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Abstract  

Cold-water corals are an object of world-wide research. Active exploration of the reef-

building coral species has begun in the XX century with the development of the digital 

sea bottom mapping techniques and determines that cold-water corals can thrive in a 

wide range of depth below the photic zone from 43 m down to 3 380 m, but crucial 

ecological parameters governing the distribution are still not fully understood. In the 

focus of this study lies the northernmost living cold-water coral reef, known so far, 

which is located in the Stjernsund (70: 15′ N 22: 20′ E), Northern Norway. The main 

coral reef is formed by the scleractinia Lophelia pertusa. An underwater 4D Modular 

Laboratory, compiled of 5 landers and 2 moorings, was especially designed at the 

GEOMAR Helmholtz Centre for Ocean Research Kiel, Germany, to investigate the living 

coral communities of the Stjernsund. The elongated structure of the sound extends 

from SE to NW, connecting the North Atlantic with the Altafjord, is 30 km long and 3.5 

km wide with the sill structure across it. From 1.06.2012 to 15.09.2012 the underwater 

laboratory was installed (434 and 438 POSEIDON cruises) on the sill recording 

oceanographically and biogeochemical data. Underwater observatory modules were 

installed on both slopes of the sill (one mooring and one lander on each slope) and on 

top of the sill (3 landers), so that the entire sill area was covered with measurements 

and water column, depending on the module settings, provides ADCP records. The 

Modular laboratory recorded the following physical and biochemical parameters: 

velocities and directions of the water flows, temperature, salinity, pH, turbidity, 

fluorescence, oxygen concentration and saturation. In this work data sets from 7 

modules are analyzed in order to determine the ecological factors governing the 

uneven distribution of the living corals on the slopes of the sill and in order to 

reconstruct the water mass dynamics in the sound.  

The raw data was processed with the software Matlab. Results showed that near-

bottom salinities, temperature and current velocities indicate a semi-diurnal tidal 

forcing (pronounced M2 constituent), which cause vertical water mass movements of 

up to 100 m, that influences large parts of the living reef. Reconstruction of the 

residual current flow in the sound has given an idea of the real water flow in the 

northern setting without tidal influence. Detailed examination of the water mass 

motions both diurnal and entire observation period has confirmed suggested theory 
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stating that a turbulent cell occurs on the south-eastern slope of the sill at high tide 

conditions, when the Atlantic Water crosses over the sill. 

To investigate fluctuations of the ecological parameters and determine its influence on 

the corals, near-bottom water layers were analyzed with a daily resolution and over 

the entire observation period. Diurnal observations revealed that changes in 

temperature never exceeded 0.2 :C, salinity during the day changed not greater than 

0.3 psu. Oxygen loggers revealed values in the range 10 μM and 4% for concentration 

and saturation respectively. Appearance of living cold-water corals lies within density 

envelope 27.25-27.50 kg m³, which marks the boundary between Norwegian Coastal Water 

and Atlantic Water. 

Lophelia pertusa as a globally distributed species can live in a wide range of physical 

and geochemical parameters. Observed data sets of the entire period present the 

agreeable with other explored living coral locations ranges of values of current 

velocities (15-30 cm/s), temperature (6.0-6.8:C) and salinity (34.1-34.8 ‰), pH (8.22-

7.39), turbidity (0.1-0.9 NTU), fluorescence (0.04-0.16 mg/m³) and oxygen 

concentration (300-339 μM). Only the pH curve showed an unusual pattern 

unobserved at other locations. The pH value shows a linear decreasing trend during 

the summer period, reaching 7.4 pH. In this study several possible reasons for this drop 

are explored as the pH magnitude 7.6 is crucial for Lophelia reefs, this pH triggers 

dissolution process. 

Water flow in the Stjernsund, Northern Norway, depicts a complex dynamic system 

with pronounced differences not only vertically, but also important horizontal changes 

on top of the sill.  

Most likely that uneven distribution of living corals is influenced in greater value by 

parameters that have not been covered in this work. In this context the water 

dynamics, especially water motions over the sill, bringing Atlantic Water in the SE part 

of the sound, seem to play an essential role. 
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Аннотация 

 

Холодноводные кораллы являются предметом исследований по всему миру. 

