is mainly found in the upper, euphotic, 
part of the ocean (Carlson et al., 1999). The 
semi-labile fraction of DOM is resistant to 
rapid microbial degradation and therefore 
turns over within months to years (Carlson 
and Ducklow, 1995). The third fraction is 
the biologically recalcitrant DOM that has 
a turnover time of centuries to millennia 
(Bauer et al., 1992). The mechanisms behind 
the loss and turnover of this diagenetically 
altered low-molecular-weight DOM (Skoog 
and Benner, 1997) from the deep ocean are 
still not well understood. Partly, recalcitrant 
DOM can be photochemically decomposed 
when getting exposed to UV light at the sea 
surface (Moran and Zepp, 1997; Mopper 
et al., 1991). The sub-fractions of DOC 
and DON, as illustrated in Fig. 1, can be 
analyzed using optical methods, such as 
spectroscopy or fluorometry. The C/N ratio 
has been frequently used to describe the 
quality of DOM as well as its origin and 
diagenic state with generally high C/N ratios 
for terrigenous DOM and low for marine 
DOM. For example, Benner et al. (2005) 
measured C/N ratios in the Arctic Ocean 
between 16 and 20, but ratios between 38 
and 48 in the plums of river Ob and Yenisey 
due to the terrestrial humic and fulvic acids. 
In Antarctic sea ice, C/N ratios are lower 
ranging from 12 to 15 (Norman et al., 2011). 
Another tool to describe the origin and quality 
of DOM is the ratio of the stable isotopes 
of carbon (ratio of 13C to 12C) and nitrogen 
(ratio of 15N to 14N), as their δ13C signatures 
vary, for example, between marine organic 
matter (δ13COM ≈ -23 to -18 ‰) and riverine 
and terrestrial organic matter (δ13C ≈ -30 to 
-25 ‰) (Hansell and Carlson, 2002; Pineault 
et al., 2013). The origin and fate of organic 
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matter can be traced using biomarkers, such 
as lignin representing terrestrial organic 
matter (Kattner et al., 1999). The diagenetic 
history and the lability of DOM have been 
analyzed using carbon-normalized amino 
acids yields to differentiate between labile, 
semi-labile and refractory DOM (Davis and 
Benner, 2007). The diagenetic state of DOM 
has been described using neutral sugars with 
high neutral sugar yields (>4%) for fresh and 
labile DOM and low neutral sugar yields 
(<2.5%) for older, degraded DOM (Amon and 
Benner, 2003). The optically active fractions 
of DOM, chromophoric DOM (CDOM) and 
fluorophoric DOM (FDOM) are mixtures 
of humic acids, fulvic acids, amino acids 
and other light absorbing molecules. Since 
the molecular weight and the aromaticity of 
DOM vary with its source and diagenetic 
history, a combination of different optical 
methods, such as CDOM absorption, spectral 
slope and slope ratios as well as specific UV 
absorbance at 254 nm (SUVA) can be applied 
to describe the diagenetic history of DOM 
(Helms et al., 2008). For instance, a low 
concentration of CDOM with high spectral 
slopes has been identified as autochthonous 

DOM from algae (Stedmon et al., 2000). 
Additionally, the fluorescent part of CDOM 
has been analyzed using Excitation Emission 
Matrices (EEMs) combined with PARAllel 
FACtor analysis (PARAFAC) that allows 
to investigate the contribution of certain 
components, such as amino acids or humic 
acids, to the FDOM pool (Stedmon and 
Bro, 2008). Other approaches to extract and 
analyze certain DOM fractions are using 
separation methods based on their molecular 
size or chemical properties.  

Organic matter can be incorporated 
during sea ice formation as part of brine 
or during later mixing at the ice-ocean 
interface, which is then referred to as 
allochthonous DOM in marine (Thomas et 
al., 1995; Thomas & Papadimitriou, 2010) 
and brackish waters (Stedmon et al., 2007a). 
Particularly in coastal areas of the Baltic 
Sea, nutrients and DOM can also enter sea 
ice by atmospheric deposition (Granskog 
et al., 2006; Kuparinen et al., 2007).  In 
sea ice, DOM is concentrated in the brine 
channel network where it serves as nutrient 
source for heterotrophic organisms and is a 
degradation product of microbial respiration 
(Tranvik, 1992; Amon et al., 2001; Lizotte, 
2003; Mostofa et al., 2011). DOM produced 
within the sea ice is called autochthonous 
DOM and can, for instance, be distinguished 
from allochthonous DOM (introduced into 
sea ice) of different molecular size and 
composition using fluorescence analysis and 
DOC and DON-quantification (Stedmon et 
al., 2007a), or by optical measurements of 
CDOM absorptivity and size distribution 
(Amon et al., 2001; Gianelli et al., 2001; 
Loiselle et al., 2009). Within sea ice, organic 
matter might also coagulate and be retained 
in the ice by the interaction with extracellular 
polymeric substances (EPSs) (Verdugo, 
2004), which are produced by sea ice diatoms 

Fig. 1. An example of fractions contributing to the 
whole pool of DOM. 
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to cope with the low temperatures and high 
salinities (Aslam et al., 2012a, 2012b; Ewert 
and Deming, 2013). This example shows 
that the concentration and composition of 
DOM is also closely linked to the physical 
environment and the biological activity 
(Krembs et al., 2011). To be able to quantify 
and predict biogeochemical and optical 
parameters in sea ice, it is important to explore 
in more detail, how DOM is composed in 
the different types and stages of sea ice and 
which processes are controlling the changes. 
The first step towards understanding these 
processes is to study the freeze-fractionation 
of DOM in sea ice to quantify the initial 
conditions in sea ice. After that, the various 
processes altering DOM in sea ice, such as 
transformation, coagulation, degradation, 
leaching to under-ice water or other parts of 
sea ice, can be studied based on these initial 
conditions.

1.4. Optical properties of sea ice

Biogeochemical properties and biological 
activity of sea ice is affected by abiotic 
parameters such as microstructure and optical 
properties of sea ice (Krembs et al., 2011; 
Zhou et al., 2013). The incoming light is 
reflected back from the snow and ice surface 
with an albedo of up to 95, hence limiting 
the growth of sea ice algae (Fig. 2; Mundy et 
al., 2005; Nicolaus et al., 2010b). Scattering 
and absorption by ice, brine, DOM and POM 
attenuate light in ice (Perovich, 1998). 

The absorption properties of sea ice is 
characterized by the absorption by pure 
ice and brine. The absorption spectrum 
of pure ice is similar to the one of clear 
seawater with minimum absorption at 470 
nm and increasing absorption towards the 
long wavelength range (Fig. 3; Perovich, 
1998). The absorption properties of brine 

are, additionally to the absorption of water, 
affected by the highly variable concentration 
in ions, dissolved and particulate organic 
matter and microbes. The combination of 
organic matter and photosynthetic pigments 
in brine result in absorption spectra of brine 

Fig. 2. Radiative transfer processes in sea ice (modi-
fied from Thomas et al., 2010).

Fig. 3. Absorption coefficients of pure ice (aice, 
Grenfell and Perovich) and the Chl a-specific 
absorption coefficients of algal particulates, ap*(λ), 
and algal pigments, aɸ*(λ), and de-pigmented 
matter, ad*(λ) (Ehn and Mundy (2013), with the 
kind permission of John Wiley and Sons).
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at shorter wavelength than pure ice and water 
(Fig. 3) 

The absorption coefficient of CDOM in 
sea water is characterized by a exponential 
decay with increasing wavelength (Bricaud 
et al., 1981). The absorption coefficient 
for CDOM can be calculated from the 
wavelength-dependent optical density 
and the pathlength. At high light levels, 
the spectrum can look different in sea ice. 
Absorption spectra with peaks between 250 
and 330 nm have been reported for sea ice 
from the Arctic and Antarctic Ocean, but also 
from the Baltic Sea (Norman et al., 2011; 
Belzile et al., 2000; Xie et al., 2014; Uusikivi 
et al., 2010, respectively). These peaks in 
the absorption spectra can indicate the 
production of mycosporine-like amino acids 
(MAAs) by primary producers to protect 
the cells from harmful UVR (Sommaruga 
and Psenner, 1997; Piiparinen et al., 2015).  
Besides dissolved organic matter, also 
particles absorb light. POM can be related 
to photosynthesis as POM partly consists of 
pigments of photosynthesizing algae. This 
pigment-related particle absorption (aalgae) 
can be measured from particles collected on 
filters using the “transmittance-reflectance 
method” by Tassan and Ferrari (2002). 
This method measures the total pigment 
absorption as well as the non-algal absorption 
after bleaching of pigments on the filter. 
The difference between total and non-algal 
absorption is aalgae. 

