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ABSTRACT 

Seasonal ice cover is a major driver of seasonality in aquatic ecosystems in the 
Baltic Sea region. Ice cover influences the underwater light conditions directly by 
limiting the light transfer and indirectly by modifying the mixing and circulation 
under the ice. Light conditions and stratification are key factors controlling the 
onset of the phytoplankton spring bloom. Therefore, the seasonal ice cover has 
an important role in setting the time frames for the primary production and in 
influencing the seasonality of the ecological processes. This thesis investigates 
the optical properties of the ice cover and the bio-optical substances in the water 
column. 

Bio-optical substances, suspended particulate matter (SPM), Coloured 
dissolved organic matter (CDOM) and Chlorophyll-a (Chl-a), determine the 
availability and spectral distribution of light. Measuring turbidity is quick and easy 
compared to the gravimetrical determination of the SPM concentration. Paper I 
provides a new model to estimate the concentration of SPM from turbidity. The 
new SPM-turbidity model predicts SPM concentrations well, despite the high 
CDOM absorption and the optical differences in the coastal northwestern and 
southeastern Baltic proper. Therefore, the new SPM-turbidity model offers a 
cost-effective and reliable method to monitor SPM concentration. 

The light transfer through the snow and ice cover was studied both in 
freshwater lake ice and in brackish sea ice (Papers II and III). Additionally, the 
seasonal evolution of light transmission through lake ice was investigated during 
spring. The crystal structure of the ice cover was analysed both in the coastal fast 
ice zone and in drift ice in the open Baltic Sea. The snow and ice cover was found 
not only to reduce the amount of light, but also to change its spectral and 
directional distribution. The light field under ice depended strongly on the snow 
cover. In addition, the bio-optical substances were analysed within sea ice and in 
the underlying water, as well as their effect on the light conditions.  

The seasonal sea ice cover also limits the wind-driven mixing of the water 
column. The development of stratification was investigated in a coastal bay in 
the northwestern Baltic proper (Paper IV). The preconditions for an under-ice 
plume development were defined along with the spatial and temporal dimensions 
of the stratification pattern. Furthermore, an under-ice plume was found to cause 
a delay in the onset of the phytoplankton spring bloom, but the timing of the 
Chl-a maximum was not affected. The results also show that although diatoms 
dominate the phytoplankton community with and without under-ice plume, the 
dynamic conditions without under-ice plume seem to favour the motile 
photosynthetic ciliate Mesodinium rubrum. Overall, this thesis contributes to better 
understanding of the current role of seasonal ice cover on the light conditions 
and consequently on to the ecosystem. 



SAMMANFATTNING 

Det årstidsbundna istäcket är en betydande drivkraft för säsongsdynamiken i 
Östersjöregionens akvatiska ekosystem. Istäcket påverkar ljusförhållandena 
under ytan direkt, genom att hindra ljustransporten, och indirekt, genom att 
modifiera vattenomblandning och cirkulation under isen. Ljusförhållanden och 
stratifiering är nyckelfaktorer som kontrollerar igångsättningen av 
vårblomningen av växtplankton. Det årstidsbundna istäcket har därför en viktig 
roll i att sätta tidsramarna för primärproduktionen och påverka de ekologiska 
processernas säsongsdynamik. Denna avhandling undersöker istäckets optiska 
egenskaper och de bio-optiska ämnena i vattenpelaren. 

Bio-optiska ämnen, som suspenderat material (SPM), färgat löst organiskt 
material (CDOM) och klorofyll a, bestämmer tillgängligheten och den spektrala 
distributionen av ljus. Att mäta turbiditet är snabbt och enkelt jämfört med 
gravimetrisk bestämning av SPM-koncentrationen. Papper I tillhandahåller en ny 
modell för att uppskatta SPM-koncentrationen från turbiditet. Den nya modellen 
förutsäger SPM-koncentrationer väl, trots den höga CDOM-absorptionen och 
de optiska skillnaderna mellan den kustnära nordvästra delen och den sydöstra 
delen av Egentliga Östersjön. Den nya SPM-turbiditet-modellen erbjuder därför 
en kostnadseffektiv och pålitlig metod för att övervaka SPM-koncentrationer.  

Ljustransporten genom snön och istäcket studerades både i sjöis (sötvatten) 
och havsis (brackvatten) (Papper II och III). Dessutom undersöktes den 
säsongsmässiga utvecklingen av ljustransporten genom sjöis under vårsäsongen. 
Istäckets kristallstruktur analyserades både i kustens fastis och i drivis i öppna 
Östersjön. Snö- och istäcket reducerade inte bara mängden ljus, utan förändrade 
även ljusets spektrala fördelning och riktning. Ljusfältet under isen var starkt 
påverkat av snötäcket. Även de bio-optiska ämnena i isen och i underliggande 
vatten, samt deras effekt på ljusförhållandena, undersöktes. 

Det säsongsbundna istäcket hindrar även vind-driven omblandning av 
vattenpelaren. Därför undersöktes stratifieringsutvecklingen i ett kustområde i 
nordvästra Egentliga Östersjön (Papper IV). Förutsättningarna för utvecklingen 
av en vattenplym under isen definierades längs med de spatiala och temporala 
dimensionerna av stratifieringsmönstret. En vattenplym under isen fanns orsaka 
en senare start på vårblomningen av växtplankton, men tidpunkten för maximal 
klorofyll a-koncentration påverkades inte. Resultaten visar även att trots 
kiselalger dominerar växtplanktonsamhället både med och utan vattenplym 
under isen, så verkar de dynamiska förhållandena utan vattenplym under isen 
gynna den motila ciliaten Mesodinium rubrum. Övergripande bidrar denna 
avhandling till bättre förståelse för det säsongsbundna istäckets nuvarande roll 
för ljusförhållanden och därmed också för ekosystemet. 
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NOTATIONS 

a Absorption coefficient [m-1] 
AOP Apparent Optical Property 
b Scattering coefficient [m-1] 
bb Backscatter 
c Beam attenuation coefficient [m-1] 
CDOM Coloured Dissolved Organic Matter 
Chl-a Chlorophyll-a  [μg l-1] 
CTD Conductivity-Temperature-Depth  
E Evaporation [mm] 
Ed Downwelling irradiance [W m-2] 
Eu Upwelling irradiance [W m-2] 
FNU Formazin Nephelometric Unit 
g440 CDOM absorption at 440 nm [m-1] 
IOP Inherent Optical Property 
Kd Diffuse attenuation coefficient [m-1] 
L Radiance [W m-2 sr-1] 
MERIS MEdium-Resolution Imaging Spectrometer 
P Precipitation [mm] 
PAR Photosynthetically Available Radiation 
q Quantum irradiance [µmol s-1 m-2] 
R Reflectance 
Rrs Remote sensing reflectance 
SPM Suspended Particulate Matter [g m-3] 
UPW Ultrapure water 
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SCOPE OF THE THESIS 

The focus of this thesis is on the influence of ice cover on aquatic optics in the 
coastal Baltic Sea. The optical properties of the ice cover and the bio-optical 
substances determine the underwater light field which, in turn, affects 
phytoplankton ecology. Aquatic optics is multidisciplinary per se and therefore 
this thesis provides a possibility to investigate the interactions between physical 
drivers and biological phenomena.  

The bio-optical substances within coastal zones in the Baltic Sea are studied 
in Paper I, where a new algorithm for water quality monitoring is provided. The 
study sites are within the coastal Baltic Sea as the coastal zone is important for 
the whole ecosystem and critical for water quality management.  

The light transfer through snow and ice cover is investigated in Papers II and 
III, where lake ice, fast ice, and drift ice sites were studied. The effect of sea ice 
cover on the water column stratification as well as on the timing of the 
phytoplankton spring bloom is investigated in Paper IV.  

 The thesis aims to contribute to the understanding of coastal processes in 
the Baltic Sea. The better understanding of coastal processes is valuable for 
coastal zone management and can be utilised by environmental managers and 
local decision makers. In conclusion, the thesis sets out to provide increased 
understanding on the current role of ice cover in ecosystems in order to 
recognise, discuss and solve emerging ecological changes and challenges.  
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INTRODUCTION 

Seasonal ice cover has an important role in the annual cycle of physical and 
ecological processes in natural waters. Ice season, its length and severity, sets the 
time frames for primary and secondary production and further in the food web. 
The ice cover and the incoming solar radiation define the light conditions in 
aquatic systems. The light field, i.e. the amount and spectral distribution of light, 
is an essential driver for photosynthesis. Thus, changes in the light field influence 
the primary production and consequently the whole ecosystem. This PhD thesis 
seeks to examine the light field in waters with a seasonal ice cover. 

This study covers a selection of the seasonally ice-covered lakes in the Baltic 
Sea region focusing on the coastal Baltic Sea. In seasonally ice-covered waters, 
ice cover forms in winter and thaws in spring. The Baltic Sea is one of the few 
seasonally ice-covered seas in the World’s Ocean. In the Baltic Sea region, lakes 
and the Baltic Sea freeze annually and the ice season lasts up to seven months. 
The region is located in the transition zone of the maritime temperate and 
continental subarctic climate zones, which increases both the seasonal and inter-
annual variability of climatic conditions. Other seasonally ice-covered seas are, 
for example, the Sea of Okhotsk and the Bohai Sea. The Sea of Okhotsk is 
surrounded by the East Siberian coast, the Kamchatka Peninsula, the Kuril 
Islands, the Sakhalin Island (Russia), and Hokkaido Island (Japan). The Bohai sea 
is the innermost gulf of the Yellow Sea (China). Seasonally ice-covered seas are 
located in lower latitudes than the polar seas and on the edge of continental 
climate, where relatively small changes in air temperature may lead to a notable 
reduction in annual sea ice cover extent and ice season length (Granskog et al. 
2010). 

Seasonal ice cover limits the heat exchange between sea and atmosphere, 
reduces the wind-driven mixing and the sunlight penetrating into the sea – 
especially when snow has fallen on the ice (Warren 1982, Leppäranta and 
Myrberg 2009, Thomas and Dieckmann 2010, Papers II, III, and IV). Ice cover 
reduces the vertical mixing of the water column, leading to different 
environmental conditions for the developing phytoplankton spring bloom than 
in the more dynamic ice-free conditions (Paper IV). Therefore, understanding 
the current role of ice cover on the light conditions (Papers II and III) and the 
water quality – and further on the ecosystem (Paper IV), is essential for evaluating 
the possible future changes due to shorter ice seasons. 

The marine environment of the Baltic Sea is unique. Its geological, physical, 
and ecological characteristics make it a particular sea in the world ocean. The 
Baltic Sea is a shallow and brackish water basin with both marine and freshwater 
organisms – many living at the limit of their salinity distributions (Snoeijs-
Leijonmalm et al. 2017). Therefore, the Baltic Sea is very vulnerable both to the 
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climate change and for human activities. About 85 million people inhabit the 
drainage basin causing several anthropogenic pressures on the sea originating 
from urban, industrial, and agricultural activities. Eutrophication is the most 
serious factor threatening the Baltic Sea ecosystem (HELCOM 2017). Other 
threats to the ecosystem health are release of hazardous substances, increasing 
marine traffic, increasing risk of oil spills, invasive species, and littering 
(HELCOM 2017). The environmental status of the Baltic Sea is important for 
several interest groups, from occupational fisheries to tourists. Additionally, the 
coastal zone has a high recreational value. Thus, controlling the eutrophication 
is the primary focus of the water quality management in the Baltic Sea.  