Активное изучение рифообразующих кораллов началось в конце двадцатого века 

в связи с применением в океанологических исследованиях цифрового 

картографирования дна Мирового океана. Глубоководные кораллы 

распространены на глубинах от 43 до 3380 метров вне фотической зоны, но 

критические экологические параметры, отвечающие за распространение 

кораллов, все еще не доконца исследованы. Самый северный коралловый риф, 

известный на данный момент, расположен в Стьернсунде (70:15′ с.ш. 22: 20′ в.д.), 

северная Норвегия. Риф сформирован коралловым видом Lophelia pertusa. С 

целью изучения данного рифа, была специально разработана подводная 

лаборатория в ГЕОМАР Центр исследований Мирового океана им. Гельмгольца в 

г. Киле, Германия. В данной работе представлены материалы, полученные в ходе 

работы 7 подводных станций в период с 1 июня 2012 по 15 сентября 2012, рейсы 

434, 438 судна Посейдон (POSEIDON). Обсерватория состоит из 7 модулей –  2 

буйковых и  5 придонных станций, которые ведут запись следующих физических и 

биохимических характеристик: скорость и направление течений, температура, 

соленость, мутность, водородный показатель, флуоресценция, содержание 

кислорода в вод. Информация с датчиков использована для последующего 

анализа и реконструкции динамики вод по всей глубине, уделяя особое 

внимание придонным характеристикам, зоне непосредственного контакта 

кораллов и водной среды. Стьернсунд представляет собой пролив, вытянутый в 

северо-западном – юго-востоном направлении, шириной 3.5 км и длиной 10 км с 

грядой, вытянутой в поперечном направлении.  Живущие кораллы представлены 

на разных глубинах северо-западного и юго-восточного склонов гряды. В 

представленной работе предпринята попытка выявить критические для развития 

коралловых комплексов факторы. 

В данной работе с помощью программного обеспечения Matlab был произведен 

анализ приливных состовляющих с целью выявления главных гармоник в проливе 

и распределения интенсивности приливов с глубиной. Определяющим 

приливным компонентом является полусуточный лунный М2, приливные силы 
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вызывают вертикальное перемещение воды на 100 м, что может оказывать 

вляние на экосистему рифа. Последующее вычисление перемещения водных 

масс за вычетом приливо-отливных движений позволило создать схему 

реального перемещения воды в Стьернсунде. Как детальное рассмотрение 

параметров перемещения водных масс в течение всего периода наблюдений (3 

месяца), так и исследование суточного хода изменения параметров, позволило 

подтвердить выдвинутую ранее модель динамики водных потоков в проливе. За 

время наблюдений показатели температуры и солености в придонном слое не 

претерпели значительных изменений и суточные изменения не выходили за 

пределы 0.5:С и 0.7‰ соответственно. Был выявленлинейный спад в ходе 

водородного показателя в течение летнего периода, при этом минимальных 

значение (7.4 рН), зафиксированное в Стьернсунде, что ниже критического уровня 

для кораллов: растворение карбонатов начинает проявляться со значений 7.6 рН.  

В ходе работы были установлены вертикальные и горизонтальные перемещения 

водных потоков, а так же особое внимание обращено динамике на вершине 

подводной гряды.  

Детальное изучение материалов вывело следующие изменения придонных 

характеристик водных масс за весь период наблюдений: значения температуры 

не выходили за пределы 6.0-6.8:C, соленость 34.1-34.8 ‰, pH 8.22-7.39, мутность 

0.1-0.9 NTU, флуоресценция 0.04-0.16 мг/м³ и концентрация кислорода 300-339 

μM. Данные величины согласуются со значениями изученных  произрастающих 

кораллов Северной Атлантики. 