The non-algal absorption (ad) is the third 
absorbing component and it includes all 
organic and non-organic non-algal absorbing 
particles and is therefore also variable in its 
spectral signature (Babin et al., 2003). Thus, 
the absorption of light in sea ice or seawater 
is the sum of absorption by CDOM, aphyto, ad 
and pure water or ice.

The scattering coefficient b can 
be calculated using the equation 

Kd = where Kd is the attenuation 
coefficient and a is the absorption coefficient 
(Kirk, 1991). Scattering describes the 
deviation of light from the predicted angle 
due to different refractive indices (n) of ice, 
brine, solid salts and air in the ice matrix. 
Sea ice is a highly scattering medium due 
to its high abundance of brine pockets, air 
inclusions and other scatterers. Scattering 
depends on the difference in the refractive 
index n between two media. For instance, 
ice with n = 1.3 to air with n = 1.0 scatters 
less than ice to sodium chloride in crystalline 
form with n = 1.54. Also temperature affects 
the scattering with nbrine= 1.34 at -2 ͦ C and 
nbrine= 1.40 at -32 ͦ C (Maykut and Light, 
1995) as well as the size distribution of 
inclusions (Perovich, 1998). Overall, this 
results in a variation of scattering coefficients 
in sea ice from 10 m-1 in warm ice up to more 
than 200 m-1 in very cold ice (less than -24 ͦ C) 
due to precipitated hydrohalite (salt crystals 
that form in brine pockets below - 5 ͦ C) in 
ice or with a high abundance of air bubbles 
(Perovich and Grenfell, 1982).

1.5. Photochemical processes

One important, but too little studied process 
in sea ice is photobleaching of DOM that 
describes the decrease in CDOM absorption 
due to the photochemical decomposition at 
enhanced solar radiation. The incorporation 
and photochemical production of DOM in 
ice has been studied by Xie et al. (2014) 
pointing out the importance of DOM for 
sympagic organisms. The transformation of 
DOM to inorganic carbon via photochemical 
processes has been related to cleaving of 
carbon dioxide from DOC (Miller and 
Zepp, 1995). The role of DOM in sea ice 
photochemistry and the formation of reactive 
oxygen species have been studied recently by 
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Grannas et al. (2014). Photo-degradation also 
results in the mineralization of phosphorus 
and nitrogen, resulting in labile substances 
and nutrients that can be utilized by microbes 
(Wetzel et al., 1995; Vähätalo et al., 2003). 
Photochemical experiments have shown very 
different results with less than 50%, up to 
75% or even 84% of CDOM decomposed 
by light (Blough and Del Vecchio, 2002; 
Vähätalo and Wetzel, 2004; Moran et al., 
2000, respectively). Other approaches have 
also been made to describe and model the 
kinetics of photo-transformation in natural 
waters (Stedmon et al., 2007b; Mostofa et 
al., 2011; Aarnos et al., 2012). The same 
processes in sea ice have been studied by 
Belzile et al. (2000) and Norman et al. (2011) 
and summarized by Klán and Holoubek 
(2002) and Thomas and Papadimitriou 
(2010). Gibson et al. (2000) have shown 
for the Arctic Ocean that CDOM can be 
of great importance for photosynthetic 
processes since it reduces UV-induced DNA 
damage and photo-inhibition. More research 
is needed to get a thorough understanding 
of these processes and their fluxes in sea 
ice. 

    
    
1.6. Primary production in sea ice

Primary production in sea ice is important for 
all organisms in sea ice and under-ice water, 
but also for biogeochemical processes in ice, 
water and the atmosphere. Photosynthesis in 
sea ice, as in every other ecosystem, depends 
on the intensity and quality of light, nutrients, 
temperature, salinity and the interaction with 
other organisms (e.g. grazing, competition). 
But in contrast to other ecosystems, primary 
production in sea ice is exposed to extremes 
in many ways: extreme physical parameters 
such as high salinity and low temperature, 
high spatial and temporal variability, the 

limitation of space and mixing and a unique 
light field due to scattering in sea ice. Hence, 
the number of species that can successfully 
photosynthesize and reproduce in sea ice is 
limited. The species composition depends 
on the parent water and hence, differs 
between Arctic, Antarctic and Baltic Sea 
ice (Arrigo, 1997; Arrigo et al., 2010; 
Rintala, 2009; Majaneva, 2013). Primary 
production can be measured from melted ice 
samples that are incubated under an artificial 
light gradient to measure the 14C-uptake to 
calculate the photosynthetic efficiency α 
and the maximum photosynthetic rate Pm. 
The results vary with the photo-adaptation 
performance of the ice community, but are 
also influenced by the spectral composition 
of the light source and other settings of the 
incubation. In situ measurements leave the 
organisms in their natural environment, the 
brine channels, and under natural physico-
biogeochemical conditions (light quality 
and quantity, salinity, distribution of cells 
and assemblages). However, all in situ 
techniques, for instance, using oxygen-
microelectrodes , incubating sea ice slices 
(treated with 14C bicarbonate) in their original 
position in the ice or waterproof Pulse-
Amplitude-Modulated fluorometers have 
constraints and the “true primary production” 
in sea ice is still under discussion (Glud et 
al., 2002; Mock and Gradinger, 1999; Mock 
et al., 2002; Rysgaard et al., 2001).

1.7. From small-scale observations to 
modeling

Sea ice organisms are not only affected by 
the amount and composition of light within 
sea ice, but they also have an impact on 
the light in deeper layers as all colored 
particles and organisms attenuate light in 
the photosynthetic active range (PAR). The 
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shape and magnitude of pigment-related 
particle absorption spectra (aphyto(λ)) are 
highly variable because they depend on 
the composition and the concentration in 
pigments, which are affected by the species 
composition (Babin et al., 2003). Estimating 
the aphyto is important for modeling the 
radiative transfer through seawater or sea ice 
(Ehn et al., 2008a; Uusikivi et al., 2010) and 
for bio-optical models (Arrigo 1997; Bricaud 
et al., 1998; Ehn et al., 2008b). These are, in 
turn, important to get large-scale or long-term 
estimates of primary production, the direct 
measurements of primary production being 
time-consuming, expensive and impossible 
for large areas, in particular for sea ice. 

As the mixing within brine channels and 
between ice and ocean or atmosphere is 
limited, the concentrations of organic matter 
and living cells can be high. A change in one 
parameter, such as light, can therefore result 
in a rapid change of all other parameters. 
For instance, higher irradiance can enhance 
primary production, which reduces the 
availability of nutrients but increases the 
production of DOM and reduces the light 
available at deeper layers of sea ice. Hence, 
the radiative transfer within sea ice and its 
interaction with biogeochemical processes 
needs, among other aspects of this highly 
variable ecosystem, further research 
(Vancoppenolle et al., 2013).

The amount of light eventually transmitted 
through the ice decreases with the increasing 
initial concentration of organic matter and 
living organisms. For instance, 25 to 42% 
of the incoming radiation was transmitted 
through 25 cm thick ice in the Baltic Sea (Ehn 
et al., 2004). The study of Ehn et al. (2004) 
showed that a reduction in ice depth and the 
corresponding change in biogeochemical and 
physical properties during melting increased 
the transmittance to 66–77%. Significantly 
thicker ice 2 m in average) on the Antarctic 

Ocean transmits less than 1% of UV-A 
(Perovich, 1993). Also, the spectrum of light 
changes with increasing ice depth and is 
expressed by the attenuation coefficient Kd. 
The decrease of light is particularly high 
in the short-wavelength range (below 400 
nm) and the long-wavelength range (above 
700 nm) resulting in a light spectrum with a 
maximum at 400 to 600 nm in deeper layers. 
The spectral change with increasing depth 
is influenced by light-absorbing parameters, 
such as CDOM or colored particles (Arrigo 
et al., 1991; Uusikivi et al., 2010). Hence, 
processes within the ice also directly impact 
the under-ice conditions as explained by 
Mundy et al. (2007). Whether or not primary 
production can efficiently take place in the 
under-ice water therefore depends on the 
ice thickness, but also on the absorption and 
scattering properties of the ice (Nicolaus et 
al., 2010a). Knowledge about physical and 
biogeochemical processes in ice is hence 
crucial to understand and model the light 
regime and primary productivity in ice and 
under-ice water. But, as discussed earlier, 
also gases in the atmosphere are affected 
by physical and biological processes in sea 
ice (Vancoppenolle et al., 2013). Hence, 
global estimates of changes in greenhouse 
gases need to include sea ice bio-optical 
and biogeochemical models (Thomas and 
Dieckmann, 2010 and citations therein; 
Geilfus et al., 2013; Else et al., 2013). These 
models are crucial for reports on climate 
change such as the intergovernmental panel 
on climate change (www.ipcc.ch) and for 
mitigation strategies.