In this thesis, water quality is studied by the means of aquatic optics. Aquatic 
optics, also called bio-optics, is a research field studying the underwater light field 
and the absorption and scattering processes in natural waters. The main bio-
optical substances modifying the light field are coloured dissolved organic matter 
(CDOM), suspended particulate matter (SPM), and Chlorophyll-a (Chl-a). These 
substances are indicative for the water quality and can be used to assess the 
ecological state of the studied water body (Kratzer et al. 2014, 2017). Chl-a 
concentration, for example, is often used as a proxy for the phytoplankton 
biomass, and thus as an indicator for eutrophication. Monitoring these bio-
optical substances offers tools to identify on-going ecological processes and their 
long-term trends, and further to recognise emerging water quality problems. In 
order to monitor water quality on the whole Baltic Sea, a reasonably good spatial 
and temporal coverage is required (Kratzer and Tett 2009, Kratzer et al. 2011, 
Harvey et al. 2015b), preferably with cost-efficient monitoring techniques. 
Combining the traditional monitoring techniques with the modern remote 
sensing techniques offers more and more possibilities to observe natural waters 
and investigate the on-going changes in ecosystems (Nechad et al. 2010, Kratzer 
et al. 2014, Halsey and Jones 2015, Harvey et al. 2015b). For effective ecosystem 
management it is essential to have reliable assessment of the environmental status 
and regular monitoring of the water quality in natural waters (Snoeijs-Leijonmalm 
et al. 2017).  

Baltic Sea region 
Regional climate 
The study region is located in the transition zone of the maritime temperate and 
continental subarctic climate zones. Therefore, seasonal temperature variations 
over the northern Baltic Sea are large, whereas in the southern Baltic Sea these 
variations are smaller. During the present reference period 1981–2010, the mean 
air temperature in January was 10.9°C in the northern Baltic Sea (Tornio, 
65°50’ N) (Finnish Meteorological Institute), 0.5°C in the northwestern Baltic 
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proper (Himmerfjärden, 58°44’ N) (Swedish Meteorological and Hydrological 
Institute), and +1.6°C in the southern Baltic Sea (Rostock, 54°05’ N) (Deutscher 
Wetterdienst). The sub-zero temperatures lead to sea ice formation in winter, and 
to ice seasons lasting up to 7 months in the northern Baltic Sea.  

Westerly winds dominate the atmospheric circulation over the Baltic Sea 
region (Leppäranta and Myrberg 2009). The winds are strongest during winter 
months and weakest during spring (Leppäranta and Myrberg 2009). Baltic Sea 
influences the regional climate by transporting heat from south to north. This 
heat transport affects the atmospheric moisture content, the cloud formation, 
and the spatial distribution of precipitation. The cloud cover depends on the 
general weather conditions and varies seasonally, being the lowest during summer 
months and the highest during winter months (Leppäranta and Myrberg 2009). 
The cloud cover during winter and spring often lead to a diffuse light field on 
the surface, and also modifies the light field under ice. 

Precipitation and evaporation rates have a strong seasonal cycle with most 
monthly precipitation in August and September and most monthly evaporation 
in October (Omstedt et al. 1997). Evaporation exceeds precipitation in October, 
November, and December over the whole Baltic Sea, whereas from January to 
September precipitation is greater than evaporation. When the sea is ice-covered, 
precipitation accumulates on the ice until released during thawing. In the Gulf of 
Finland and in the Gulf of Bothnia, precipitation (P) is notably higher than 
evaporation (E) (P – E > 265 mm yr-1), whereas the difference is rather low in 
the Bornholm Basin and the northwestern Gotland Basin (P – E < 35 mm yr-1). 
Hence, both seasonal and regional differences in precipitation and evaporation 
are large in the Baltic Sea region.  
 

Characteristics of the Baltic Sea  
The Baltic Sea is a shallow intra-continental sea with a drainage basin 4.2 times 
as large as the sea area (Leppäranta and Myrberg 2009). The water exchange with 
the North Sea is limited due to the narrow and shallow Danish Straits 
(e.g. Lehmann et al. 2002, Leppäranta and Myrberg 2009). Additionally, the Baltic 
Sea receives a large amount of freshwater from rivers, and the freshwater budget 
is positive. Because of these factors, the Baltic Sea water mass is brackish (salinity 
less than 24.7 ppt) and shows a strong density stratification (Leppäranta and 
Myrberg 2009). The seawater density depends on salinity, temperature, and 
pressure. Salinity determines the stratification of water masses with a permanent 
two-layer structure separated by a halocline. The halocline is typically at a depth 
of 40–80 m. The strong halocline isolates the bottom layer from the influence of 
vertical mixing. Hence, most of the seasonal changes in hydrography occur above 
the halocline. In addition to the vertical salinity stratification, salinity shows a 
strong horizontal gradient across the Baltic Sea. Salinity is highest close to the 
Danish straits (salinity at the surface > 8 ppt and at the bottom > 16 ppt) and 
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lowest in the Bothnian Bay (< 2 ppt and < 4 ppt, respectively) (Leppäranta and 
Myrberg 2009). 

The river inflow into the Baltic Sea consists of high concentrations of 
coloured dissolved organic matter (CDOM) and suspended particulate matter 
(SPM). Both CDOM and SPM are closely related to terrestrial runoff (Kratzer et 
al. 2011, 2017), and thus important parameters for coastal water quality 
management. CDOM absorption is highest in the northern parts of the Baltic 
Sea due to the high freshwater runoff originating from bogs, lakes and rivers with 
high concentrations of humic substances (Kratzer et al. 2003, Kowalczuk et al. 
2006, Kirk 2011). CDOM absorption decreases along with the increasing salinity 
gradient southwards and towards the Danish straits (Kowalczuk et al. 2006, 
Kratzer et al. 2011). The high CDOM absorption gives the Baltic Sea its 
characteristic yellow-brown colour. Optically, the Baltic Sea differs from oceanic 
waters due to the high CDOM absorption (Kratzer et al. 2003, Kratzer and Tett 
2009, Kratzer and Moore 2018). 

The Baltic Sea has an annual ice cover. Ice seasons differ from each other in 
length, timing, and in ice cover extent and thickness. The ice formation starts in 
the northernmost Bay of Bothnia in late October or early November. The 
freezing dates vary from year to year depending on the weather conditions of the 
preceding months. The ice formation progresses from shallow coastal waters 
towards the deeper areas. The coastal (land) fast ice is anchored to the shore, 
bottom, and islands throughout the ice season. Only changes in sea-level can 
detach the ice from the shore and then wind can cause ice drifting even within 
the coastal ice zone (Leppäranta and Myrberg 2009). The fast ice zone extends 
to areas with water depth from 5 to 15 metres, depending on the severity of the 
winter. Further out from the shore, the ice appears as drift ice. Drift ice is a term 
used for ice floes drifting with wind and currents and as a result of the movement, 
the ice is rafting, compacting, and ridging. 

Ice coverage is typically at its maximum in late February or early March. The 
maximum ice extent varies between 12–100% of the whole Baltic Sea area in the 
current climate (Granskog et al. 2006, Leppäranta and Myrberg 2009, Uotila et 
al. 2015). Due to the societal importance of sea ice cover, records of ice 
conditions have begun in the early 18th century (Figure 1). These early 
observations have been reconstructed and continued with modern observations 
resulting in one of the longest time series of sea ice conditions in the world (Jurva 
1952, Seinä and Palosuo 1996, Jevrejeva et al. 2004). This time series shows the 
large inter-annual variability in the ice cover extent. Due to climate change, a 
tendency towards milder winter has been observed and the probability of severe 
winters has decreased (Haapala et al. 2015, Uotila et al. 2015). Both the maximum 
ice extent and the length of ice season have decreased during the last century 
(Jevrejeva et al. 2004, HELCOM 2013, Haapala et al. 2015, Merkouriadi and 
Leppäranta 2015). Merkouriadi and Leppäranta (2014a) showed a significant 



��
�

decrease of the ice season length by almost 30 days since 1915 in Hanko and 
Russarö, in the Gulf of Finland.  

Terrestrial runoff transports an external load of dissolved and particulate 
matter into the coastal zone. The freshwater runoff creates a horizontal salinity 
gradient that drives the mixing of the fresh and saline water masses. In the 
western and northeastern Baltic Sea, there are several bays with estuarine 
circulation and with sills complicating the mixing with the open sea water. 
Whereas in the south-eastern Baltic Sea, the bottom topography is simpler 
allowing for the water masses to mix more efficiently (Leppäranta and Myrberg 
2009). In addition to these dynamics, the coastal zone is exposed to other physical 
processes, such as upwelling events, resuspension of sediments, as well as bottom 
and shore erosion. The coastal zone is first impacted by the natural and human 
activities on land and therefore it is very vulnerable to external pressure (e.g. 
Newton et al. 2014). The external pressure combined with the natural processes 
within the coastal zone influence the concentrations and relative abundances of 
the bio-optical substances. These bio-optical substances play an essential role in 
modifying the light conditions in the coastal zone for both the benthic and the 
pelagic habitats. Due to its characteristics and role as a transition zone, the coastal 
zone is also the key area to investigate to understand and manage eutrophication 
in the whole Baltic Sea.  
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Figure 1. Maximum sea ice extent (103 km2) in the Baltic Sea from the ice season 1720--21 
to 2016--17. The ice cover area has a large inter-annual variability in the Baltic Sea. 
Courtesy of Jouni Vainio, Finnish Meteorological Institute. 
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Study sites 
The in situ observations and sampling in this thesis were performed during several 
field campaigns. These campaigns covered the Baltic Sea region from lakes in 
Finland and Estonia to the coastal Baltic proper and the northern Gulf of 
Bothnia (Figure 2). 

Paper I. Coastal Baltic proper 
The study was based on measurements of turbidity and concentration of SPM. 
The in situ data were collected both at the northwestern and at the southeastern 
coastal Baltic proper. Along the Swedish coast, the sampling sites were shallow 
bays with restricted water exchange with the open sea, whereas the Lithuanian 
coast is a comparatively dynamic site with westerly winds mixing the water 
column (Dailidienė and Davulienė 2008, Vaičiūtė et al. 2012). At all sites, the 
samples were collected following a coastal to offshore transect. In the Lithuanian 
site, samples were collected also in the Curonian Lagoon.  

Paper II. Finnish and Estonian lakes 
The light conditions and the optical properties of lake ice were studied in seven 
lakes in Finland and Estonia. These lakes varied notably in size: surface area 
ranged from only 0.5 km2 (Lake Lovojärvi, Finland) up to 3 555 km2 (Lake Peipsi, 
Estonia). All the studied lakes are shallow, mean depth ranging from 2.8 m to 
14.1 m (mean depth only 7.0 m in Lake Peipsi). The studied Finnish lakes are 
typically ice-covered from beginning of December to early May and the Estonian 
lakes from end of November to mid-April. 

Paper III. Gulf of Bothnia 
In paper IV, the field work was performed on drift ice floes during a research 
cruise onboard R/V Aranda in the Bothnian Bay in 2016, and on fast ice near 
Umeå in the coastal Bothnian Sea in 2017. In addition to measurements on light 
conditions and optical properties of sea ice, concentrations of the bio-optical 
substances were investigated both in the ice and in the underlying water. About 
half of the annual river inflow into the Baltic Sea comes to the Gulf of Bothnia, 
and thus the salinity in the Bothnian Bay and the Bothnian Sea is rather low 
(2--4 ppt and 5–6 ppt, respectively). Due to the high river runoff, the CDOM 
absorption is high in the Gulf of Bothnia. Sea ice occurs annually in the Gulf of 
Bothnia, even in the mildest observed ice seasons 2007/08 and 2014/15. 