 Таким образом, необходимо уделить особое внимание не освещенным в данном 

исследовании параметрам, которые могут быть критическими для развития 

коралловых комплексов и объяснить их асимметричное распространение на 

склонах гряды.  
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1. Introduction 

 

 With the development and increase of seafloor mapping activities more and more 

scientists discovered that certain species of corals can grow and form reef structures 

far beyond tropical and photic zones (Wilson, 1979: Frederiksen et al., 1992; Rogers, 

1999). Unlike tropical corals, cold-water corals (CWCs) are present at a wide range of 

water depths varying from surface waters down to 1000 m or even deeper 3380 m 

(Squires, 1959). During the last decades  high-resolution bottom imaging and sampling 

(Masson et al., 2003; Beyer et al., 2003; O'Reilly et al., 2003; Fossa et al., 2005; Foubert 

et al., 2005; Huvenne et al., 2005; Wheeler et al., 2005;  Wheeler et al., 2007; Mienis et 

al., 2007; Tong et al., 2012) have confirmed  the cold-water coral presence along the 

European continental margins, shelves and fjords and provide an opportunity to 

describe precisely coral communities.  

There are several coral species that form cold-water coral reefs in the North Atlantic 

with the most common being Lophelia pertusa. Distribution of the hermatypic coral 

Lophelia in the Indian and Pacific oceans (Rogers 1999; Bonilla, 2002; Etnoyer 2005) 

allows to call this cold-water reef building coral to occur globally. Numerous studies 

have been carried out investigating Lophelia pertusa (Bell and Smith, 1999; 

Rogers,1999;  Fossa, 2002;  White, 2005; Bryan et al., 2007; Mienis et al., 2007; White 

et al., 2007; De Haas et al., 2009; Davies et al., 2011) and Rogers (1999), Freiwald et al. 

(2004), Roberts et al. (2006), Dullo et al. (2008), Flögel et  al. (2013) compiled reviews 

on the occurrences and biology of L. pertusa. To answer questions about the 

distribution and biology, vulnerability and limiting factors of the cold-water coral reefs 

several International programs were started under the patronage of the United 

Nations (United Nations Environment Programme, 2004), National Oceanic and 

Atmospheric Administration (CoRIS – Coral Reef Information System), OSPAR 

Comission, one of the results of the work is a map of global distribution of the Lophelia 

pertusa shown on Figure 1. Due to the high rate of investigation of North Atlantic 

approximately 89% of all cold-coral reef occurrences are located particularly there. The 

highest density of this coral has been found on the northern European shelves, 

especially the Norwegian shelf and west of Ireland/UK (White et al., 2005; Wheeler et 

al., 2007). Cold-water corals are widely spread at depth between 200 and 1000 m 
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within temperature ranges from 4° to 12°C and a growth rate of reefs is about 1 mm 

per year (Fossa, 2002). Lophelia has a number of different morphological variations 

and Rogers et al. (1999) concluding that all of variations belong to the same species. 

 Cold-water coral reefs serve as a host for fishes and invertebrates. The reef habitat is 

important not only on local scales but also on the global scale, since the coverage area 

of cold-water corals might be comparable to tropical corals. Currently, North East 

Atlantic corals are in the focus of scientific interest due to location in shallow depth 

settings, but further discoveries of cold-water corals are expected in deeper waters of 

tropical and subtropical regions (Mienis, 2008).  

There is a need to gain more knowledge on the cold water coral growth and associated 

fauna as anthropogenic impacts are increasing on these areas with the construction of 

pipelines, oil and gas exploration and trawling (Freiwald et al., 2005). The International 

Council for Exploration of the Sea recommended to map all European's cold-water 

coral reefs. 

 

 

Figure 1. Global distribution of explored cold-water coral reefs (red), predictive distribution of L. pertusa 
(orange, very likely occurrence; yellow, conceivable occurrence), and distribution of warm-water reefs 
(magenta) compiled by  World Conservation Monitoring Centre of the United Nations Environment 
Programme and modified by S.Neulinger (www.coralscience.org). 
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To investigate limiting parameters and water mass dynamics close to the cold-water 

coral reefs study and mapping of the Lophelia reefs had been carried out (Friewald et 

al., 2002; Masson et al., 2003; Fossa et al., 2005;  Dorschel et al., 2007; Rüggeberg et 

al., 2011). 

But complex observation simultaneous observation covering a complete reef was first 

provided by scientists from GEOMAR | Helmholtz-Zentrum für Ozeanforschung Kiel. 