Sea ice models can be specific for a 
location and one-dimensional, describing 
in detail, for instance, physical processes, 
such as optics and thermodynamic processes 
(e.g., radiative transfer models, Uusikivi et 
al., 2010; Ehn et al., 2008b), biogeochemical 
fluxes (Arrigo et al., 1994; Tedesco and Vichi, 
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2010) or biological processes in combination 
with measurements (Jin et al., 2006). Or there 
can be large-scale three-dimensional models 
and ecosystem models that are simplified in 
terms of the included processes, but often 
combine several small-scale models and 
extend the perspective in time and space 
(Tedesco et al., 2012; Manizza et al., 2005).

2. OBJECTIVES

DOM is a very important component of sea 
ice since it combines physical, chemical 
and biological parameters of sea ice. It is a 
major food source for sea ice organisms and 
an important part of their degradation and 
production pathways. Also, the composition 
and concentration of DOM in sea ice is a 
major factor controlling the light field 
in underlying ice layers. Therefore, the 
concentration and composition of DOM 
affects the primary production in sea ice. 
The quantitative and qualitative description 
of DOM and the corresponding pathways 
and rates would be important for many fields 
of sea ice sciences. But still, there are major 
gaps in our knowledge on the composition 
and transformation processes of DOM in ice 
and its impact on the light field and primary 
production. Due to the difficult sea ice 
sampling conditions in general, and primary 
production measurements in particular, but 
also due to the complex nature of DOM, not 
much data has been available until now and 
we are still far from having a broad picture 
of the primary production in sea ice and its 
interaction with DOM.

The present thesis first investigates the 
initial biogeochemical conditions in sea ice 
by quantitatively and qualitatively describing 
the incorporation of ions into sea ice to 
understand the effect of abiotic processes 

on small solutes during freezing (paper I). 
Accounting for the high variability in sea ice 
physical and biogeochemical properties, only 
few studies have analyzed ion fractionation 
in the Baltic Sea and the Arctic Ocean. Since 
all earlier studies used sea ice of unknown 
history, the processes causing the observed 
ion fractionation could not be clarified. Also, 
it has not been studied whether ions are 
concentrated in brine only or also included 
in the ice matrix. The behavior of ions 
during freezing and melting are important 
to understand the process of ion fractionation 
and its impact on the ice structure and 
biogeochemical processes.

Earlier publications have concluded from 
bulk ice studies that ions and DOM are 
excluded from sea ice during its formation 
(Thomas and Dieckmann, 2010; Gianelli et 
al., 2001; Krell et al., 2003). In contrast to 
these earlier studies, this thesis also accounts 
for the fact that sea ice is not a uniform 
medium and hence, cannot be realistically 
represented by analysis of bulk ice samples 
alone. The main part of sea ice consists 
of crystalline ice that only interacts with 
other molecules at its interfaces and brine 
channels. Since direct sampling of brine is 
difficult and never without constraints, the 
present study uses salinity-normalized bulk 
samples to investigate processes in the brine 
channel network. 

Furthermore, this study addresses 
the effect of freezing on DOM first by 
investigating the enrichment behavior of 
DOM in sea ice of different ages and origins 
using different methodological approaches 
(paper II). The thesis further describes the 
first days of ice formation to compare the 
selective incorporation of different fractions 
of DOM and to show the importance of the 
concentration and composition of DOM on 
the incorporation process (paper III). 
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Besides abiotic parameters, autochthonous 
production controls the sometimes very high 
DOM and the concentration of particles 
within sea ice compared to under-ice water. 
The impact of DOM and particles on the 
light field and the primary production can 
also be shown by bio-optical models that 
allow investigating the effect of certain 
parameters and the extension to larger scale 
primary production estimates. But still, only 
few studies have used modelling to describe 
processes within sea ice. Also, observations 
on the optical properties of sea ice and the 
measurements of primary production, that 
are needed to build and validate reliable 
bio-optical models for sea ice, are still 
rare. Hence, the third aspect of this work 
is to present a bio-optical model based on 
measured optical and biological parameters 
for typical ice types of the Gulf of Finland 
(IV). As one major problem for modeling 
sea ice bio-optics was the conversion from 
absorbed photons to fixed carbon. One 
important result of this study is to present 
a realistic quantum yield of photosynthesis 
for sea ice based on sea ice sampling and 
applied for a bio-optical model (paper IV).

3. MATERIAL AND METHODS

3.1.  Sampling

Samples for the present thesis are obtained 
partly from natural sea ice from the Baltic 
Sea and the Arctic Ocean, partly from tank 
experiments (Table 1).

3.1.1. Tank studies (Table 1; II + III)

In two of the articles of my thesis, sea 
ice has been studied by using tanks. This 
approach allows sea ice formation under 

controlled conditions and the parameters to 
be altered. The tanks that have been used 
for the experiments of the studies II and III 
were especially designed for sea ice sampling 
and hence, ensure a large water volume of 
360 to 1200 liters per tank and the mixing 
of the water by applying a pumping system 
except during experiment 1 (E1, Table 1 in 
II). For E2 (II), four wall-heated tanks were 
directly filled with sample water, while for 
E3 (III) one big tank was separated into 18 
mesocosms using PE bags, each supplied 
by a pumping system. All tanks were filled 
with natural, unfiltered sea water, either from 
the Gulf of Finland (E1 and E2, II) or from 
the North Sea (E3, III). The air temperature 
during the experiment was set to -5 (E2, 
II), -17 to -20  ͦ C (E1, II) or -13  ͦ C (E3, III) 
for a freezing period of hours (E1, II) to 
days (E2, II; E3, III). Irradiance levels in the 
400–700 nm range were set to 80–100 µmol 
photons m-2 s-1 (E2, II) while left in dark 
during E3 (III). Samples were obtained using 
a motorized stainless-steel corer E2 (II) or by 
sawing out ice blocks (II + III) before melting 
at +4  ͦ C (II) or at room temperature (III). 
Under-ice water samples were taken through 
the sampling hole in the ice (E1 and E2, II) 
or through a polyvinyl chloride tube installed 
to maintain the pressure in equilibrium (E3, 
III). Brine samples during E3 (III) were taken 
from sack holes of 6 cm depth following 
Papadimitriou et al. (2007). The brine was 
collected after 30 min using cleaned Teflon 
tubing and syringes. Frost flowers (E3, III) 
were scratched from the ice surface using 
the rim of a polyethylene container and 
melted at room temperature within one hour. 
The number of replicates per sample for 
all sampling types and experiments varied 
between 1 and 4. After melting, all samples 
were split for the different analysis.
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3.1.2. Field studies (Table 1, I, II, IV)

Sampling of natural sea ice was always 
done using a motorized corer. One core 
was determined for temperature and salinity 
measurements (N3 and N4 (I)); N5 to N7 
(IV)), while one (N1 and N2, II) and 2 – 4 
(N3 and N4, I; N8, IV) cores were used as 
replicates for the different analysis. In N5 to 
N7 (IV), six replicate cores were pooled after 
melting. Ice cores were sectioned within 2 
to 3 min and transported back in clean clean 
PE bags (N5 to N7 (IV)) or plastic boxes (N3 
to N4, I; N8, IV). Melting of natural sea ice 
samples was done at +4  ͦ C and aliquots were 
collected for analysis.