Paper IV. Himmerfjärden bay 
Himmerfjärden bay is frequently monitored to assess local environmental 
changes and the effects by the effluents of a sewage treatment plant with the 
outlet located close to the head of the bay. Here, the study was based on the 
monitoring dataset from 1997–2015 with focus on CTD-profiler data and 
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measurements of Chl-a concentration and data on the dominant groups of 
phytoplankton. The bio-optical substances were also investigated by dedicated 
campaigns. Himmerfjärden bay is an elongated bay with a mean depth of 17 m, 
located in the northwestern Baltic proper. The water circulation within the bay is 
estuarine with a relatively low freshwater input from streams (Engqvist and 
Omstedt 1992, Engqvist and Stenström 2009). Also, several sills and straits 
restrict the water exchange with the open Baltic Sea.  

Figure 2. Study sites: northwestern and southeastern Baltic proper sampling sites 
(Paper I) in dark red, Finnish and Estonian lakes (Paper II) in green, sea ice study 
locations in the Gulf of Bothnia (Paper III) in blue, and monitoring stations in 
Himmerfjärden bay (Paper IV) in orange. 
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AQUATIC OPTICS  

Underwater light conditions have been scientifically investigated since the early 
19th century, when a Russian explorer Otto von Kotzebue studied light 
attenuation during a research cruise around the world (Dickey et al. 2002, 
Wernand 2013). At the mid-19th century, an Italian astronomer Pietro Angelo 
Secchi defined a standard for these visibility measurements, the Secchi depth 
(Wernand 2013). Secchi depth is a robust visual measure for water transparency 
measured with a white circular disc (Ø 20–30 cm) that is lowered into the water 
until the disk disappears. The depth where it just disappears is noted down as the 
Secchi depth. The method is still used globally, and thus Secchi depth 
measurements are the oldest optical data available for aquatic optics studies and 
hence have become an important parameter for time series studies. Sandén and 
Håkansson (1996) compared Secchi depth measurements from 1919-1939 and 
from 1969-1991 in the Baltic Sea. They found that Secchi depth had decreased 
about 0.5 m per year during both of these periods (Sandén and Håkansson 1996). 
Later Fleming-Lehtinen and Laamanen (2012) compared Secchi depth 
measurements from 1905–1909 and from 2005–2009 and also found a decrease 
in the Secchi depth during the last century. The decrease of Secchi depth was 
more apparent in the northern Baltic Sea than in the southern Baltic Sea. In the 
Bothnian Bay, the mean Secchi depth had decreased from 8.7 m to 5.1 m, while 
in the Bornholm Basin, the decrease was only from 8.8 m to 6.6 m (Fleming-
Lehtinen and Laamanen 2012). 

Satellite remote sensing provides information with a large spatial coverage, 
while in situ sampling can provide information from discrete depths in the water 
column. Remote sensing techniques complement the current knowledge about 
marine processes, gained from in situ data and have significantly increased the 
understanding of dynamic processes in the Baltic Sea (e.g. Kratzer et al., 2011; 
Kutser, 2009; Lehmann and Myrberg, 2008; Ody et al., 2016; Pitarch et al., 2016; 
Uiboupin et al., 2012). The MEdium Resolution Imaging Spectrometer (MERIS) 
developed by the European Space Agency represented a new tool for water 
quality monitoring. The MERIS data archive provides a global dataset from 2002 
to 2012. The current Sentinel-mission further improves the data quality and 
availability along with the spatial and spectral resolution. In optical remote 
sensing, the signal originates from the sun, interacts with the atmosphere, the 
aquatic medium, and is scattered back to the sensor. Generally, only about 10% 
of the radiation received by the remote sensing instrument originates from below 
the water surface (Wang 2010, Kratzer et al. 2017). Morel and Prieur (1977) 
classified water types based on their optical signals into optical case 1 and case 2. 
Case 1 waters include oceanic waters, and are characterised by the underwater 
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light field and the colour of the water determined by the water itself, and the 
Chl-a concentration and CDOM co-vary with phytoplankton. In case 2 waters 
also SPM and CDOM vary and modify the optical signal (Morel and Prieur 1977). 
Due to the co-existing bio-optical substances, case 2 waters are also called 
‘optically complex’. The Baltic Sea has a high CDOM absorption as well as 
varying SPM and Chl-a concentrations and is therefore an optically complex 
water body (Kowalczuk et al. 2006, Kratzer et al. 2017, Kratzer and Moore 2018). 

Aquatic optics combines research fields such as physics, oceanography, 
biology, ecology, and hydrology. Aquatic optics can be applied to a wider range 
of fields, e.g. civil, environmental and energy engineering socio-economics, and 
ecosystem management. This chapter introduces the theoretical background to 
understand and discuss aquatic optics, the concept of light attenuation, and the 
effect of the bio-optical substances onto the underwater light field in the Baltic 
Sea. In addition, the physical and optical properties of sea ice are described as 
well as the direct and indirect effects of sea ice cover on the light conditions and 
water quality. More detailed descriptions of the in situ sampling and laboratory 
analysis used in this thesis can be found in the Methods sections of respective 
papers. 

The underwater light field 
Sunlight is the main energy source influencing the environmental conditions in 
the aquatic ecosystem. In clear weather, an atmospheric window exists for the 
visible light, i.e. most of the visible light will pass from the top of the atmosphere 
to the surface of the water. In the atmosphere, solar radiation is absorbed (due 
to water vapour and other atmospheric gases), or scattered (due to particles, i.e. 
aerosols) (Mann and Lazier 2006, Kirk 2011). Cloudiness may decrease markedly 
the level of solar radiation on the sea surface compared to clear sky conditions. 
The optical properties that depend on the light field and its incoming angles are 
referred to as apparent optical properties (AOP), while scattering and absorption 
properties depending on the medium (the water and its optical constituents) are 
inherent optical properties (IOP) (Preisendorfer 1976).  

Spectral radiance, L, is the light intensity emitted from a point in the radiation 
field per unit angle. The unit of spectral radiance is watts per square metre per 
steradian per nanometre (W m-2 sr-1 nm-1). Irradiance is the radiant flux onto a 
unit area from all the directions in the upper hemisphere (Kirk 2011). 
Downwelling irradiance, Ed, is the irradiance impinging onto a horizontal plane 
and correspondingly upwelling irradiance, Eu, is the irradiance upwards. The unit 
of irradiance is watts per square metre per nanometre (W m-2 nm-1). Due to the 
nature of light as electromagnetic radiation, all the optical properties are spectral, 
i.e. wavelength-dependent, but for several applications these properties are
integrated over an applicable wavelength range and then the units are for radiance
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watts per square metre per steradian (W m-2 sr-1) and for irradiance watts per 
square metre (W m-2) (Kirk 2011). The colour of the sea is the reflected spectrum 
perceived by our eye. Remote sensing reflectance, Rrs, is the ratio of upwelling 
radiance, Lu, to downwelling irradiance, Ed (Kratzer et al. 2017). Alternatively, 
the reflectance, R, can be described using inherent optical property as it is 
proportional to a ratio of back-scatter, bb to absorption a (Morel et al. 2002): 
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�     (1) 

The wavelength range from 400 to 700 nm can be utilised for photosynthesis, 
and therefore this range is called the Photosynthetically Active/Available 
Radiation (PAR) (e.g. Arst, 2003; Kirk, 2010). Each absorbed photon within PAR 
triggers the same photochemical reaction. Therefore, the number of photons is 
of interest, when studying photosynthesis. Quantum irradiance, q, is an often 
used parameter as it describes photon flux per unit area (µmol s-1 m-2). However, 
photosynthetic pigments in aquatic plants have specific absorption spectra, the 
absorption depends on the wavelength. The transformation between the energy 
flux (power units) and photon flux (quanta units) can be solved for a defined 
wavelength range, such as for PAR (Reinart et al. 1998, Leppäranta et al. 2010, 
Kirk 2011, Leppäranta 2015, Paper III: pp. 6-7). The ratio of the quantum to 
power irradiance above a water surface is 4.60 µmol J-1 for white light, but 
underwater the light spectrum changes with depth. The ratio has been 
investigated in lakes and the ratio increases from 4.60 µmol J-1 to 
4.88--5.5 µmol J-1 deeper in the water column (Reinart et al. 1998).  

An essential factor for understanding the underwater light field is the 
attenuation of light (Equations 2 and 3). Light attenuation limits the vertical 
penetration of light into the water column affecting the thermal stratification, the 
water temperature, and the euphotic depth. Absorption and scattering are IOP’s, 
i.e. properties of the medium and depend on the water and its optical constituents 
and their concentrations. Both absorption and scattering coefficients are 
generally assumed to be additive, so the total absorption or total scattering can 
be calculated by summing up their components (Equation 2) (Arst 2003, Kirk 
2011, Kratzer et al. 2017). Bio-optical substances (Chl-a, SPM, and CDOM) have 
specific spectral responses, which are discussed in more detail in the following 
chapter.  

Water itself is the most prominent absorbing component in natural waters. In 
clean water, the absorption is lowest in the shortwave range, i.e. ultraviolet 
(280--400 nm) and in the blue part of the spectrum, so the blue light is attenuated 
least and clear water appears blue even in the deep. Absorption increases strongly 
towards longer wavelengths, and especially the infrared irradiance (760--3000 nm) 
and thermal radiation (3000--5000 nm) are absorbed within a thin surface layer 
influencing the thermal conditions in the water. In response, the surface 
temperature increases and vertical turbulent diffusion transports the heat deeper 
into the water column.  
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Scattering occurs when radiation hits a scatterer causing the direction of its 
propagation to change (Kirk 2011). Scatterers can be, for example, suspended 
particles or density fluctuations (non-uniformities) within the water. Due to 
scattering, especially multiple scattering, the path of light beam is lengthened and 
in consequence the probability of light to be absorbed increases. Thus, scattering 
enhances the attenuation of light in the water column. The scattering of pure 
water has its minimum at 90° angle from the direction of the incoming light beam 
and the scattering rises symmetrically to greater and lesser angles (Dera 1992, 
Kirk 2011). The light scattered with greater angles (> 90°) is backscatter, bb. The 
proportion of back-scattering to total scattering is lower in optically-complex 
coastal waters than in clear oceanic waters, where the proportion of scattering by 
density fluctuations becomes more significant (Kirk 2011). 

Scattering is described by three theories: Rayleigh, Smoluchowski-Einstein, 
and Mie. The selection of the theory depends on the size of the scatterer. The 
diameter of the scatterer in relation to the wavelength of the incoming light is the 
determinant parameter in scattering, but also particle shape or composition have 
an effect (Jerlov 1976, Kirk 2011). Rayleigh and Smoluchowski-Einstein theories 
describe scattering caused by scatterers that are smaller than the wavelength. 
Rayleigh scattering theory applies to scattering of gas molecules in the 
atmosphere, whereas Smoluchowski-Einstein theory can be applied to water 
density fluctuations. Most particles in natural waters are larger than the 
wavelength and then Mie theory is applied (Leppäranta 1999, Kirk 2011). Mie 
theory, however, assumes that all particles are spheres. Although rounded 
particles are rare in nature, this theory is often applied as an approximation (Kirk 
2011). According to the Mie theory, most of scattering is forward-scattering, i.e. 
scattering angle < 90°. Thus, most of scattering is forward-scattering and 
multiple scattering typical in natural waters. 