Specially designed modular multidisciplinary seafloor observatory, MoLab, was set in 

2012 for four months at one of the northernmost coral reefs in Europe, at Stjernsund, 

Northern Norway, at water depth from about 200 to 350 meters. The aim of the 

MoLab observatory is to investigate important parameters controlling coral 

distribution, such as temperature, salinity, density, oxygen availability, pH, the 

prevailing current regime.  

During two research cruises with RV 'Poseidon' in May and September 2012 (POS434 

and POS438) the MoLab observatory was deployed in the working area. The aim of the 

presented dataset (5.06.2012 – 15.09.2012) is to answer the following questions: 

- What are the governing factors of the current regime in the sound? 

- Which boundary conditions govern spatial distribution of the coral facies? 

- How do temperature, salinity, density, oxygen availability change within daily and 

three months time intervals? 

- What are the crucial parameters that influence the uneven distribution of the 

coral facies in the Stjernsund? 

To get the answers data from the 4 dimensional observatory have been processed. The 

unique technique of the underwater observatory is an acoustic coupling of all 7 

elements: moorings, landers and the use of a Remotely Operated vehicle (ROV) - gives 

an opportunity to gain a better understanding of interactions between oceanographic 

and biological elements of the   marine ecosystem of one of the northernmost coral 

reefs worldwide. 

1.1.Study area 

The Stjernsund in northern Norway is a 30 km long and up to 3.5 km wide sound in a 

subpolar setting at 70.5: N and 22.5:E. As displayed on figure 2 it is oriented from the 

NW to the SW and connects  the Altafjord with the Barents Sea (NE Atlantic).  
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Figure 2. a) Northern Norway, b) Study area is marked with the box (after Rüggeberg et al., 2011). 

Symbols on map indicte position of the MoLab observatory. 

 

The coral reef community is located on a morainic sill of glacial origin (Rüggeberg et al., 

2011). Recent studies of neodymium isotopes conducted by Lopez Correa et al. (2012) 

state that inflow of the North Atlantic Current during the Holocene in the basin of the 

sound carries the coral larvae supporting the development of cold-water coral reefs 

situated at 236-300 m water depth. The sill divides the sound into two troughs, the 

410m deep western and the 480 m deep eastern trough. As described by Rüggeberg et 

al. (2011) the sill's cross-section is asymmetric (Fig. 3) and characterized by a steep NW 

slope and less steep SE slope with over-consolidated sediments in the trough, which is 

a result of glacier load. Similar to the cross-section the bathymetric distribution of the 

communities shows differences on the western and the eastern slopes.   
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Figure 3.  a) Swath bathymetry of the Stjernsund, b) sill cross section (after Rüggeberg et al., 2011). 

Symbols on map indicate position and depth coverage of the MoLab obdervatory. 

 

The following description of the sedimentary facies of the Stjernsund coral reef is 

compiled and reviewed by Rüggeberg et al. (2011, Fig. 4). The 2 km long sill stretches 

in NE-SW direction. On top of the sill (206-220 m) occurs a sponge-hydroid community 

living on the coral rubble, but no living scleractinians were detected. The transition 

between reef-less sill top and living coral on the rubble aprons is sudden and differs in 

depth with 220 m on the NW slope and 230 m on the SE slope. Lophelia reefs form 

various shapes reflecting current regimes, covering about 400 m across and 100m wide 

fields with average thickness of 2-8 m.  At depths of 235 m on the NW slope and of 230 

m on the SE slope diverse Lophelia and Mycale sponges biofacies are present, these 

facies differ from deeper ones by the occurrence of non-calcified coelenterates and 
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many species of sponges. Down to 310 m and 275 m - on NW and SE slopes, 

respectively, living Lophelia pertusa in orange and white colors together with Mycale 

sponges form typical biofacies, supporting high biodiversity of the ecosystem.  Isolated 