3.2.  Analysis

3.2.1. Abiotic parameters 

The temperature of the ice cores was measured 
for N3 and N4 (I) using penetration probe 
and for N5 to N7 (IV) using a Testo 915-1 
thermometer. The temperature of brine and 
under-ice water was measured with a Testo® 
110 thermometer in E3 (III). The salinity of 
water and melted ice was measured using 
a Radiometer CDM 83 during N1 and E1 
(II), an YSI 63 hand-held S/T meter (Yellow 
Springs Instruments, Yellow Springs, OH, 
USA) during N2 and E2 (II), a SEMAT® 
Cond 315i/SET salinometer with a WTW 
Tetracon 325 probe during E3 (III) and 
using a YSI 63 meter for N5 to N7 (IV). 
During N3 and N4 (I), the conductivity of 
water, brine and melted ice was measured 
using a WTWCond340i instrument and a 

Table 1. Overview over all sampling stations.

label label in
article

article sampling
year

sampling
site

tank/natural ice thickness
[cm]

sample type age of ice 

E1 exp07 II 2007 Tvärminne, Finland tank thin layer bulk, UIW 2 h

N1 nat07 II 2007 Tvärminne, Finland natural 22 bulk, UIW 2 weeks

E2 exp08 II 2008 GoF, Finland tank 10 to 17.5 bulk, UIW 1 week 

N2 nat08 II 2008 Tvärminne, Finland natural 2 bulk, UIW 12 h

N3 St.1 to 4 I 2009 Svalbard, Norway natural 13 to 27 bulk, brine 2–3 weeks

N4 St.5 to 6 I 2009 Svalbard, Norway natural 22 to 34 bulk, brine 2–3 weeks

E3 SW, 
SW+A

III 2009 North Sea, Germany tank 7 to 11 bulk, brine, 
ff, UIW

1 week

N5 St.1 IV 2010 GoF, Finland natural 43 to 66 bulk, UIW several weeks

N6 St.2 IV 2010 GoF, Finland natural 50 to 112 bulk, UIW several weeks

N7 St.3 IV 2010 GoF, Finland natural 50 to 57 bulk, UIW several weeks

N8 St.4 IV 2011 Tvärminne, Finland natural 33 to 38 bulk, UIW several weeks
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conductivity-temperature-depth (CTD) 
instrument (SD 204, Saiv A/S). 

Major ions of the connected brine channel 
network were isolated by centrifugation 
and ions entrapped in disconnected brine 
channels were analyzed from the residual 
ice core (N3 –N4; I). The concentration 
of major sea water ions (Cl-, Na+, SO4

2-, 
Mg2+, Ca2+, K+) were measured by standard 
ion chromatography for brine and melted 
ice in the Laboratory of Radiochemistry 
and Environmental Chemistry of the Paul 
Scherrer Institute, Villigen, Switzerland. The 
concentrations of ions in brine or melted ice 
were used to calculate the relative deviation 
of the ratio of the ions to chlorine (∆X/Cl-, 
Tsurikov 1974) from that of Standard Mean 
Ocean Water (SMOW; Millero et al. 2008):
    

  (1),

where  is the ratio of the concentration 
of ion X to the concentration of chlorine ion. 
X is Na+, SO4

2-, Mg2+, Ca2+ or K+.

3.2.2. Optical properties of organic matter

DOM was investigated in all field and tank 
studies in my thesis. As DOM is a pool of 
very diverse molecules, it can be studied in 
many different ways. The methods applied 
here partly differ among the studies.

The fraction of DOM that absorbs light 
was investigated using three different 
methods: absorbance of chromophoric 
dissolved organic matter (CDOM), EEMs 
of fluorescent dissolved organic matter 
(FDOM) and size exclusion chromatography 
(LC-SEC) of DOM absorbing light at 
254 nm. CDOM absorbances of under-

ice water, melted bulk ice, brine and frost 
flowers were measured with the same 
method in the articles II, III and IV in the 
present thesis. FDOM and molecular size 
distribution was studied in II and III. Prior 
to CDOM measurements, the samples were 
filtered through GF/F (II and IV) or 0.2 
µm syringe filters (III). The absorbance of 
CDOM, ACDOM(λ), was measured against 
ultrapure water (MilliQ) for the 200 to 700 
nm range using a 10-cm quartz cuvette with a 
Shimadzu UV-VIS spectrophotometers. The 
absorption coefficient of CDOM, aCDOM(λ), 
was calculated as:
     

      (2),

where L is the optical path length. The 
spectral slope S was calculated using non-
linear fitting in MATLAB with the equation:

                (3),

where is the shortest wavelength of the 
spectral range S(λ,0-λ). The spectral slope 
was calculated for the 300 – 400 nm range 
(S300-400, II) and for the S275-295, S350-400 , S250-440 
range (III + IV). The slope ratio (SR) was 
calculated according to Helms et al. (2008) 
as the ratio of S275-295 to S350-400 (III).

DOC and DON of melted ice samples, 
brine and melted frost flowers (III) was 
measured from samples filtered through 
GF/F. DOC was analyzed by high 
temperature combustion (Qian and Mopper, 
1996; Norman et al., 2011). Total dissolved 
nitrogen (TDN) was analyzed by standard 
colorimetric methodology (Grasshoff et 
al., 1983) and used to calculate DON by 
subtraction of nitrate and ammonium from 
TDN. 
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Fluorescence spectra were measured in 
a 1 cm quartz cell for the excitation range 
240 – 450 nm and the emission range 300–600 
nm (II) and 300–550 nm (III) (Stedmon and 
Bro, 2008). Concentrations were calibrated 
to the Raman scatter signal (Lawaetz and 
Stedmon, 2009). From excitation emission 
matrices (EEMs), fluorescent components 
were identified using parallel factor analysis 
(PARAFAC) and the DOMFluor toolbox 
(Stedmon and Bro, 2008). Components 
were validated using split half analysis and 
random initialization. Maxima fluorescent 
signals of the identified components were 
used to compare samples in the subsequent 
analysis.

The molecular size distribution of 
CDOM was studied for under-ice water, 
melted bulk ice, brine and frost flowers 
using UV detection at 254 nm (II and III). 
Because salinity can affect the molecular size 
distribution (Specht and Frimmel, 2000; Her 
et al., 2002), the samples were diluted with 
ion-exchanged Milli-Q to a final salinity of 
1 (II) or 9 (III). Retention times (Rt) of the 
samples were compared to standards (Blue 
Dextran 2000, tyrosine, phenylalanine and 
Nordic Fulvic acid (NOFA). Retention times 
were either used to calculate and compare 
the mean retention times (II) or to identify 
specific peaks in the fulvic acid range to 
compare their retention times and intensities 
among samples (III).

Particles in sea ice of T5–T8 (IV) that 
retained on GF/F-filters were studied 
following the transmittance-reflectance 
method by Tassan and Ferrari (2002). The 
absorption coefficients of all particles, at(λ), 
were calculated from their optical densities 
for the 300–700 nm range (Tassan and Ferrari 
2002). The absorption coefficient of non-
algal particles (ad(λ)) was obtained from 
the re-measurement of filters after bleaching 

with sodium hypochlorite (Ferrari and 
Tassan, 1999). The absorption coefficient 
of phytoplankton (aphy(λ)) was calculated as 
the difference between at(λ) and ad(λ).

3.2.3. Enrichment factors

The enrichment of the organic matter fraction 
in sea ice was calculated in two different 
ways. CDOM and FDOM from Baltic Sea 
ice and water (II) were related to the nearly 
conservative behavior of salt during ice 
formation by calculating the enrichment 
factor Dc as

      
                (4),

where the concentration c of the organic 
matter fraction is divided by the corresponding 
salinity S with i and w referring to ice and 
water, respectively. 

In the second study (III) the enrichment 
of DOM fractions in ice, brine or frost 
flowers, normalized to sea water salinity 
(Xnorm,i= Xi*Si

-1*33), was related to the 
corresponding DOM fractions in under-ice 
water by:
      

             (5),

An enrichment or depletion of DOM in ice, 
brine or frost flowers was indicated by a 
deviation of Dc from 0 or a deviation of the 
EF(X,i) from 1.