Beam attenuation coefficient 
Attenuation coefficient of a collimated light beam, c, is the sum of 
the absorption coefficient, a, and the scattering coefficient, b:  
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where both absorption and scattering are spectral, i.e. wavelength-
dependent variables (Kirk 2011).  

Diffuse attenuation coefficient 
The downwelling irradiance, Ed, attenuates in an exponential 
manner with depth, z, according to the equation: 
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where Kd is the diffuse attenuation coefficient (Kirk 2011). 
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Bio-optical substances 
In aquatic environment, the main bio-optical substances alternating the light field 
are CDOM, SPM, and Chl-a. The concentrations of these substances in the water 
determine the light field (Arst 2003, Kratzer and Tett 2009). In the Baltic Sea 
coastal waters, CDOM and SPM are the key substances defining the light field. 
Kratzer and Tett (2009) found that although CDOM absorption dominates the 
water transparency, the concentration of SPM governs the variability of light 
attenuation in the Himmerfjärden bay, coastal northwestern Baltic proper.  

Phytoplankton blooms have a high spatial and temporal variability, which is 
challenging to cover with conventional in situ sampling programs. Thus, satellite-
derived Chl-a concentration estimates support the conventional monitoring by 
increasing the spatial and temporal data coverage (Harvey et al. 2015b). However, 
some of the essential monitoring parameters can only be measured in situ, such 
as vertical profiles of parameters as well as phytoplankton samples to study the 
species distribution and their possible toxicity. In the Baltic Sea, the global 
algorithms are often erroneous due to the high CDOM concentration leading to 
overestimating Chl-a concentrations in the Baltic Sea (e.g. Darecki and Stramski 
2004; Berthon and Zibordi 2010; Attila et al. 2013; Pitarch et al. 2016). In order 
to interpret the remote sensing data, it is essential to know the characteristics of 
the bio-optical substances.  

The remote sensing water quality products for case 2 waters often rely on a 
semi-analytical approach and neural network analyses. Empirical relationships 
between an in-water constituent concentration and remote sensing signal 
(Equation 1) can usually be applied only in the region where the relationships 
were developed or in areas with similar ranges of the bio-optical substances (Kirk 
2011). Despite the challenges of remote sensing of optically complex, i.e. optical 
case 2 waters, satellite-derived concentrations of the bio-optical substances are 
comparable to in situ measurements and hence provide an advantageous tool for 
water quality monitoring and management (Reinart and Kutser 2006, Harvey et 
al. 2015b, Beltrán-Abaunza et al. 2016). 

Coloured dissolved organic matter (CDOM) 
CDOM is a mixture of dissolved organic matter originating from decomposed 
organic matter and humus, i.e. a group of compounds in soil (Arst 2003, Kirk 
2011). Humic substances dissolve in water and are transported into the rivers 
with the runoff and finally into the sea. These substances absorb short 
wavelengths causing the colour of water to turn more yellow. Hence, CDOM is 
often referred to as ‘yellow substance’, ‘gelbstoff’ or ‘gilvin’ (Kirk 2011). CDOM 
is the main optical component determining the spectral attenuation of light in 
the Baltic Sea (Arst 2003, Pierson et al. 2008). An increase in CDOM absorption 
in the Baltic Sea not only affects the light availability, but also changes its spectral 
quality by shifting the transmission peak of light towards the red part of the 
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spectrum (Jerlov 1976, Kowalczuk et al. 2006, Harvey et al. 2015a). In Papers III 
(p. 7) and IV (p. 87), the absorption coefficient at 440 nm g440, is used to indicate 
the CDOM absorption (Kratzer 2000, Kirk 2011, Harvey et al. 2015a). Changes 
in CDOM composition can result from conservative processes, such as mixing, 
or non-conservative processes, such as production, degradation or aggregation 
(e.g. Kowalczuk et al., 2006; Ylöstalo et al., 2016). In addition, several processes 
in water influence the optical properties of CDOM, such as dilution of 
terrestrially derived CDOM, bacterial degradation, and autochthonous 
production of CDOM by plankton (Kowalczuk et al. 2006, Kratzer and Tett 
2009).  

Chlorophyll-a (Chl-a) and phytoplankton biomass 
Chlorophylls, are pigments, housed in phytoplankton chloroplasts and function 
to capture sunlight and transforms its energy to chemical energy. This 
photochemical phenomenon is called photosynthesis; here chlorophyll 
transforms the energy from solar radiation through chemical reactions to form 
oxygen and sugars. Chlorophylls can utilise the sunlight at the PAR range 
(400--700 nm). Chl-a is the most abundant pigment in phytoplankton (Nelson et 
al. 2013). The absorption spectrum of chlorophyll-a is selective: it absorbs most 
effectively at 430--440 nm and at 660--690 nm (Kirk 2011). Chl-a concentration 
indicates the amount of the phytoplankton within the sample and is therefore 
commonly used as an indirect measure for phytoplankton biomass. However, the 
Chl-a concentration depends also on the light conditions, on the physiological 
state of the phytoplankton, and on the phytoplankton species composition 
(Bricaud et al. 1995). Therefore, Chl-a concentration is a rough estimate for 
phytoplankton biomass. In this thesis, Chl-a absorption was determined 
spectrophotometrically (Papers III: pp. 7 and IV: p. 86).  

Phytoplankton biomass follows an annual succession in the Baltic Sea. During 
wintertime, the biomass is low due to low light conditions. Phytoplankton 
blooms, i.e. periods when the average biomass markedly exceeds the yearly mean 
abundance (Horne and Goldman 1994), are annual phenomena in the Baltic Sea 
(Fleming and Kaitala, 2006; Höglander et al., 2004; Kremp et al., 2008). The 
spring bloom occurs in the southern Baltic Sea from March onwards and later in 
the northern areas (Höglander et al. 2004, Fleming and Kaitala 2006, Kratzer et 
al. 2011). During the spring bloom, the most common phytoplankton groups are 
diatoms and dinoflagellates along with many other organisms, including 
heterotrophic flagellates and ciliates (Haecky et al. 1998, Fleming and Kaitala 
2006, Spilling 2007, Piiparinen et al. 2010, Rintala et al. 2010, Klais et al. 2011, 
Snoeijs-Leijonmalm et al. 2017). Usually, nitrogen is used up during the spring 
bloom, whereas the phosphate levels are still high at the beginning of the summer 
(Walve and Larsson 2010). In the Baltic Sea, the summer blooms usually start in 
late June-July and comprise nitrogen-fixing, filamentous cyanobacteria 
(e.g. Walve and Larsson 2010; Kratzer et al. 2011). Surface accumulations of 
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cyanobacteria are not only triggered by the high phosphorus to nitrogen ratio, 
but also by the light availability and stable stratification (Stal et al. 2003). Surface 
blooms of filamentous cyanobacteria, e.g. Nodularia Spumigena, are often more 
dominant in the open sea areas than in coastal waters (Kratzer et al. 2003).  

Suspended particulate matter (SPM) 
SPM is matter in suspension in the water column and consists of insoluble 

matter, seston, which contains both organic and inorganic materials. The organic 
part of the SPM comprises plankton, including bacteria, and detritus. Detritus is 
mostly composed of exoskeletons of zooplankton and decomposed 
phytoplankton (Jerlov 1976 p. 23). The inorganic part consists mostly of mineral 
particles originating from shore and bottom erosion (Jerlov 1976, Bukata et al. 
1995, Bowers and Binding 2006, Kirk 2011). Shore erosion is strongly influenced 
by land use, whereas bottom erosion is more dependent on bottom type and 
topography.  

SPM causes most of the scattering occurring in natural waters (Kirk 2011). 
SPM is present in all natural water bodies. In marine environment, SPM 
concentration is highest in the coastal zone as the inorganic fraction of the SPM 
is closely related to terrestrial runoff. The phenomena affecting the SPM 
concentration vary on many temporal and spatial scales (Miller and McKee 2004). 
For example, seasonal changes in terrestrial runoff due to changing precipitation 
and river discharge increases the transport of sediments to the sea (Malmaeus 
and Håkanson 2003, Miller and McKee 2004, Ruddick et al. 2008). In addition, 
hydro-dynamics, such as upwelling events, can increase the SPM concentration 
in coastal areas (Suursaar et al. 2009).  

The particle properties vary seasonally with changes in grain size, shape, and 
composition. During summer, more organic material is available, enhancing 
particle aggregation, which in turn leads to larger particle size. During winter, 
wind-driven mixing increases the disaggregation, thus decreasing the particle size 
(Binding et al., 2005). However, if the water body is ice-covered, mixing is 
reduced and hence resuspension of sediments diminishes (Leppäranta and 
Myrberg, 2009). Particle scattering varies due to particle properties. Therefore, 
seasonal changes in the particle scattering may partly result from particle 
aggregation. In this thesis, the concentration of SPM and fractions of inorganic 
and organic SPM were measured gravimetrically according to Strickland and 
Parsons (1972) (Papers I: p. 6, III: p. 4, and IV: p. 87).  

Turbidity 
Turbidity is defined as the reduction of transparency of liquids caused by the 
presence of SPM (ISO 7027:1999). Turbidity is measured either in Formazin 
Nephelometric Unit (FNU) or in Nephelometric Turbidity Unit (NTU). These 
turbidity units are comparable but differ by the method. Turbidity in FNU is 
measured with an incident LED (light-emitting diode) light at 860 nm at a 90° 
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angle (ISO 7027:1999), whereas turbidity in NTU is measured in the range 
400--860 nm with a tungsten lamp, centred at an angle of 90° ±30° to the light 
path (United States Environmental Protection Agency 1993). The FNU unit is 
defined relative to the 90° scattering caused by a standard Formazin solution. 
The ISO 7027 method offers turbidity results that can be inter-compared 
(Nechad et al. 2009).  

Measuring turbidity in FNU, using the monochromatic light in the near-
infrared, reduces the interference of absorption by particles and CDOM with 
SPM scatter. Gohin (2011)compared FNU and NTU turbidity measurements 
and concluded that in the presence of CDOM, FNU values are expected to relate 
better to SPM than those measured in NTU. With higher CDOM concentrations, 
measuring in NTU underestimates turbidity as it is measured within the 
wavelength range where CDOM absorbs light. This decreases the radiant flux 
exiting the turbidity meter, which may also increase the error in the measurement. 
As CDOM is the main optical component in the Baltic Sea (Kowalczuk et al. 
2006, Kratzer and Tett 2009, Kutser et al. 2009, Kratzer et al. 2011), it is a 
requirement to measure turbidity in FNU in the Baltic Sea. In this thesis, turbidity 
was measured according to ISO 7027:1999 in FNU with a portable turbidity 
meter by Hach Lange (2100Qis, Düsseldorf, Germany) (Papers I: p. 6, and 
IV: p. 87).  

Physical and optical properties 
of ice and snow cover 
Ice formation and thawing 
In the autumn, the heat budget between the water body and the atmosphere is 
negative, i.e. the surface starts to transport heat into the atmosphere. The surface 
water cools down to the temperature of maximum density and free convection 
mixes the water column. Typically by late autumn, the thermocline disappears 
and the upper layer is mixed also due to wind-forcing. In the Baltic Sea, mixing 
reaches down to the halocline. Ice formation starts, when the upper water layer 
has reached the freezing point. In freshwater lakes, the temperature of maximum 
density is at +3.98°C and the freezing point at 0°C. Salinity affects the physical 
properties of the water and therefore in the Baltic Sea, the temperature of 
maximum density is between +1.5 and +3.0°C and the freezing point 
between -0.2 and -0.5°C depending on seawater salinity (Leppäranta and 
Myrberg 2009). When the freezing point is below the temperature of maximum 
density, the water is characterized brackish. This corresponds to salinity from 
0.5 ppt to 24.7 ppt (Leppäranta and Myrberg 2009).  