Lophelia colonies occur further downslope, so that the depth of this zone is about 309 

m and shallower at the NW side and at 270 m on the SE side of the sill. With thickness 

up to 1,5 m and spheroid growth this coral isles are a transition to deeper large coral 

rubble fields, which are formed below mentioned depths. Next downslope facies is 

characterized as coral rubble apron, densely colonized by hydroids and anemones, 

Tubularia and Protanthea correspondingly, and inhabited by red and white Paragorgia 

coral specimens. Here, the coral rubble forms 20 cm thick pavements with outwash 

holes and ripples. The sandy sediments under the pavements are colonized by worms 

of Bonellia viridis. Starting from 337 on the NW and 310 m on the SE slopes, the 

deeper sill areas consist of fjord trough deposits: boulder fields with coral rubbles are 

inhabited by sponges, hydroids, barnacles and bryozoans. At 472 m SE of the sill the 

sediment is sand-dominated and rich in polychaets, while NW of the sill, at 407 m, the 

sandy deposits are characterized by a high number of pebbles, benthic foraminifers 

and molluscs.  

 

 

Figure 4. Sedimentary facies patterns on Stjernsund sill. The colours indicate the bathymetric range of 
the respective facies  (from  Rüggeberg et al., 2011). 
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1.2. Water masses 

Water masses in the sound have different characteristics. The most important are:  

- Surface waters (SW), which are formed by freshwater discharge, local and regional 

meteorological events (Rüggeberg et al., 2011). 

- Winter Mode Water (WMW), originates from deep winter water convection. Due 

to low salinity (relatively to surrounding waters) and hence density it doesn’t sink 

to the bottom and during spring-summer temperature minimum is formed at 

100m depth (Syvitski et al., 1987). Temperature values differ on NW and SE slopes 

of the sill. WMW temperature on the NW side is 5.09±0.25 ᵒC, while mean 

temperature on SE slope is cooler 4.88±0.25 ᵒC (Rüggeberg et al., 2011). 

- Norwegian Coastal Water (NCW), as a source of this water mass acts tributary 

water from the Baltic Sea and fjords (Mork, 1981). Noteworthy the asymmetric 

expansion of the water mass: to the north of the sill NCW deepens from 150 m to 

250 m, while to the east thickness reaches water depth of 400 m (Rüggeberg et al., 

2011). 

- North Atlantic Water (NAW), results from mixing of the Atlantic Water and 

Norwegian Coastal Current at 65ᵒN. 

 

All water masses that could be influential for the dynamics in the Stjernsund are listed 

in Table 1. 

 

Table 1. Water masses prevailing in the Stjernsund and its characteristics. 

Name Abbreviation Direction Driven by Depth [m] 
Temperature 

[C] 
Salinity [psu] 

Surface Water SW 

 

wind 50 10-5.94 below 20 m 

depth 34.2 

Norwegian 

Coastal 

Current 

NCW NE 
wind, salinity 

gradients 
50-100 

2-5, 

average 

winter 3.5 

34.5 

Winter Mode 

Water 

WMW NE salinity 

gradients 

100-150 4.56-5.93 34.04-34.5 

North Atlantic 

Current 
NAC NE Global THC 140-380 6 >35 
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2. Material and Methods 

 

For providing complex exploration of the Stjernsund at the GEOMAR| Helmholtz 

Centre for Ocean Research Kiel (Germany) was specially developed  a so called Module 

Laboratory – modular multidisciplinary seafloor observatory, which is equipped with 

different kinds of devices that  record biological, physical, chemical and geological 

parameters over several square kilometers per months. With unique MoLab 

technology it is possible to get 4 dimensional observations on a specific area of a 

scientific interest. 

Unique technology of the underwater Laboratory is based on acoustic coupling of all 

the instruments, that gives synchronized recording of all datasets and possibility to 

control it remotely. The configuration of the underwater laboratory array contains 

oceanographic moorings and autonomous deep sea observatories, one can combine 

following devices to compile the Module Laboratory: a Master Lander (MLM), three 

smaller Satellite Landers (SLM) and a POZ Lander (Paleuoozeanographie Lander), three 

Eddy Correlation Modules (ECM) and two oceanographic moorings (VKM from German 

Verankerungsmodul), VKM2 is equipped with synchronization knot, it gives an 

opportunity to synchronize remotely time settings measurements. In the frame of the 

underwater observatory also operates ROV PHOCA, its work provides video and photo 

materials from the depth.  