3.3. Bio-optical modelling 

The bio-optical model presented in paper IV 
estimates the primary production following 
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the absorption-based concept that combines 
the depth- and time dependent light field in 
the ice with absorption measurements and 
photosynthetic rates. The model is based 
on measurements at two fast ice stations 
in the Gulf of Finland in the middle of 
March (N7, N8, IV), but was also applied 
to typical conditions in the Gulf of Finland 
in the middle of March using additionally 
absorption and chlorophyll  measurements 
from other ice types (N5 to N8, IV). The 
depth-dependent and temporal variation in 
PP at N7 and N8 was compared to the PP 
of in situ incubated samples and to typical 
conditions in middle of March (Fig. 4, IV).
Optical measurements of sea ice in the 
Baltic Sea (IV), such as measurements of 
absorption, PAR and spectral irradiance have 
been applied to the radiative-transfer model 
by Uusikivi et al. (2010). In the present study, 
this radiative-transfer model was extended 
by the addition of the equation:

     
      (6)

to calculate the primary production (P, mol 
C m-3 day-1) from the irradiance at the PAR 
range (mol quanta m-2 day-1) and the algae-
specific spectral absorption coefficient (aalgae, 
m-1 nm-1). The factor Tcorr corrects P for the 
temperature difference during in situ and 
lab incubations as described in paper IV. 
The quantum yield for carbon fixation,  was 
obtained from measured values modified 
after Bidigare (1992) by:  
 
     

           (7).

Ed is the plane down-welling irradiance and 
Ek is the light saturation index. The maximum 
quantum yield for carbon fixation, , has not 
been studied for sea ice, to the knowledge 
of the authors. In the present study (IV), 
the combination of measurements from the 
PI incubator with phytoplankton-specific 
absorption measurements was used to 
calculate  for sea ice according to Sakshaug 
et al., (1991) by:  
 
    

                 (8)

The photosynthetic efficiency α was 
calculated from PI curves and spectrally-
weighted absorption coefficients ā* that were 
calculated after Raateoja et al. (2004) by:
 

   
  (9)

where Ed(λ) is the measured down-welling 
incident irradiance (mol quanta m-2 day-1). 
Chl a specific primary production P* (mg C 
mg Chl a-1 day-1) was calculated by dividing 
P by the Chl a concentration.

Additionally to the model for fast ice and 
typical conditions in the middle of March, 
also in situ incubations were done to compare 
the in situ primary production to the modeled 
primary production (IV). Pooled samples of 
melted sea ice of all 5 vertical layers received 
NaH14CO3 (20ml sample and 50 µl NaH14CO3 
in scintillation vials). For each vertical layer, 
five replicates where prepared with two being 
wrapped in aluminum foil to serve as dark 
control. All samples were placed in a 10 cm 
deep hole next to the sampling site of the 
fast ice station St.3 and covered with the 
original ice core and snow. After 24 hours, 
the incubation was stopped and the activity 
was measured using a liquid scintillation 
counter (IV). 
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4. RESULTS AND DISCUSSION

4.1. Biogeochemistry in sea ice

4.1.1. Ion fractionation

The first study examined the ion fractionation 
in sea ice relative to sea water in the Arctic 
(I). A positive fractionation of ions in 
bulk ice, residual ice or brine indicates an 
enrichment of these ions relative to sea 
water while negative values mean depletion. 
Brine samples contain dissolved ions or 
ions crystallized to small salt crystals and 
represent brine from well-connected larger 
brine channels that can drain out during 
centrifugation. Ions enclosed in very small 
brine channels and inclusions remain in the 
ice during centrifugation and are therefore 
detected in the residual ice samples. The 
sum of brine and residual ice samples was 
expected to be very similar to bulk ice 
samples. Since an enrichment or depletion 
detected in brine samples is likely caused 
by other processes than in residual ice, the 
differentiation between sample types was 
important to understand the mechanism 
behind ion fractionation.   

The results showed a depletion of SO4
2- 

of 5% in brine with highest depletion in 
warmer sea ice (St.1 and St.2, Table 1 in I). 
Even stronger depletion of 5 to 15% was 
observed for K+ in all samples, but higher 
in residual ice than in brine. Surface ice and 
snow was enriched in SO4

2- and partly in Na+. 
A possible mechanism causing the SO4

2- 

depletion is the precipitation of mirabilite 
during temperatures below -6.3  ͦ C, the 
temperature of the precipitation of mirabilite 
from sodium sulfate (Marion et al., 1999). 
During warmer periods characterized by 
larger pore sizes and enhanced drainage of 
brine, mirabilite was possibly transported 

downwards and out of the ice. Additionally, 
this vertical mixing of brine in the brine 
channel network causes redistribution of 
ions among all vertical layers. 

The precipitation of K+ takes place at 
-36.8  ͦ C (Meese, 1989). Hence, drainage of 
precipitated ions with brine cannot be the 
reason for the observed strong depletion 
of K+ in the present study (I) and earlier 
publications done at temperatures > -36.8  ͦ C 
(Meese, 1989; Granskog et al., 2004). We 
therefore examined the deviation of the 
K+/Cl- ratio in residual ice to brine (Fig. 4). 
Since ions in brine in disconnected pockets 
or very fine lateral pores are assumed to be 
in thermal equilibrium and not transported 
by convection, the concentration of ions 
varies from the concentrations in larger 
brine channels. These larger, well-connected 
brine channels transport brine effectively by 
convection (Niedrauer and Martin, 1979; 
Eicken, 2003) and exchange ions with sea 
water. The concentration gradients between 
fine lateral pores and larger brine channels 
allow diffusive transport of ions. The 
diffusion rates of the ions depend on their 
molecular diffusivity.  Figure 3a indicates that 
those ions with a slower diffusivity than Cl- , 
namely SO4

2-, Mg2+ and Ca+, are enriched in 
the residual ice fraction and K+ with a higher 
diffusivity than Cl- is depleted. This result 
agrees with the findings by Granskog et al. 
(2004) in Figure 3b. The study of Granskog et 
al. (2004) on the fractionation in sea ice from 
brackish Baltic Sea ice also showed that ion 
transport is dependent on the diffusivity of 
ions with slowly diffusing ions (SO4

2-, Ca2+, 
Mg2+) being enriched relative to Cl-. In the 
present study on Arctic sea ice, K+ and Na+ 
behaved conservatively and the fractionation 
of SO4

2-, Mg2+ and Ca+ in Baltic Sea ice was 
generally higher than in Arctic Sea ice. This 
can be explained by the lower porosity and 
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connectivity in Baltic Sea ice that limits the 
convective transport.  The diffusivity of ions 
therefore plays a more important role in sea 
ice from brackish water than from oceanic 
water. 

4.1.2.  Behavior of dissolved organic  
 matter

DOC and DON have been studied in sea 
ice, brine or water from the Baltic Sea 
(Kaartokallio 2004; Granskog et al., 2005; 
Stedmon et al., 2007a), the Arctic and 
Antarctic Ocean (among others: Meiners et 
al., 2009; Underwood et al., 2010; Norman et 
al., 2011; Stedmon et al., 2011; Underwood 
et al., 2013) and from artificially grown sea 
ice (Giannelli et al., 2001; Zhou et al., 2014; 
Jørgensen et al., 2015). DOC ranged in Baltic 
Sea ice from 2 to 152 µmol C L-1 and DON 
from 0 to 18 µmol N L-1 (Kaartokallio 2004; 
Granskog et al., 2005; Stedmon et al., 2007a) 
and was generally higher in artificially grown 
sea ice with up to 1158 µmol C L-1 in the 
study by Giannelli et al. (2001).

In the present study in paper III, DOC and 
DON were analyzed in newly formed sea 
ice under controlled conditions (tank study) 
and limited biological activity. The DOC 
and DON concentrations were normalized 
to the sea water salinity of 33 to investigate 
the behavior relative to the concentration of 
sea salts. The results (Fig. 6 in III) showed 
enrichment of both DOC and DON in all 
sample types (bulk ice, brine and frost 
flowers) compared to under-ice water.  A 
difference in EFs was expected for bulk ice, 
brine and frost flowers as they represent 
brine of different origin: bulk ice samples 
include brine from small and large channels 
and inclusions, brine samples only brine 
from large, well-connected brine channels 
and frost flowers represent brine from upper 
layers that has been cooled further down. 
Both DOC and DON were enriched most 
in bulk ice at the first day of ice growth 
indicating that the enrichment process 
takes place in the small brine channels. The 
enrichment of DOC and DON as shown in 
Figure 11 of paper III varied among sample 
types and treatments with highest EFs for 

Fig. 4. Fractionation of major ions versus the molecular diffusivity and their standard deviations. The frac-
tionation of residual brine for St.1, 2 and 4 (N3; I) are compared in a) while b) shows the fractionation of 
young sea ice from the Baltic Sea as presented in Granskog et al. (2004);(redrawn from I).