In freezing water, the water molecules crystallise into hexagonal lattice. Ice 
crystals are uniaxial and in the direction of the optical axis, light can penetrate the 
crystal without changing. Ice formation starts around nuclei in the surface waters; 
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suspended particles or snowfall (e.g. Petrich and Eicken 2010). In lakes, the 
surface conditions are rather calm and a uniform ice cover forms quicker 
compared to the dynamic Baltic Sea. At the beginning of the freezing under 
turbulent conditions, frazil ice forms and floats on the sea surface and attaches 
to one-another. The accumulation of frazil ice continues to form ice discs, so-
called pancake ice, later freezing together and forming a continuous ice cover 
during calm weather conditions (Leppäranta 2011).  

After ice cover has formed, it thickens by growing further down from the 
bottom. Generally, the slower the growth, the bigger the crystals form. This is 
called congelation or columnar ice. In addition to congelation ice growth, the ice 
cover can also thicken by growing from the surface of the ice cover. There are 
two types of meteoric ice, i.e. ice originating from precipitation: granular ice and 
superimposed ice. Granular ice, also called snow-ice, forms from sea water 
flooding on the ice due to negative freeboard of the ice cover. Superimposed ice 
forms when thawing snow drains through the snow on the ice surface and freezes 
(Granskog et al. 2006, Leppäranta and Myrberg 2009, Uusikivi 2013).  

As ice crystals grow, dissolved substances are partly rejected and partly locked 
in between ice crystal plates. When seawater freezes, brine pockets are trapped 
between the ice crystals. They are elongated, vertical cylinders in the ice of about 
0.1 mm diameter and 1–10 cm in length (Leppäranta 2012). Baltic brackish ice 
forms similarly as in other seas (Leppäranta et al. 2003, Ehn et al. 2004). At the 
beginning of the ice season, the sea ice salinity is about 20–40% of the sea water 
salinity. The volume of brine channels depends on the ice temperature. As the 
ice temperature decreases, the brine volume decreases and the salinity in the brine 
increases and vice versa with increasing temperature. During winter, the salinity 
of sea ice decreases due to brine drainage. The brine drains back to the sea due 
to gravity and due to cracks forming caused by temperature changes in the ice.  

In early winter, the wind can break the coastal ice field into floes. During mid-
winter, however, the coastal fast ice is thick and only an increase in water level 
can displace the fast ice vertically and detach it from the shore. The wind can 
then cause ice drifting even within the coastal zone transporting the substances 
within and on the ice floe far from their origin. The thinner the ice, the easier it 
breaks into floes and transforms from fast ice to drift ice. Additionally, the 
thinner the ice, the quicker its growth. Ice growth slows down with ice thickness, 
because ice isolates the sea from the atmosphere, thus hindering the heat 
exchange (Stefan 1891, Leppäranta 2011, 2015).  

Ice thawing starts when the heat budget between the water body and the 
atmosphere turns positive in spring. In the Baltic Sea, the thawing progresses 
from south to north. Thawing starts from the shallow coastal areas. The shallow 
depth enables the vertical mixing of the whole water column and the advection 
of warm air from land to the sea warms the coastal areas. Ice cover also thaws 
from the open sea boundary as the solar radiation first warms the sea surface, 
which then melts the ice. The rate of thawing depends on the weather during 



���

spring season (Leppäranta 2012). The progress of thawing depends on the optical 
properties of the ice and snow cover, such as surface reflectance and attenuation 
coefficient (Leppäranta 1998, Jakkila et al. 2009, Leppäranta and Myrberg 2009, 
Thomas and Dieckmann 2010, Uusikivi 2013). During May, ice is only left in the 
Bay of Bothnia and latest in the first part of June the Baltic Sea is ice-free. 
Therefore, the length of the ice season in the Baltic Sea is 5–8 months 
(Leppäranta and Myrberg 2009). The prevailing questions about the ice thawing 
season in the Baltic Sea are the timing of the onset of thawing, the dynamics of 
the thawing front, and the internal deterioration of the ice (Leppäranta and 
Myrberg 2009).  

As soon as the thawing starts in spring, the brines start to drain and the brine 
solution with all the substances is released into the surface water layer. Hence, at 
the end of the ice season, the ice salinity is at its lowest level. Due to thawing, the 
surface water layer receives a notable freshwater flux including the low salinity 
ice, the precipitation accumulated on the ice surface during the winter, and the 
substances captured within ice (Ehn et al. 2004, Leppäranta and Myrberg 2009). 
This input of nutrients and possibly a seeding population may influence the 
phytoplankton spring bloom (Piiparinen et al., 2010, Paper IV).  

Optical properties of the snow and ice cover 
The amount of light under ice cover depends firstly on the surface reflectance. 
Reflectance is the ratio of upwelling irradiance to downwelling irradiance. The 
upwelling irradiance is the results of reflection, scattering and backscatter from 
below the surface. The surface reflectance depends on the surface properties. It 
can vary from 0.15 to 0.95 while conditions vary from flooded water to dry fresh 
snow on the ice, respectively. Measured surface reflectance for snow cover in the 
Gulf of Finland ranged from 0.42 to 0.76 (Rasmus et al. 2002). Reflectance from 
dry snow and ice surface is rather even through the spectrum within the visible 
range (Wiscombe and Warren 1980, Warren 1982).  

Light transfer through snow and ice cover depends on their crystal structure 
as well as the amount of gas bubbles and of the bio-optical substances therein. 
Similar to light attenuation in liquid water, also in ice the attenuation is caused by 
absorption and scattering. The absorption of light in pure and bubble-free ice is 
similar to absorption in pure liquid water, i.e. minimum absorption in the blue 
part of the spectrum (470 nm) (Perovich 1996, Leppäranta 2015). Scattering 
within ice is high mostly due to the gas bubbles in both lake and sea ice. In sea 
ice, the brine pockets increase the amount of scattering, while the bio-optical 
substances and the liquid water within the brine increase the absorption of light. 
Therefore, light attenuation in sea ice is higher than in lake ice. As the scattering 
within the snow and ice cover is strong, irradiance under ice becomes diffuse 
(Leppäranta et al. 2003, Arst et al. 2006, Järvinen and Leppäranta 2011), while 
during open water season irradiance is diffuse only at greater depths.  
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In congelation ice, the optical axes of the ice crystals are mostly vertically 
aligned and therefore, light can penetrate the ice to large extent. In granular ice, 
in contrast, the ice crystals are smaller and randomly orientated with several 
crystal boundaries, which causes high scattering within the ice and therefore 
lower transmittance and less light under the ice. As most of the bio-optical 
substances within the parent water are rejected from the ice, the ice appears 
clearer than the parent water. Especially in the congelation ice in lakes, where the 
rejection of bio-optical substances is very effective, the ice can be more 
transparent than the parent lake water (e.g. Leppäranta, 2015; Leppäranta et al., 
2003). Transmittance describes the amount and the spectral composition of light 
transmitting the snow and ice cover. It is the ratio of downwelling irradiance 
under ice to downwelling irradiance above ice (Leppäranta 2015). The 
transmittance depends on the surface properties as well as the properties of the 
ice cover itself, such as thickness, crystal structure, the amount of gas bubbles, 
and the bio-optical substances within brine. Transmittance through snow 
depends on snow density, thickness, and on grain size and type (Järvinen and 
Leppäranta 2011).  

Field and laboratory analysis methods 
In Papers II and III, light transfer measurements were carried out with three 
instrument setups. The spectral irradiance through snow and ice cover was 
measured with a RAMSES ACC-2 VIS hyper-spectral radiometer (Trios Inc., 
Germany) at the lake sites (Paper II: Fig. 2) and at the drift ice sites (Paper III: 
Fig. 2). The sensor was attached to a frame with floats to keep the sensor 
vertically levelled, close to the bottom of the ice, and at about 1 m distance from 
the drilled hole. At the fast ice stations, quantum scalar irradiance was measured 
with a LI-193 (LI-COR Biosciences Ltd., UK) with a LI-192 as a reference 
instrument. In this case the sensor was attached to a wooden setup with a fixed 
90° angle and held vertically aligned and at 1 metre distance from the drilled hole. 
In addition, at the lake sites, PAR sensors were deployed within the ice to 
investigate the light attenuation within the ice cover (Paper II: pp. 52-54).  

The crystal structure of the ice cover was analysed by adapting the so-called 
‘hard hot-plate’-technique (e.g. Shokr and Sinha, 2015; Weeks and Hibler, 2010). 
The ice samples from the drift and fast ice sites were prepared in the cold 
laboratory (at -10°C). First, the ice cores were cut into vertical thick-sections of 
1 cm and then attached to glass plates. Next, the thick-sections were placed 
between crossed polarisers on a light table and photographed to obtain the first 
look to the structure and to detect the amount and location of gas bubbles. Then, 
the samples were planed down to thickness of about 1 mm. These thin-sections 
were then again photographed in a similar manner to identify crystal structure. 
Figure 3 shows an example of the phases of the ice structure analysis: from ice 
core to thick-section and further to thin-section.  
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a)     b)      c) 

Figure 3. An example of an ice sample: a) ice core sample, b) thick-section (1 cm), and 
c) thin-section (1 mm) at drift ice station D4 in the Bothnian Bay (Paper III).



���

MAIN FINDINGS 

Predicting SPM concentration from 
in situ turbidity measurements 
The SPM concentration is a parameter of main interest for sediment transport 
and can also indicate the transport of organic toxins (e.g. Malmaeus and 
Håkanson, 2003; Ruddick et al., 2008). Reliable estimates of SPM concentration 
are also needed as input to hydro-chemical and ecological models, for example 
as a proxy for terrestrial input, re-suspension, or the sedimentation of particles 
(Lindström et al. 1999, Fettweis and Van den Eynde 2003, Blaas et al. 2007). 
Furthermore, SPM can indicate coastal dynamics caused by upwelling or 
dredging events. In addition, SPM can be used to assess the extent of the coastal 
zone (Kratzer and Tett 2009).  

Despite their applicability, SPM measurements are rarely included in 
monitoring programs presumably because the gravimetrical method for 
measuring SPM concentration is time-consuming and rather laborious. However, 
as a measure of scatter, turbidity can be used as a proxy for the highly scattering 
SPM. Turbidity is a rather quick and easy measurement, and thus, cost-effective 
to include in monitoring programs. Turbidity is also listed as one of the 
parameters for the initial assessment of the environmental status of the water 
body (European Commission 2008, Annex III). Both SPM concentration and 
turbidity are important descriptive parameters to monitor the environmental 
status of natural waters. Previous research has shown that despite the CDOM-
dominated light field, SPM mostly determines the variability of Secchi depth in 
coastal waters, and thus, light conditions in the water column (Devlin et al. 2008, 
Kratzer and Tett 2009). 

In Paper I, we found that the relationship between turbidity and SPM remains 
relatively constant despite their spatial and annual variation. Thus, we developed 
a robust and reliable method - a linear regression model, for estimating SPM 
concentration from turbidity measurements based on in situ data from 
northwestern Baltic proper. The model was validated with independent in situ 
data from northwestern and southeastern Baltic proper (see map, Figure 2). The 
validation dataset covered typical ranges for the Baltic Sea; turbidity from 0.3 to 
49.8 FNU and SPM from 0.3 to 34.0 g m-3. As the validation showed good results 
and the ranges are representative, the SPM model can be applied regionally.  