The image of the stations on the cross-section of Stjernsund sill is shown on figure 5.  
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Figure 5. Location of the underwater observatory stations at the Stjernsund, Norway. The moorings 
(VKM1,VKM2) are equipped with Microcats(MC) and O2-loggers, grey line indicates common depth of 
the sensors. 

 

As it was mentioned before, underwater Laboratory allows to take 4D measurements 

over a large area, in the Norwegian was covered area about 10 km² sound with 

recording of oceanographical and biological data. The range is 4.5 km between the 

moorings, which are the most distant stations of the MoLab. And along the crest 

direction stations, SLM1, MLM and SLM2, are located in a 400m interval from each 

other, providing information for 800m area on top of the sill. 

2.1. Modular Laboratory equipment 

Remote operated vehicle PHOCA was specially manufactured by sub-Atlantic 

(Aberdeen, Scotland) for the MoLAb (www.geomar.de/en/centre/central-

facilities/tlz/rovphoca). This ROV is small and light so that is easy to deploy it off 

medium sized research vessels, in addition to its beneficial  size parameters  the diving 

depth  of the machine is up to 3000 m. The vehicle can be operated using one of tree 

cables: 500m cable – tether winch, 2700m cable – midwater-winch or 6500m cable – 

deep sea winch. Any of these cables can be set into the supply cable – a steel 

armoured fibre optic cable, with its help scientists can obtain real time data 
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transmission on the board of the vessel, use digital video cameras as survey and to 

compile maps, coordinate 2 manipulators and carry on sampling. The ROV is equipped 

with one HDTV camera Bullshark and one digital still camera (Imenco, Norway), two 

video cameras OE14-366 and one black and white video camera OE15-108 (Konqsberg 

Maritime Ltd. Norway). 

Moorings and Landers, recording oceanographic parameters, work on the base of 

Doppler shift principle and consist of so called ADCP – Acoustic Doppler Current 

Profiler. Velocities and magnitudes of the water currents are calculated using the 

Doppler effect as the particles within the water column are moving and back-scattered 

frequency is shifted. All the ADCP devices working for MoLab are products of Teledyne 

RD Instruments, USA (http://www.rdinstruments.com). In the underwater laboratory 

down ward looking moorings, VKMs, and MLM instruments RDI 150KHz and RDI 

300KHz are used, while in the upward looking Landers, SLMs, are equipped with RDI 

300 KHz, POZ Lander work is based on RDI 600 KHz and on MLM upward looking RDI 

1200 KHz is installed.  

In the following tables (2, 3) information about the equipment of each station, the list 

of the instruments with the main characteristics and geographical locations is 

presented, the arrangement of the station list is reflecting location from NW to SW.  

 

Table 2. The list of Modular Laboratory stations with the main characteristics at the Stjernsund, Norway. 
POZ lander ADCP data record lasted for 64 days, CTD data 100 days database. 

Station 
Latitude 
[N] 

Longitude 
[E] 

Depth 
covered 
[m] 

Depth 
ranges 
[m] 

Sample 
interval 
[min] 

Start 
date and 
time 

Stop date 
and time 

Days 

POZ 
70: 16, 
21' 

22: 26, 
87' 

50 310-360 15 
2.06.12 
22:00 

27.06.12 
2:15 

25 

VKM2 
70: 16, 
14' 

22: 27, 
29' 

300 50-350 15 
1.06.12 
10:00 

14.09.12 
14:30 

105 

SLM2 
70: 15, 
94' 

22: 28, 
48' 

111 124-235 10 
5.06.12 
7:03 

12.09.12 
12:03 

99 

MLM 
70: 16, 
08' 

22: 28, 
49' 

111 104-215 10 
4.06.12 
13:53 

17.09.12 
14:19 

105 

SLM1 
70: 16, 
21' 

22: 28, 
70' 

111 100-211 10 
5.06.12 
1:08 

12.09.12 
6:48 

99 

SLM3 
70: 15, 
88' 

22: 29, 
94' 

111 229-330 10 
5.06.12 
7:03 

14.09.12 
17:02 

101/64 

VKM1 
70: 15, 
75' 

22: 30, 
12' 

300 50-350 15 
1.06.12 
10:00 

15.09.12 
16:15 

107 
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Table 3. The equipment of the underwater Laboratory stations. 