24

DOC in bulk ice of the seawater-treatment 
(SW), but lowest in bulk ice of the algal-
enriched seawater treatment (SW+A). The 
enrichment in the concentration of DOC and 
DON in brine relative to under-ice water 
was higher after algal addition indicating 
the accumulation of the added algal DOM in 
the larger brine channels that can be sampled 
by the sackhole method. The influence of 
molecular composition of DOM on the 
incorporation process was particularly clear 
for frost flowers as they are formed from 
brine during a second fractionation process 
during frost flower formation. A recent 
study by Zhou et al. (2014) with a similar 
experimental set-up but 19 days of ice growth 
found non-conservative incorporation of 
DOC and nutrients in sea ice with varying 
incorporation efficiency depending on the 
physico- chemical properties of DOC. In 
agreement with results in paper III, Zhou 
et al. (2014) observed lower EFs in the 
ice growing from water with enhanced 
DOC concentrations than without DOC 
additions. This effect was also explained by 
the difference in the chemical composition, 
lability and reactivity of the added DOC. 
The increase of EFs during ice growth 
until the beginning of melting supports the 
findings of the present thesis and Zhou et 
al. (2014) that the incorporation of DOM 
into ice results from the interaction of labile 
DOM with brine channel surfaces and other 
compounds within the brine channels. EFs 
for DOC and DON of older natural sea ice 
(Antarctic Ocean) can be 3 times higher for 
DOC and 7 times higher for DON compared 
to the tank study using North Sea water, as 
calculated based on results from Norman et 
al. (2011) in paper III. 

4.1.3. CDOM

CDOM is another pool of DOM that is highly 
variable in size and molecular compositions. 
Its common feature is the ability to absorb 
light and can be therefore described by 
absorption measurements. CDOM has 
been studied in sea ice from the Baltic Sea 
(Granskog et al., 2004; Granskog et al., 2005; 
Stedmon et al., 2007a) and Polar Oceans 
(Norman et al., 2011; Xie et al., 2014). In 
the present thesis, CDOM was examined 
in newly formed sea ice on the Baltic Sea 
(II) and in a tank experiments (II + III). 
Enrichment of CDOM in older ice has been 
also investigated for natural sea ice (II + IV) 
and with controlled thermal history during 
a tank study (II). The EFs are summarized 
in Figure 4 showing enrichment in bulk ice 
in all samples with a variation from 1.20 in 
several weeks old surface layers of Baltic 
drift ice (N5) to 1.95 in 2h-old tank ice (E1). 
The EFs in Figure 4 are sorted after age of 
the ice to investigate whether the enrichment 
of DOM in ice relative to water decreases 
due to loss of brine to the under-ice water 
and mixing processes during ageing. The 
results showed a decrease in the EFs of 
CDOM for the first 48 hours of ice growth. 
But after 1 week of ice growth in a tank study 
(E2, II), EFs of CDOM were higher again, 
possibly due to biological activity building 
up organic matter or because of the higher 
temperatures (-5 ͦ C) compared to the other 
studies (-10 to -20 ͦ C). CDOM in natural 
ice from the Baltic Sea (N5 + N7, IV) is 
even more enriched, in particular in bottom 
layers. This increase in EFs after 1 week 
of ice growth and its increasing variability 
suggests that EFs are more and more a 
result of other biotic and abiotic processes, 
such as flushing, accumulation to particles 
and surfaces or biological production and 
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degradation. The comparison between EFs 
of the different sampling sites does not show 
an effect of site-specific parameters such as 
the composition and concentration of DOM 
in the parent water, the growing conditions 
(tanks study versus natural ice) or the salinity 
of the ice and parent water (brackish versus 
oceanic water) on the variability of EFs. As 
humic DOM has a lower diffusivity than 
Cl- it gets enriched in ice relative to salts. 
Enrichment of CDOM in Baltic Sea ice has 
not been reported but the calculated based 
on mean data presented in Stedmon et al. 
(2007a) indicate an enrichment of CDOM. 
The highly variable chemical composition of 
CDOM with a wide range of molecular sizes 
raises the question whether the molecular 
size distribution of CDOM increases during 
the selective incorporation process due to 
the enhanced diffusion of DOM with low 
molecular size and higher diffusivity. The 
role of this process for the enrichment 
behavior of CDOM was investigated by 
analyzing the molecular size distribution 
of CDOM and will be discussed in more 
detail in 4.1.5. Another possible mechanism 
causing the enrichment of CDOM relative 
to salt in ice is the difference in solubility. 
CDOM is, despite its charged functional 
groups, less soluble than ions, particularly 
when surrounded by highly saline brine. 
Because of the interaction of cations with the 
functional groups of DOM, the solubility of 
DOM is decreased and it will drain out from 
the ice slower than ions (Chave and Suess, 
1970). In this thesis, CDOM has also been 
analyzed using the spectral slope that has 
been used to characterize CDOM in turns of 
its chemistry and degradative state. None of 
the studies in this thesis (paper II and III) or 
by others, to the best of my knowledge, found 
a change in spectral slope in a consistent 
manner during freezing. Hence, we conclude 

that the changes in CDOM during freezing 
cannot be explained by the change in a single 
parameter such as molecular size, but rather 
by a combination of processes.

CDOM is only a fraction of the DOC and 
DON pool, but still comprises a wide range 
of molecules. Nevertheless, the variation 
in EFs for CDOM is low compared to 
DOM fractions containing a large fraction 
of labile molecules such as DON or amino 
acids. Generally, the enrichment is lower for 
CDOM than for DOC, DON or dissolved 
sugars and amino acids (Fig. 5).

4.1.4. FDOM

Fluorescent analysis was done to compare 
sub-fractions of DOM in more detail (Fig. 
4, II + III). EEMs of both studies were used 
for PARAFAC modelling resulting in 3 
fluorescent components for E2 (II) and 6 
components for E3 (III). Both studies found 
humic-like components and amino acid-like 
components. Other studies reported similar 
fluorescent components from Baltic Sea ice 
(Stedmon et al., 2007a), artificially grown 
sea ice (Jørgensen et al., 2015) and Antarctic 
Sea ice brines (Stedmon et al., 2011). In the 
present thesis, the enrichment behavior of 
fluorescent matter from sea ice was analyzed 
by calculating EFs for all humic-like, 
Fm(humics), and amino acid-like, Fm(aa), 
components for both studies (Fig. 5). EFs of 
Fm(humics) range in the present thesis from 
1.13 to 1.19 and hence, agree well with EFs 
of CDOM. This suggests that the enrichment 
behavior of humic substances is relatively 
constant and low compared to other DOM 
fractions. 

Fm(aa) were also enriched in sea ice from 
Baltic and North Sea waters in the present 
thesis (E2 (II) and E3 (III)) and has also been 
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Fig. 5. EFs of the DOM components for the different data sets, sorted after age of the sampled ice. The 
first panel shows the EF of aCDOM at 255 nm with N5 and N7 being split into surface (surf) and bottom (bot)  
layers. Fm(humics) combines all humic acid-like components and Fm(aa) comprises all amino-acid-like  
components. The lower panels show EFs of DOC, DON, dCHO and dUA, hereby combining the results for 
bulk ice of 24 hours and 48 hours of age as done also for the other DOM components of E3 in this figure. 
The age of the ice is indicated by the arrow below the x-axis.
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reported by Jørgensen et al. (2015) from 
artificially grown sea ice. EFs of Fm(aa) are 
generally higher and more variable, ranging 
from 1.2 to 2.7. Fm(aa) were highest in Baltic 
Sea water and North Sea water (E2 (II) and 
SW in E3 (III)), and cannot be related to any 
of the environmental factors such as time 
of ice growth, salinity of parent water or 
algal addition. But since EFs of Fm(aa) differ 
most between SW and SW+A (E3, III), it is 
likely that the main difference between these 
two treatments, namely the concentration 
and composition of labile DOM, is the main 
factor controlling enrichment behavior of 
amino acid-like DOM. This agrees with 
the solubility- hypothesis as discussed for 
CDOM since also amino acid-rich solutes 
contain a relatively high concentration in 
functional groups that interact with ions 
in highly saline brine. This interaction 
decreases the solubility of some of the amino 
acids and creates insoluble forms that cannot 
be detected by analysis of filtered samples. 
Understanding these basic processes will 
help to estimate or even model the change 
in DOM concentration and composition in 
sea ice. This is important to better understand 
the role of DOM for microbes in sea ice and 
the turnover rates in and underneath sea ice. 