We applied our new model to the available remote sensing data – data from 
the MERIS archive. Unfortunately, there was no turbidity match-up data 
available for our study period, and thus we could not validate the satellite-derived 
turbidity with our in situ data. However, we compared the MERIS standard SPM 
product with our match-up SPM data. The results showed that the MERIS 
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standard SPM product works very well and the error estimates are reasonable. 
This provided the opportunity to apply the SPM model to remote sensing data 
in order to retrieve turbidity from the MERIS SPM product. This way, one can 
investigate turbidity on larger scales: both temporally, over the whole time series 
of the MERIS mission (2002–2012), and spatially, over the whole Baltic Sea. The 
turbidity values derived from satellite were well within the range of in situ 
turbidity. 

The regional SPM-turbidity model and the derived images are a useful tool to 
monitor the water quality in the Baltic Sea. All in all, the developed model 
predicts SPM (or turbidity) with high quality, despite the high CDOM absorption 
in the Baltic Sea. By applying the developed SPM-turbidity model to the new 
generation of satellite sensors (e.g. the Sentinel-mission), it is possible to derive 
these water quality parameters reliably and with good quality for the whole Baltic 
Sea. Improving the SPM retrieval is important for Baltic Sea management, but it 
may also be applicable to management of boreal lakes, which also often have very 
high CDOM absorption. Investigating the effect of CDOM absorption on 
remote sensing products is an important research topic in other coastal marine 
and brackish areas. In the Arctic Ocean, for example, remote sensing tools offer 
a unique possibility to monitor and assess the effect of increasing continental 
runoff, with high CDOM absorption. With the improved tools for monitoring 
the coastal zones of the World Ocean, their environmental status can be better 
assessed, and thus the ecosystem management may be better targeted and more 
influential.  

Revisiting the SPM-turbidity model 
In Paper I, the relationship of the in situ turbidity and SPM, i.e. the SPM-turbidity 
model was described as follows: 
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where SPM stands for SPM concentration (g m-3) and t is turbidity (FNU). This 
regression model is valid, when turbidity is higher than 0 FNU. The SPM-
turbidity model has its highest accuracy, when turbidity is less than 20 FNU due 
to the measurement mode selection. This corresponds to SPM concentration of 
16.9 g m-3.  

As previously described, turbidity is defined as the reduction of transparency 
of a liquid caused by the presence of particulate matter, i.e. SPM 
(ISO 7027:1999). Thus, by definition, turbidity of 0 FNU corresponds to SPM 
concentration of 0 g m-3. Turbidity instruments usually measure scatter at 90° 
(Kirk 2011). Even though the effect of water molecules is minimised by the 
selection of the scattering angle, water molecules scatter light and add to the 
turbidity reading. Triplicate measurements of the turbidity of ultrapure water 
(UPW) were taken and the range was from 0.07 FNU to 0.12 FNU with an 
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average of 0.09 FNU (median 0.08 FNU). We subtracted the average turbidity of 
UPW (0.09 FNU) from each in situ turbidity measurement to correct for the 
effect of scatter caused by the water itself. 

Similar to the original model, the in situ dataset from northwestern Baltic 
proper from 2010 to 2012 (n = 69) was used for the model development, see 
more detailed description in Paper I (pp. 3–6). After correcting the turbidity 
values for the signal from UPW, the linear regression model was revised also by 
setting the intercept to zero. The revised SPM-turbidity model gives: 
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where SPM stands for the SPM concentration (g m-3) and t´ is the corrected 
turbidity (FNU). Figure 4 illustrates the revised SPM-turbidity model and its 
residuals. 

Next, the revised model was tested with the independent validation dataset 
from northwestern Baltic proper sites during 2013–14 (n = 44) and from 
southeastern Baltic proper sites during 2012–2014 (n = 51). All turbidity 
measurements were corrected for the mean turbidity signal of UPW (0.09 FNU). 
The revision improved the mean normalised bias of both validation datasets by 
reducing the overestimation of SPM concentrations. However, the model still 
slightly overestimates the higher SPM concentrations (> 20 g m-3, which is also 
the upper limit of the highest measurement accuracy). This may be explained by 
the higher probability of multiple scatter within high SPM waters, as discussed in 
Paper I. The results show that the revised SPM-turbidity model predicts the SPM 
concentrations very well, and that the revision of the model does not substantially 
change the interpretation, discussion nor conclusions of the original published 
Paper I. 

Figure 4. a) The revised SPM-turbidity model, that is, the regression between ln(SPM) 
and ln(corrected turbidity) and b) distribution of the residuals of the model. 
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Table 1. Error estimates of the original and the revised SPM-turbidity model. 
Original SPM-turbidity model Revised SPM-turbidity model 

NW SE NW SE 

MNB 2.4% 14% 1.9% 11.1% 

RMS 25% 37% 26% 36% 

r 0.99 0.95 0.98 0.95 

However, the correction with UPW is required as the calibration solutions 
provided by the manufacturer only cover a range of 10–800 FNU, whilst most 
values (93%) in the northwestern Baltic proper are below 10 FNU, the maximum 
measured turbidity in this study was 15.4 FNU. The correction provided here 
may further be improved by measuring an UPW blank for each new instrument 
calibration which is required for each measurement campaign. Whilst revisiting 
the SPM-turbidity model, it was also assessed if a linear function may be more 
appropriate. However, already documented in Paper I, the logarithmic function 
showed a more equal distribution of the residuals, whereas the non-logarithmic 
function showed a rather uneven distribution of residuals with most values 
concentrated at the lower end. This means that only the ln-transformed data 
showed a normal distribution, which is the requirement for the validity of a linear 
regression model. 
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Light transfer through snow and ice cover  
In spring, nutrients are often abundant in the coastal Baltic Sea, and thus the 
phytoplankton spring bloom is expected to initiate as soon as the light conditions 
become favourable (e.g. Fleming and Kaitala, 2006; Winder et al., 2012). The 
amount of light available for photosynthesis under the ice depends on the light 
transfer through snow and ice cover. Light transfer through snow and ice cover 
was measured in Finnish and Estonian lakes (Paper II) and in the northern Baltic 
Sea (Paper III) (see map, Figure 5). Measured parameters were surface 
reflectance, transmittance, and light attenuation in snow and ice, with a focus on 
the PAR range. 

 
The studies in Papers II and III confirmed the relevance of the snow cover 

on the light transfer into the water column. Firstly, snow cover has high 
reflectance and hence most of the light is reflected from the snow surface. 
Depending on the surface properties, the reflectance of natural snow surface 
varied from 20% (wet and bare ice surface) to 90% (fresh snow) (Papers II and 
III). Only a few centimetres of fresh snow increase the surface reflectance 
causing the light transmittance to reduce to practically zero under the snow and 
ice cover. Secondly, the properties of snow cover determine the light attenuation 
within the snow, and thus the amount of light at the snow and ice interface – to 

Figure 5. Locations of the measurement campaigns on a) lake ice in Finland and Estonia 
(Paper II in green), b) drift ice in the Bothnian Bay, and c) fast ice in the Bothnian Sea 
(Paper III in blue). 
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be transmitted through the ice. The properties of the snow, such as its thickness 
and liquid water content, for example, can have a high spatial variation. Ten 
centimetres of wet snow was sufficient to reduce the light transmittance to 0.5% 
under the snow and ice cover, while after manually removing the snow, the light 
transmittance increased here to 10.7%.  

Overall, after manually removing the snow, the light transmittance through 
the ice cover was 20–36 times as high as with snow cover at the lake sites, 22 
times at the fast ice sites and 3 times at the drift ice sites. The effect of the snow 
cover at some drift ice stations was so low because the snow could not be totally 
removed due to strong adhesion between the snow and the ice surface, which 
led to higher surface reflectance. Changes in snow properties and thickness cause 
most of the seasonal changes in the light transfer; little or no snow allows for a 
notably larger proportion of light to penetrate in the snow and ice and further 
into the water column. In spring, due to the increasing solar radiation, the snow 
cover starts to thaw and becomes wetter. This reduces the surface reflectance 
and increases the absorption within the snow cover further enhancing the 
thawing. Due to the high spatial variation in snow thickness, the thawing of the 
snow can become patchy with melt ponds on the ice. Melt ponds reduce the 
surface reflectance greatly and enhance the transmittance, which leads to a high 
horizontal patchiness in the light conditions both in and under the ice (Haas 
2010). 

Although snow cover dominates the light transfer through ice, properties of 
the ice cover itself are also important for the amount and spectral distribution of 
light under ice. Gas bubbles cause most of the scattering within the ice cover and 
hence the ice structure is an essential factor to consider, when studying the light 
transfer through ice. Other factors affecting the light attenuation are the crystal 
boundaries, brine volume and substances within the ice (Perovich 1996). At each 
measurement site the ice structure was visually classified to granular or 
congelation ice. Granular ice appears white due to the high amount of bubbles, 
while congelation ice is clear (see Figure 3). The highest measured transmittance 
through bare ice was 57% through 19 cm of purely congelation ice and the lowest 
transmittance was 8% through 38 cm of congelation ice but with 5 cm of 
granular ice on top (Paper III). In congelation ice, the light can penetrate the ice 
to larger extent than in granular ice with higher scattering and therefore, lower 
transmittance and less light under the ice.  

In Paper II, we studied PAR attenuation at different depths within the ice 
cover in order to investigate the effect of these different ice types on the 
attenuation of the PAR. The PAR attenuation was much higher at the top part 
of the snow and ice cover due to the highly scattering snow, slush and granular 
ice layers than below in the congelation ice. The PAR attenuation within 
congelation lake ice can be similar to the PAR attenuation in lake water. In such 
a case, the light conditions under pure congelation ice are comparable to ice-free 
conditions suggesting that the ice cover mainly affects the environment by 
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reducing the wind-driven mixing in the water column. The subsequent, more 
stable, stratification and sufficient light conditions may allow for a phytoplankton 
spring bloom to initiate under ice, given the nutrients are available (Leppäranta 
et al. 2012). However, it is common to have both congelation and granular ice in 
natural ice cover. When compared to lake ice, brackish ice has a more complex 
structure due to the brine pockets and its comparatively more dynamic growth 
history. Therefore, the light attenuation within brackish ice is often higher than 
within lake ice.  

Snow and ice cover do not only reduce the availability of light under ice but 
also alter its spectral and directional properties. Due to the scattering within the 
snow and ice cover, the light field under ice is considerably more diffuse than at 
ice-free conditions. In addition to the influence of ice structure, the bio-optical 
substances within ice modify the spectral properties of the light under ice. Figure 
6 shows the measured absorption spectra of CDOM and Chl-a in the ice 
meltwater and in the underlying water at the fast ice stations and at the drift ice 
stations separately. As previously described, CDOM absorbs strongest at the 
short wavelengths, while Chl-a shows a selective absorption spectrum.  