Station Device Sensor id Parameter Units Reliability Location 

POZ ADCP RDI 600KHz #12030 Magnitude [mm/s] Y NW 

      Direction [deg] Y   

      Depth [m] Y   

VKM2 ADCP RDI 150KHz #14909 Magnitude [mm/s] Y NW 

      Direction [deg] Y   

      Depth [m] Y   

  CTD MCP-IM #08 7953  Conductivity [mS/cm] N   

  MicroCats MCP-IM #09 7960 Temperature [deg C] Y   

    MCP-IM #10 7954  Pressure, [db] N   

    MCP-IM #11 7961     Y   

    MCP-IM #12 7962     Y   

    MCP-IM #13 7963     N   

    MCP-IM #14 7964     Y   

  Optode O2-logger #383 Oxygen *μM+ Y   

    O2-logger #384 Saturation [%] Y   

    O2-logger #385 Temperature [deg C] Y   

SLM2 CTD SBE16 #6606 Conductivity [mS/cm] Y top of l 

      Temperature [deg C] Y the sill  

      Pressure, [db] Y   

    SBE27 #230 pH [pH] Y   

    FLNTU(RT) #1830 Fluorescence, [mg/m^3] N   

      Turbidity, [NTU] Y   

  ADCP RDI 300KHz #14495 Magnitude [mm/s] Y   

      Direction [deg] Y   

MLM ADCP RDI 300KHz #14624 Magnitude [mm/s] Y top of  

    RDI 1200KHz #14732 Direction [deg] Y the sill  

      Depth [m] Y   

MLM  CTD SBE16 #6604 Conductivity [mS/cm] Y top of  

    SBE5M #1303 Temperature [deg C] Y  the sill 

      Pressure, [db] Y   

    SBE27 #227 pH [pH] N   

    FLNTU(RT) #1829 Fluorescence, [mg/m^3] N   

      Turbidity, [NTU] N   

SLM1 CTD SBE16 #6605 Conductivity [mS/cm] Y top of  

      Temperature [deg C] Y  the sill 

      Pressure, [db] Y   

    SBE27 #229 pH [pH] N   

    FLNTU(RT) #1940 Fluorescence, [mg/m^3] Y   

      Turbidity, [NTU] Y   

  ADCP RDI 300KHz #14494 Magnitude [mm/s] Y   

      Direction [deg] Y   

SLM3 CTD SBE16 #6607 Conductivity [mS/cm] Y SE 

      Temperature [deg C] Y   
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Station Device Sensor id Parameter Units Reliability Location 

SLM3 CTD SBE16 #6607 Pressure, [db] Y SE  

    SBE27 #224 pH [pH] Y   

    FLNTU(RT) #1831 Fluorescence, [mg/m^3] Y   

      Turbidity, [NTU] Y   

  ADCP RDI 300KHz #14623 Magnitude [mm/s] Y   

      Direction [deg] Y   

      Depth [m] Y   

VKM1 ADCP RDI 150KHz #14908 Magnitude [mm/s] Y SE 

      Direction [deg] Y   

      Depth [m] Y   

  CTD MCP-IM #01 7951  Conductivity [mS/cm] N   

  MicroCats MCP-IM #02 7955  Temperature [deg C] N   

    MCP-IM #03 7952  Pressure, [db] N   

    MCP-IM #04 7956     Y   

    MCP-IM #05 7957     Y   

    MCP-IM #06 7958     Y   

    MCP-IM #07 7959     Y   

  Optode O2-logger #21 380 Oxygen *μM+ N   

    O2-logger #22 381 Saturation [%] Y   

    O2-logger #23 382 Temperature [deg C] Y   

 

These hydroacoustic sound meters function as a sonar – emitters produce sound 

pulses  with fixed frequency and receive scattered on particles signal, the return signal 

can be with lower, particles move away from the ADCP device, or higher, particles 

move toward the sound source, frequency than the emitted signal. As the sound is 

emitted downward, to the bottom, the measurement of different depths 

simultaneously is provided. For precise measurement each ADCP has 4 acoustic 

emitters, to relate current direction, obtained by the sound signal, with the 

geographical coordinates are used trigonometric relations and corrections on vertical 

and horizontal fluctuations of the ADCP, roll and pitch parameters correspondingly. 