4.1.5. Molecular size distribution

As discussed for different fractions of DOM 
in 4.1.2. to 4.1.4., DOM does not behave 
like salts during ice formation, but gets 
enriched in ice. One hypothesis to explain the 
enrichment of DOM follows the conclusion 
drawn from ion fractionation: DOM with its 
higher molecular size and electronegativity 
and the resulting lower diffusivity compared 
to sea water ions retains longer in the ice 

than ions. To test this hypothesis, LC-SEC 
chromatography was used to compare 
molecular size distributions in under-ice 
water and newly formed ice (E2, II and E3, 
III). Both studies found a decrease in the 
molecular size in ice compared to under-
ice water for the size range of humic-like 
DOM except in the SW treatment of E3 
(III).  If the diffusivity would be the major 
process controlling enrichment of DOM, the 
molecular size in ice should be higher than 
in under-ice water. Hence, the hypothesis 
can be refused and other processes such as 
selective drainage have to be considered. 

4.2. Bio-optical model

The bio-optical model presented in paper IV 
is based on optical measurements such as 
albedo, transmittance and total absorption 
that have been applied to the radiative-
transfer model of Uusikivi et al. (2010). The 
model used measurements of two fast ice 
stations in the Gulf of Finland (GoF). The 
modelled light field was combined with the 
quantum yield for carbon fixation, derived 
from sample-specific PI incubations, to 
calculate the primary production in fast ice. 
The results were compare to typical sea ice 
in the GoF using mean optical and biological 
parameters of fast ice, drift ice and pack 
ice and the mean incident irradiance in the 
middle of March (IV). Measured as well as 
modeled albedos and transmittances (Fig. 3, 
IV) agreed with albedos reported by Pirazzini 
(2006) for Baltic Sea ice and transmittances 
from Arctic Sea ice (Ehn et al., 2008b). 

The absorption spectra of aCDOM, ad and 
aalgae measured from Baltic drift ice, pack ice 
and fast ice (Table 2 in IV) are summarized in 
Fig. 6. In this study, aCDOM at 350 nm ranged 
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Fig. 6. The absorption by CDOM (panel a + b), de-pigmented particles (panel c + d) and algae (panel e -h). 
The mean of all station (red lines) and their minimal and maximal values (black line) are shown for surface 
ice (dashed line) and bottom ice (solid line). Panel a, c, e and g shows the mean absorption properties of all 
stations and panel b, d, f and h those of fast ice alone. Please, note the different scales!
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from 0.5 to 1.8 m-1 (Fig. 5; Table 2 in IV). 
Similar values for aCDOM ranging from 0.2 to 
2 m-1 in the Baltic Sea ice have been reported 
earlier (Ehn et al., 2004; Stedmon et al., 
2007; Uusikivi et al., 2010). The absorption 
coefficient for total particulate matter (aparticles) 
at 350 nm varied between 0.3 and 0.6 m-1 in 
the present study (data not shown) and is 
similar to the corresponding aparticles of about 
0.6 m-1  in Baltic Sea ice reported by Uusikivi 
et al. (2010). In the present study, aparticles was 
separated to ad and aalgae (Fig. 5). ad,350 ranged 
from 0.1 to 0.6 m-1 in fast ice and from 0.2 
to 0.5 m-1 in pack and drift ice (Fig. 5; Table 
2 in IV).  ad was largest in the surface layers 
of the fast ice stations (Fig. 5; Table 2 in 
IV) suggesting that atmospheric deposition 
is the source of non-algal particles in the 
surface ice. In most cases, ad,350 was larger 
than aalgae,350 (Fig. 5). Thus, the absorption 
of UV radiation in the Baltic Sea ice is 
dominated by CDOM, followed by ad (in 
surface ice in particular) making algae the 
smallest absorbing component. 

When aalgae was divided by the 
concentration of chlorophyll a, the resulting 
a*algae,350 varied between 0.02 and 0.2 m2 mg 
Chl a-1 in fast ice and between 0.02 and 0.08 
m2 mg Chl a-1 in drift and pack ice (Table 
2 in IV, Fig. 5). Although a*algae,350 varied a 
lot, no clear patterns were found that could 
describe the vertical distribution. The high 
variability is caused by the individual history 
of the ice cores and a much higher number 
of sampling sites is needed to statistically 
explore the difference in optical properties 
between vertical layers and ice types. The 
present measurements on a*algae,350 in Baltic 
Sea ice fall to the range reported in Arctic 
Sea ice: < 0.07 m2 (mg Chl a)-1 in bottom ice 
(Ehn et al., 2008b; Mundy et al., 2011) and 
< 0.04 m2 (mg Chl a)-1 in the middle layer 
of ice (Mundy et al., 2011).

The modelled light field for Baltic fast ice 
and mean ice in the GoF summarized over 
one day (Fig. 7) shows the rapid decrease 
of light in snow: under 5 cm of snow and 1 
cm of sea ice, only 18.3% and 19% of PAR 
are left in fast ice and GoF-ice, respectively. 

Fig. 7. The daily scalar quantum irradiance at each depth of fast ice (dashed line) and for the mean of ice in 
the GoF (solid line).
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Even though PAR in the upper snow layer 
is 12.4 mol photons m-2 day-1 higher in fast 
ice than in GoF-ice, the difference at the 
uppermost ice layer is only 2.1 mol photons 
m-2 day-1. Below 20 cm of sea ice and 5 cm 
of snow, the daily rate of PAR is only 3.5 
and 2.5 mol photons m-2 day-1 in fast ice and 
GoF-ice, respectively, which is about 10% 
of PAR of the uppermost snow layer.  

The mean light utilization coefficients 
(α), derived from the PI incubations, were 
0.004 µg C m2 µg Chl a-1 µmol photons-1 for 
GoF-ice and are similar to those reported by 
Piiparinen et al. (2010) of 0.003 to 0.008 µg 
C m2 µg Chl a-1 µmol photons-1in Baltic Sea 
ice. Since ɸ*

max has not been estimated yet for 
sea ice, bio-optical models have calculated 
photosynthesis differently e.g., by using the 
concentration in Chl a together with the Chl 
a: C ratio of 0.03 mg Chl a mg C-1 (Tedesco 
and Vichi, 2010). In the present study, ɸ*

max 
was calculated based on the estimated 
photosynthetic efficiencies (Table 3 in IV) 
for the different ice types of the Baltic Sea. 
The vertical variability of ɸ*

max was similar 
in all three ice types varying from 0.002 to 
0.011 mol C mol photons-1 with lowest ɸ*

max 
in the bottom layers and highest values in 
the ice interior. 

The bio-optical model applied in the 
present study (IV) calculates the Chlorophyll 
a- normalized primary production (P*) of 
Baltic fast ice in 1 cm vertical increments and 
every minute during 24 hours (Fig. 8a). The 
mean P* of all drift ice, pack ice and fast ice 
stations with typical light conditions in the 
middle of March at 60  ͦ N were calculated in 
hourly intervals (Fig. 8b). The difference in 
absorption and scattering properties of the 
surface and bottom layer in the model causes 
the sudden decrease in P* at the interface 
of the two layers, despite continuously 
decreasing PAR. The results show that only 
few hours are used for photosynthesis. Since 
light is a primary factor for photosynthesis 
in sea ice, P* decreased vertically with 
decreasing PAR. P* did not follow the change 
in PAR directly, because algae adjusted to the 
prevailing level of PAR (Eq. 10 for photo-
adaptation in IV). The vertical variability 
of P* was higher  for fast ice ranging from 
0.05 at the surface to 0.016 ng C µg Chl a-1 
s-1 in the bottom-most layer at high-light 
conditions. Summarized over the 24-hour 
period, P* was at the ice surface of the fast ice 
stations about 62% of the primary production 
in GoF-ice (1.73 mg C mg Chl a-1 day-1 and 
2.79 mg C mg Chl a-1 day-1 in fast ice and 

Fig. 8. Surface plot presenting P* for fast ice (a) and for the typical conditions in the middle of March in the 
GoF (b) over the whole ice and snow column and a 24h- period.
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GoF-ice, respectively) even though PAR for 
GoF-ice was only about 68% of PAR for 
fast ice (see discussion above). This shows 
that the primary production was not only 
controlled by light, but also by light absorbing 
components. The combination of high ad and 
aCDOM with low aalgae in surface layers of fast 
ice limited the primary production compared 
to lower ad in the surface of GoF-ice. The 
daily P* calculated for fast ice and GoF-ice 
in the present study are in the lower range 
of those reported for Arctic Sea ice ranging  
from 0.2 to 463 mg C m-2 d-1 (Rysgaard et 
al., 2001; Smith et al., 1988). 