Similar to CDOM absorption of the underlying water, the CDOM absorption 
in ice meltwater was higher at the fast ice stations than at the drift ice stations. 
Despite the fact that lake ice captures only a small fraction of the CDOM of the 
parent water, it can still be significant in CDOM-dominated lakes. In Lake 
Lovojärvi, for example, the attenuation showed a sharp increase at 400–425 nm 
indicating a high amount of CDOM in the ice (Paper II: Figure 6). In sea ice, the 
diffuse attenuation coefficient, Kd, shows a clear wavelength dependency with the 
minimum Kd on average at 575 nm with snow and at 586 nm without snow 
(Equation 3). The Kd increases at shorter wavelengths due to absorption by 
CDOM and at longer wavelengths due to absorption by ice itself (Paper III: 
Figure 5). Chl-a concentration influences the light attenuation, but CDOM has a 
relatively larger effect on the light attenuation within the ice. Despite the CDOM 
absorption reducing the amount of PAR in and under the ice, CDOM can also 
protect the ice biota from the harmful UV-radiation as it absorbs strongly in the 
UV region of the spectrum (Uusikivi et al. 2010). Due to the limited number of 
samples, it was not possible to determine the role of bio-optical substances on 
light attenuation more specifically within these studies. However, the findings of 
this study suggest that the amount and quality of the bio-optical substances 
within the ice influence the light transfer through ice, i.e. the amount and spectral 
distribution of the light. 
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Figure 6. Spectral absorption coefficients of Chl-a (black) and CDOM (orange) at the 
fast ice stations (left column) and at the drift ice stations (right column) in ice meltwater 
(upper row) and in the underlying water (lower row). 
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Sea ice structure 
– a comparison of fast ice and drift ice
During the ice season, sea ice surface collects all precipitation along with the 
atmospheric fallout, such as airborne nutrient loading and black carbon 
deposition. Additionally, growing sea ice captures dissolved and particulate 
matter within the ice crystals from the parent sea water. The properties of sea ice, 
such as thickness, structure, salinity, as well as dissolved and particulate 
substances within the ice, determine the environmental conditions for the ice 
biota: light conditions, habitable space and nutrient availability (Kaartokallio 
2004). In Paper III, we investigated the sea ice properties at fast ice and at drift 
ice sites during two consecutive springs 2016 and 2017. Characterization of the 
sea ice properties allows us to compare fast ice and drift ice, to study their 
influence on the light transfer through the ice cover, and further discuss the 
possible effects of the ice cover on the water quality. 

The granular and congelation ice type layers were identified by studying the 
grain sizes and shapes: granular, congelation, and their transitional form 
granular/congelation. The types and the exact dimensions of the layers were 
tabulated. The ice structure at fast and drift ice sites was typical to brackish sea 
ice consisting of both granular and congelation ice. In fast ice, the structure was 
found similar at each site with granular ice in the upper part of the ice cover and 
congelation ice in the bottom part. Typical to coastal sea ice, the ice thickness 
and the length of the congelation crystals decreased with increasing distance from 
the shore (Figure 7). In drift ice, however, the ice structure varied from a single 
congelation ice layer up to seven layers of congelation and granular ice in turns 
(Figure 3). The overall ice thickness on the sampled drift ice floes varied 
markedly, from centimetres to several metres.  

Bulk salinity, i.e. the salinity of the whole ice core sample, depends on the 
salinity of the parent sea water. Within our in situ data from the northern 
Bothnian Bay in February and March, the bulk salinity ranged from 0.04 ppt to 
0.7 ppt in fast ice and from 0.5 ppt to 0.8 ppt in drift ice. These results are similar 
to previous studies by e.g. Rasmus et al. (2002) and Steffens et al. (2006) in fast 
ice and by Rintala et al. (2010) in drift ice. In the drift ice, the salinity was higher 
than in the fast ice, confirming again the more complex ice structure. The quicker 
the sea ice growth, the more saline water is trapped between the ice crystals as 
brine. Although sea ice salinity indicates the salt entrapment at the time of the 
freezing, the salinity also evolves during the ice season, due to temperature 
changes within the ice, thawing, and gravity-driven brine drainage.  

The brine volume determines the habitable space within ice (e.g. Kaartokallio, 
2004; Rintala et al., 2010). Piiparinen et al. (2010) found that the algal biomass 
and the size of the organisms increase with higher brine volume. It is unfortunate 
that we have no measurements of the ice temperature as the brine volume can 
be estimated when temperature and salinity of the ice are known. Despite the 



limitation, vertical salinity profiles indicate the amount and location of the brine 
in the ice core. At the fast ice stations (F2 and F5, see map Figure 5), the highest 
salinities were measured at the top of the congelation ice layer (6–18 cm from 
the ice surface). Here, also the Chl-a concentrations were the highest within fast 
ice (3.5 µg l-1 and 2.7 µg l-1, respectively), implying sufficient habitable space for 
phytoplankton in tolerable light conditions. In drift ice, the Chl-a concentrations 
varied markedly more than in fast ice and the measured maximum Chl-a 
concentration was 14.1 µg l-1 (D5). 

 
  F1  F2   F3 

Figure 7. Vertical thin-sections of fast ice and their schematic ice structure classifications 
from close to shore (F1) to further to open sea (F3) in the Bothnian Sea (Paper III).  

Along with salinity, also other substances occurring in seawater are captured 
within the growing sea ice. The concentrations of the substances in ice depend 
primarily on their concentrations in the parent sea water. However, processes 
within the ice, e.g. succession of the ice biota in the brine, or atmospheric 
deposition on the ice may also influence the substances found within the ice. In 
Paper III, we compared the concentrations of the bio-optical substances within 
the ice and in the underlying water. At our study sites in the northern Baltic Sea 
(Figure 5), CDOM is the main bio-optical component determining the light 
conditions (Arst 2003, Kowalczuk et al. 2006, Pierson et al. 2008, Kratzer and 
Tett 2009). At each station, the measured CDOM absorption was lower in the 
ice meltwater than in the parent sea water. Therefore, we can conclude that most 
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of the CDOM was rejected from the growing ice into the parent sea water, which 
supports the previous results by e.g. Leppäranta (2003) and Müller et al. (2011).  

At the fast ice sites, a clear coastal to offshore gradient of decreasing CDOM 
absorption was observed in sea water samples, while a similar, but slightly weaker, 
gradient was found in the ice samples. CDOM is inversely related to salinity (e.g. 
Paper IV), and thus their relationship was compared in the ice meltwater and in 
the underlying water. The ratio of CDOM absorption to salinity was higher in 
ice than in the underlying water. Similar enrichment of CDOM in sea ice was also 
observed by Müller et al. (2011). They explain the enrichment first by the 
selective rejection at the freezing and second by the aggregation of CDOM within 
the brine (Müller et al., 2011 and references therein).  

The concentrations of both Chl-a and SPM were higher within the ice than 
in the underlying water. Indicating phytoplankton biomass, higher Chl-a 
concentrations in ice imply better conditions for phytoplankton within ice than 
under ice. The higher SPM concentration in ice, on the other hand, is presumably 
emphasized due to enhanced particle settling in the calm underlying waters. This 
high range of concentrations in drift ice confirm that the growth history of drift 
ice is considerably more dynamic than of the coastal fast ice. The ice floes rafting 
and ridging, sea water flooding and trapped in between ice floes, modify the 
environmental conditions i.e. light and nutrient availability for the ice biota. All 
the substances within drift ice can be transported far from its origin and released 
to the surface water after thawing.  

All in all, our results confirm the differences in fast ice and drift ice, 
presumably caused by the differences in their growth history. The physical 
environment within fast ice is comparably stable with snow cover causing most 
of variability of light and nutrient conditions. While in drift ice the physical 
environment might change drastically due to the dynamics of ice drifting 
modifying the light and nutrient conditions. The direct effect of sea ice on the 
water quality, i.e. concentrations of bio-optical substances, may be rather small, 
such as increased CDOM absorption in the surface layer at freezing or release of 
Chl-a and SPM to the surface later at thawing or both. However, combined with 
the indirect effects, such as the development of the under-ice plumes and the 
modified light field under ice, sea ice cover causes the water quality in spring to 
differ from ice-free conditions. 
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The effect of sea ice on the stratification and its 
influence on the phytoplankton spring bloom  
The stratification development during spring was investigated in Himmerfjärden 
bay along a transect from the head of the bay towards offshore in Paper IV (see 
map, Figure 8). Seawater density along the transect was studied from January to 
May during 1997–2015. During five of the studied 18 years, the ice season was 
sufficiently long for considerable under-ice stratification to develop, while 
without the sea ice cover, terrestrial runoff was mixed into the water column at 
the head of the bay (Figure 9a). Seasonal ice cover reduced the wind-driven 
mixing and in calm conditions, the inflow forms a plume just under the ice cover 
due to the low density of freshwater inflow (Figure 9b). 

The length of the ice season versus the renewal time of the water body 
determines the occurrence, dimension, and duration of the under-ice plumes. In 
Himmerfjärden the ice season length was about 5 times longer than the average 
renewal time (20 days) leading to a distinctive under-ice plume in March. In these 
cases, the under-ice plume remained discernible up to about a month after the 
ice break-up, i.e. until the end of April. The under-ice plume is sustained due to 
the freshwater from both the plume itself and from thawing snow and ice cover 
in spring that further stabilize the stratification. Therefore, the seasonal sea ice 
cover influences the stratification and mixing even longer than the ice season 

Figure 8. Map of the study sites in the Himmerfjärden bay in the northwestern Baltic 
proper. The black line confines the drainage basin of Himmerfjärden and the dashed line 
shows the fairways that were used to describe the ice conditions (SMHI). 
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lasts. Later, the stratification was broken up due to wind-driven mixing and 
thermal convection. 

Under-ice plumes are a common phenomenon in ice-covered coastal areas 
and have been characterised in earlier studies by e.g. Granskog et al. (2005) and 
Merkouriadi and Leppäranta (2015, 2014). We found that the occurrence of 
under-ice plumes depends on the length of the ice season. The ice seasons have 
become shorter during the last century (Jevrejeva et al. 2004, Merkouriadi and 
Leppäranta 2014, 2015, Haapala et al. 2015) and there is a tendency towards 
milder winters with shorter ice seasons (Haapala et al. 2015, Uotila et al. 2015). 
We can assume that under-ice plumes were more frequent in Himmerfjärden in 
the past and will be less frequent in the future. Therefore, this study can indicate 
the changes in the stratification development at other sites, for example bays in 
the northern Baltic Sea, that undergo similar environmental changes with shorter 
ice seasons in the future. 

The under-ice plumes transport terrestrial runoff and therefore carry high 
loads of CDOM. In Paper III, CDOM absorption was estimated based on an 
empirical relationship with surface salinity. During an under-ice plume, the 
CDOM absorption increased compared to the years with no under ice plume. 
Despite the increased absorption, the Secchi depth was on average 1.3 m deeper 
at the mid-bay (H3) during an under-ice plume. Kratzer and Tett (2009) found 
that in Himmerfjärden, the variability in light attenuation is governed by SPM 
concentration, while CDOM absorption dominates the underwater light field. 
This suggests that during the calm and stratified under-ice plume conditions, the 
resuspension of SPM is reduced and the particles are likely to settle out from the 
water column. The less dynamic conditions lead to more transparent surface 
waters. 

The observed under-ice plumes were 2--5 m thick freshwater layers extending 
horizontally from the head of the bay (H6) to mid-bay (H4). Thus, under-ice 
plumes form a rather shallow and distinct environment for the spring bloom 
development. In Paper IV, we also investigated the influence of under-ice plumes 
on the phytoplankton spring bloom - its onset timing and species composition. 
During an under-ice plume, the spring bloom onset was delayed on average by 
18 days at the head of the Himmerfjärden bay. However, the under-ice plume 
did not affect the timing of the Chl-a maximum, i.e. the peak of spring bloom 
biomass. Therefore, the growth period (from onset to maximum) was shorter 
during the springs with an under-ice plume compared to milder years.  

Not only the timing but also the spatial pattern of the spring bloom 
development changed during years with an under-ice plume. During an under-
ice plume, the spring bloom started in the middle of the bay and progressed both 
up north towards the head of the bay (presumably with retreating ice cover) and 
down south towards the open sea. When no under-ice plume occurred, the spring 
bloom development started earlier at the head of the bay and progressed further 
towards the open sea. These shifts, both in the onset timing and in the spatial 
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development of the spring bloom, are important observations as the current role 
of the under-ice plumes in the Baltic Sea ecosystem is not fully understood.  

In the Baltic Sea, the spring bloom onset depends rather on the light 
availability than nutrient availability, as nutrients are abundant in coastal waters 
in early spring. During an under-ice plume, the wind-driven mixing is notably 
reduced and the stratification is rather strong compared to milder years when 
wind causes deeper mixing. In addition, the properties of the snow and ice cover 
affect directly the under-ice light field by limiting the light transfer. The spring 
bloom initiates as soon as the light conditions become favourable. Diatoms are 
found to dominate the beginning of phytoplankton spring bloom during severe 
winters. Ice cover offers a habitat for diatoms and during thawing, the diatoms 
in the ice might act as a seed population from within (Haecky et al. 1998, 
Piiparinen et al. 2010).  

We observed that the later onset timing favours the rapidly growing diatoms, 
while earlier onset favours the ciliate Mesodinium rubrum. Given the nutrient 
abundance in early spring, being motile is not an essential advantage for nutrient 
competition at the beginning of the spring bloom. However, during milder 
winters, wind-driven mixing reaches deeper in the water column and motile 
species, such as M. rubrum, are favoured as they can move to better light 
conditions, while diatoms are mixed deeper from suitable light conditions. In the 
case of increasing frequency of milder winters, diatoms may be outcompeted by 
motile species. This shift in the species composition at the first part of the spring 
bloom can have consequences on the later part of the spring bloom and even 
further on the ecosystem by affecting the nutrient cycling in the coastal area. 
Further research is required to establish the role of these under-ice plumes on 
the nutrient cycle and further on the later part of the spring bloom.  
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Figure 9. Illustration of the runoff a) during a mild winter, when runoff is mixed close 
to the head of the bay and b) during an under-ice plume spreading the river runoff 
further offshore. 
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CONCLUSIONS 

The underwater light field follows a seasonal cycle as a result from diurnal, 
seasonal, and annual changes of, for example, solar radiation, weather conditions, 
water budget, and hydrography. The main goal of this PhD project was to 
evaluate the current role of the seasonal ice cover on the light conditions in the 
water column. Seasonal ice cover plays an important role in the physics and the 
ecology of natural waters. The variability of the ice season causes substantial 
seasonality that influences the ecological processes. Ice season timing and 
duration set the time frames for the onset of the phytoplankton spring bloom, 
and thus for the annual cycle of primary and secondary production in the 
ecosystem. The seasonal ice cover interrupts the direct interaction between the 
water and the atmosphere reducing the heat and momentum fluxes, which leads 
to changes in e.g. water column stratification, mixing and currents. Sea ice cover 
reduces the wind-driven mixing stabilizing the stratification, which allows for 
under-ice plume to develop. In Paper IV, we found that in order for an under-
ice plume to develop, the ice season should last about 5 times as long as the 
surface water renewal time. The findings can give an indication for the 
occurrence of the under-ice plumes at other areas with similar renewal times, for 
example bays in the northern Baltic Sea.  

In addition to the indirect effect of sea ice cover on creating conditions for 
under-ice plumes to develop, the ice cover also affects the environmental 
conditions directly by limiting the light conditions. The ice cover and snow on 
the ice reduce the light transfer into the water and alter the spectral distribution. 
The investigation of the light transfer has confirmed that the properties of snow 
cover determine the light conditions at the snow-ice interphase (Papers II and 
III). The light conditions in and under ice, on the other hand, are determined by 
the properties of the ice cover. Growing sea ice rejects most of dissolved and 
particulate substances of the parent sea water. Nevertheless, bio-optical 
substances are found within the ice and as shown in our study their 
concentrations follow the same patterns and gradients in the ice as in the 
underlying water (Paper III). Due to their optical properties, these substances 
modify the spectral distribution of the light as well as the amount of light under 
the ice. The amount of light is crucial for the organisms living in and under the 
ice. Increasing PAR irradiance enables photosynthesis, and thus enhances the 
primary production. However, also the spectral distribution of the transmitted 
light is important. PAR drives the photosynthesis, but UV radiation is harmful 
for the organisms (Uusikivi et al. 2010, Piiparinen and Kuosa 2011). This study 
confirmed that similar to Baltic Sea water, the sea ice also has high CDOM 
absorption (Paper III). CDOM absorbs short wavelengths, such as UV radiation, 
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effectively presumably acting as a shield from the harmful UV radiation (Uusikivi 
et al. 2010). 

Climate change is expected to increase the mean air and water temperatures, 
shorten the ice season, and reduce the extent of the ice cover in the Baltic Sea 
region (BACC II Author Team 2014, Haapala et al. 2015, Räisänen 2017). The 
energy exchange between the sea and the atmosphere controls the heat budget 
of the upper layer of the Baltic Sea, whereas in the bottom layer, horizontal heat 
transport is dominant. The bottom layer is rather stable and not affected by 
seasonality as the strong halocline isolates it from the influence of vertical mixing. 
Hence, most of the seasonal changes in hydrography and stratification occur in 
the upper layer affecting the euphotic zone and further, for example, the seasonal 
succession of the phytoplankton. Due to the large drainage basin, the river runoff 
dominates the water budget and the total runoff corresponds to twice the yearly 
precipitation (Leppäranta and Myrberg 2009). The amount of river runoff is 
determined by precipitation, snow conditions and evaporation. According to 
climate model projections, precipitation will increase during winter months, but 
due to higher air temperature most of the precipitation is rain (Räisänen 2017). 
Snow cover duration and thickness will decrease, which will modify the 
seasonality of the river runoff. The changes in the amount and timing of the 
runoff and the net precipitation influence the stratification and circulation in the 
Baltic Sea.  

Several open questions prevail about how these changes will co-effect the 
ecology of the Baltic Sea. Milder winters and increased runoff may increase the 
nutrient loading into the Baltic Sea. However, the lack of sea ice allows deeper 
wind-driven mixing, and thus the nutrient- and CDOM-rich river runoff may not 
extend as far offshore as under ice cover (Paper IV). Therefore, the projected 
changes will modify both the spatial and temporal patterns of phytoplankton, 
which in turn may affect the species composition of the phytoplankton blooms 
(Groetsch et al., 2016; Kahru et al., 2016, Paper III). At our study site, the onset 
of the phytoplankton spring bloom was advanced by 18 days during mild winters 
compared to years with sea ice cover and an occurring under-ice plume. After 
mild winters without an under-ice plume, the biomass of the motile ciliate M. 
rubrum was clearly increased compared to years with an under-ice plume. 
However, diatoms dominated the phytoplankton community during all springs 
during the study period 1997–2015 (Paper IV). Additionally, westerly winds are 
predicted to become stronger and more common due to changing climate. This 
increases the occurrence of upwelling events on the Swedish coastal areas, which 
may lead to decreasing surface water temperature in the Western Baltic Sea. In 
addition, more frequent upwelling events will increase the SPM resuspension and 
therefore cause an increase in turbidity of the surface waters (Paper I). Upwelling 
events will also replenish the surface layer with nutrients from bottom, which 
may further enhance the biological productivity (Lehmann et al. 2002; Lehmann 
and Myrberg 2008; Leppäranta and Myrberg 2009).  
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This thesis contributes to understanding the role of sea ice cover on the light 
conditions and on the spring bloom by providing in situ data of the ice cover 
properties, bio-optical substances, and phytoplankton groups. The results from 
this study can be used for the verification and evaluation of the current and future 
sea ice - ecosystem models. As bio-optical substances have an optical signal their 
concentrations and composition may be investigated by the means of optical 
remote sensing. Additionally, we provide a robust and reliable relationship 
between SPM concentration and turbidity (Paper I). This relationship can be used 
as a tool for improved water quality monitoring and the model can be applied to 
both in situ and remote sensing data. Combining these sources of water quality 
data, provides the basis for better decision-making to sustain and improve the 
environmental status of natural waters in the Baltic Sea region. Taken together, 
this interdisciplinary work contributes to the understanding of the role of ice 
cover to the Baltic Sea ecosystem as well as emphasises the importance of further 
research cooperation within marine sciences and with environmental managers.  
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have their main growth period as late as in June–July (Rudstam et al.,
1992). Therefore, the changes in the spring bloom are expected to have
little direct effects on the population dynamics of zooplankton. How-
ever, if the under-ice plume changes nutrient transport and cycling in
the coastal area, this may influence summer productivity. Phyto-
plankton composition and distribution has a high temporal and spatial
variability and thus high-resolution observations are essential to further
investigate the phytoplankton dynamics and their interactions with the
physical conditions in the Baltic Sea (Lips et al., 2014; Beltrán-Abaunza
et al., 2016). Under-ice plumes are not a typical case for Himmerf-
järden, but as there has been a tendency towards shorter ice seasons,
there is a strong case to assume that under-ice plumes have been more
typical in the past. Therefore, this study can give an indication for what
happens at other coastal sites that are, or will, undergo these environ-
mental changes in the future, for example bays in the northern Baltic
Sea.

5. Conclusions

Distinctive under-ice plumes were observed in 5 out of 19 springs
during the study period (1997–2015). The under-ice plume modified
the physical conditions in Himmerfjärden for the initiation and devel-
opment of the phytoplankton spring bloom. Under-ice plumes formed
during long ice seasons, when the ice covered the whole bay stabilising
the stratification of the water column. Freshwater runoff, both from
terrestrial and fluvial origin, created an about 2m thick top layer, i.e.
an under-ice plume. During springs with less or no ice cover, the
freshwater was mixed directly at the head of the bay. Although CDOM
absorption was higher within the under-ice plume, the Secchi depth
increased during the springs with an under-ice plume. The under-ice
plume stabilizes the stratification, which seems to reduce particle re-
suspension - and thus light attenuation – and therefore seems to im-
prove the under-water light conditions for phytoplankton. The phyto-
plankton spring bloom onset was defined here based both on an
increase rate (Chl-a≥ 0.2 μg l−1 per 5 days) and a threshold Chl-a
concentration (Chl-a≥ 3.0 μg l−1). Optimizing the onset definition for
the local, coastal sites allowed for a feasible comparison of onset timing
between years. When the under-ice plume occurred, the spring bloom
onset was delayed by about 18 days at station H6 (p=0.02), while the
effect was not significant at other stations (p > 0.05). However, the
timing and magnitude of the maximum Chl-a concentration were not
affected by the under-ice plume at any station. Thus, at H6 the growth
period was on average 12 days shorter during an under-ice plume, in-
dicating more intense growth once the biomass increase started. This
shows that changes in climate can have different effects on the timing of
the onset vs. the timing of the maximum of the spring bloom. These
effects seem to depend on the location, presence of sea ice and the
development of under-ice plumes. The phytoplankton composition at
H4 was affected by the under-ice plume. During the growth period
(from onset to Chl-a maximum), diatoms clearly dominate the phyto-
plankton community in both cases but had even higher biomass during
a plume (p=0.03). However, when no under-ice plume occurred, M.
rubrum biomass was notably increased compared to years with a plume
(p=0.04). When the ice season was very short (< 7 days), the biomass
of M. rubrum was markedly higher than in years with longer ice season.
Thus, the more dynamic conditions in years without any under-ice
plumes seem to favor the motile ciliate M. rubrum.
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