Thus, the present study suggests, that 
optical properties, such as absorption of 
dissolved and particulate organic matter 
(aCDOM, ad, a*algae), and photosynthesis-
related parameters (α and ɸ*max) do not 
differ between vertical layers or ice types 
(independent T-test, SPSS; p ≤ 0.05). Only 
ɸ differed between the surface and bottom 
layers of all stations with the mean ɸ of 
surface ice being 0.007 and of bottom ice 
being 0.005 mol C mol photons-1 (SD < 
0.001; independent T-test, SPSS; p ≤ 0.05). 
Nevertheless, the modelled P* was clearly 
affected by the absorption properties of ice 
(Fig. 8). 

After the 24 hours in situ incubation of 
the melted fast ice samples, the measured 
P* ranged from 0.25 mg C mg Chl a-1 d-1 in 
the bottom layer to 0.55 mg C mg Chl a-1 
d-1 in the surface layer with a maximum of 
0.75 mg C mg Chl a-1 d-1 (Table 3 + Fig. 6 
in IV). The measured P* was lower in all 
layers compared to the modelled P* at the 
same depth (Fig. 6 in IV). One reason for the 
difference between modelled and in situ P* 
is the light available for photosynthesis: the 
light field of the in situ incubations likely 
varied from the modeled one since the core 
that closed the hole and the snow cover on 

top of it were not in undisturbed conditions 
anymore. As the incubations were only done 
at one depth, the light field varied for four out 
of five samples from the light field of their 
origin. Also, the samples were surrounded by 
air and glass in the incubation hole instead of 
the original highly scattering ice matrix. Also, 
melting and refreezing the samples likely 
affected the efficiency of primary production. 
Altogether, this suggests, that P* based on in 
situ incubations under-estimated the primary 
production. Modelling, on the other hand, is 
only an approximation of natural processes. 
The enhanced temperatures during incubator 
experiments to receive α as model input likely 
increased the modelled primary production. 
The true primary production lies therefore 
between the one resulting from modelling 
and from in situ incubations.

P* can be estimated e.g., by PAM 
fluorometry (Rysgaard et al., 2001) or micro-
optodes (Mock et al., 2002), but applications 
of these techniques to sea ice are still 
challenging. The present modelling approach 
(IV) provides a viable method to estimate 
P* based on optical and biogeochemical 
measurements.

4.3. Methodological aspects

In the course of the thesis, I recognized the 
following constraints of generally applied 
methodologies: 

Sampling sea ice brine is usually done 
using the sackhole sampling technique. As 
this technique is based on the percolation of 
brine from brine channels into the sackhole, 
the collected brine only represents the 
dissolved fractions of brine. Particles of a 
size larger than the brine channels connecting 
to the sackhole and dissolved and particulate 
organic matter that is attached to other 
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molecules or surfaces cannot percolate into 
the sackhole. Therefore, results gained from 
the sackhole technique are biased and need 
to be interpreted with care.

Melting sea ice has usually been done 
slowly at 4  ͦ C in the dark to avoid bursting 
of cells and photochemical or photosynthetic 
reactions. This melting process then takes 
at least 12 to 24 hours. This time allows 
many biogeochemical reactions, that don’t 
need light, to continue and hence, change the 
biogeochemical composition in the sample. 
For very rapidly changing parameters, such 
as pigments of the Xanthophyll cycle, a study 
is needed to test whether rapid melting causes 
increased pigment concentrations due to 
bursting cells. In general, the melting process 
should be adjusted better to the parameters 
of interest and even very rapid melting by 
using water bath should be considered.

Primary production measurements of sea 
ice samples have often been done using 14C 
incubators, which means sea ice has been 
melted within 12 to 24 hours in darkness 
prior to the incubation. This means that 
photosynthetic organisms have been in a 
very different environment for many hours 
and had time to adapt to darkness, higher 
temperatures lower salinities. Therefore, 
interpretations about the adaptation of the 
algae to darkness seem unrealistic. Hence, 
more effort is needed to develop reliable 
in situ techniques for primary production 
measurements. 

5. CONCLUSIONS

The results of the present study show that ions 
and DOM undergo different fractionation 
processes during the formation and ageing 
of sea ice. Ions differ from the diffusion 
rate of Cl- depending on their molecular 

diffusivity with K+ (higher diffusivity) being 
depleted in sea ice and SO4

2-, Ca2+ and Mg2+ 
(lower diffusivity) being enriched (paper 
I). DOM with its complex and variable 
composition is enriched with highest EFs 
for labile DOM such as amino acids and 
lowest EFs for humic substances (paper II 
and III). The enrichment relative to salts 
can be measured already few hours after ice 
formation when biological activity can not 
affect DOM concentration and composition 
yet. All the other analyzed sub-fractions of 
DOM, CDOM, FDOM, DOC, DON, dUA 
and dCHO, were enriched in sea ice relative 
to salt with EFs between 1 and 3.6 (paper 
III). If algal derived DOM was added to 
the parent water, EFs were generally lower 
indicating that the composition of DOM 
affects the incorporation (paper III). The 
incorporation of DOM was generally lower 
in brine than in bulk ice relative to salts or 
even below 1 indicating depletion of DOM 
relative to salts and under-ice water (paper 
III). This is likely related to the different 
poor sizes and connectivity of brine channels 
that allows only well-connected and mixed 
brine to reach the sack-hole and hence, 
to be analyzed. This indicates, that brine 
sampling using the sackhole technique does 
not reliably give the same results as bulk 
ice sampling after salinity normalization. 
EFs in frost flowers were generally higher 
compared to bulk ice and brine, possibly due 
to a second fractionation process during frost 
flower formation (paper III). The enrichment 
of DOM relative to salts was shown for Baltic 
Sea water (paper II) and North Sea water 
(paper III) of ice grown for 2 days (paper 
III) up to 2 weeks (paper II). This means 
that the selective incorporation of DOM is 
a general process during sea ice formation 
and therefore needs to be studied in more 
detail. It is important to understand the 
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processes behind this selective incorporation 
as it will help to generally understand 
physico-biogeochemistry of sea ice. It is 
also important for sea ice modelling as the 
models are often using sea water properties 
to construct the properties in sea ice.

In paper IV, an absorption- based approach 
to model sea ice primary production was 
used. The particle absorption measurements 
in combination with measurements of the 
photosynthetic rate allowed us to present 
the maximum quantum yield for carbon 
fixation (ɸmax) and to calculate the quantum 
yield for photosynthetic C fixation (ɸ) 
specifically for sea ice algae (Table 3 in 
paper IV). ɸ is necessary for bio-optical 
models to calculate the primary production 
based on light measurements. The rather 
low variability in ɸ in the present study 
suggests the application of a mean ɸ for 
different ice types and all vertical layers. 
More detailed studies are needed to confirm 
the low variability statistically. 

The primary productivity is mainly 
controlled by light as the nutrient availability 
is not the restricting parameter in Baltic Sea 
ice in the present study. The importance of 
optical properties for the primary production 
within ice was used in the present thesis to 
improve our knowledge about the variability 
in primary production in sea ice. Only a 
limited number of studies quantified the 
primary production in sea ice due to the 
limited access to sea ice areas. Estimates 
ranged from 5 mg C m-2 y-1 in the Baltic 
Sea, 2 to 15 g C m-2 y-1 in the Arctic and 0.3 
to 38 g C m-2 y-1 in the Antarctic, which is 
about 1% of the total primary production 
in oceans (Haecky and Andersson, 1999; 
Arrigo, 2013). The rather simple model 
presented in paper IV in combination with 
remote sensing data and large scale sea ice 

thickness and radiation measurements could 
be a useful tool in the future for modeling 
sea ice primary production in remote areas. 
This is of particular importance during 
the time of a changing climate as primary 
production is a major parameter to describe 
and predict changes in the sea ice ecosystem. 
The regional and temporal variability in light 
absorption by CDOM and particles within 
sea ice needs further research to replace 
direct measurements by algorithms. 
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