Such important parameters for ecosystems as temperature, conductivity and pressure 

are obtained using hydrographic sensors - CTD packages of instruments. Conductivity 

measurement is closely related to salinity, which is the concentration of inorganic 

components and, of course, salt in the water. Combination of salinity and temperature 

data is used to determine seawater density, which is important for coral diversity. As 

has been shown by Dullo et al.(2008), and has been also proved for the Stjernsund, 

seawater density controls the occurrence of cold-water coral reefs: the corals live and 
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grow in a bathymetric depth interval with a value of 27,5 kg/m³. CTD casts were 

recorded with different modifications of the SBE instruments (Sea-Bird Elecronics, Inc., 

USA, www.seabird.com). 

All three Satellite Landers are equipped with CTD devices SBE 16, taking temperature 

and conductivity (pressure optional) measurements, and SBE 27, which records pH 

data. Wetlabs  FLNTU (RT) sensors installed on all the landers, providing sampling 

fluorescence and turbidity parameters. 

MLM is additionally to SBE 16, SBE 27 and Wetlabs FLNTU equipped with SBE 5M. 

Modification M5 identify submersible pump. Mooring equipment includes MicroCats  

recording CTD data and Optodes for oxygen concentration and saturation 

measurements. 

Accuracy of the instruments is highly important when working with such sensitive 

parameters as salinity, temperature and pH. Table 1 in the Appendix highlights 

accuracy of the sensors, on which the work of the underwater observatory in the 

Stjernsund is based. 

2.2.Data processing 

Measurements were obtained for a 4 month period (June 2012 – September 2012). 

But after cutting the measured data during deployment and recovery and reduction to 

one start date all datasets are starting from June 9th 00:00 and finishing at September 

12th 12:00. While ADCP POZ Lander measurements are processed for dates from June 

5th 00:00 to June 27th  2:15.  Data sets  from the ADCP sensors were processed with 

software WinADCP version 1.14 Teledyne RD Instruments. Casts from SBE sensors 

were downloaded in SBE Data Processing Win 32 software.   

Further working with Matlab Version 7.11.0 (R2010b) allowed to distinct main tidal 

constituents in the sound, this was processed with the t_tide script (Pawlowicz, 2002). 

This script is an adaptation of the FORTRAN routines by Foreman (1978), but applies 

complex algebra. This script is based on classical harmonic analysis and includes 

inference and nodal corrections.  First, Sine waves of specific tidal frequencies are 

fitted by the method of least squares; in the analysis 45 astronomical and 101 shallow-

water constituents are available. After the fitting procedure corrections are applied. 

The resulting complex values are converted into standard parameters, describing tidal 

ellipse and its rotation direction. With the help of this script confidence intervals, 
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standard errors and a signal-to-noise power ratio (SNR) can be calculated. The SNR 

equals to a square ratio of amplitude to amplitude error, this parameter is used to 

select the tidal frequencies with the most pronounced influence in the Stjernsund. The 

t_tide script provided tidal analysis and estimation of net current flows, this is helpful 

to identify the real  water flows in the sound without tidal components.  

With Matlab software were generated temperature and salinity fields with density 

layers   for the data obtained by the moorings. Also target strengths for all the stations 

of the underwater Laboratory were plotted in the Matlab to support geobiological 

analysis of the data from Optode sensors, giving information about turbidity and 

fluorescence, oxygen consumption and pH. 

ADCP sensors on the moorings recorded datasets with 900 sec interval during 105 

days, that makes possible to analyze all the water depth with a 5 m intervals through 

all the depth. The correlation analysis was processed to determine if the direction of 

the flows through the depth differs. The upper layer’s flow was taken as a reference 

flow to which all the deeper layers were correlated, this gives an idea how do the 

water masses move at both sides of the sill. Daily averaged values were processed in 

order to avoid disturbance of the results by tidal signal. According to the theory 

suggested by Rüggeberg et al. (2011) on the SE slope of the reef a special overturning 

circulation cell occurs, to check this pattern of the water dynamics graphics of the 

standard deviation of the correlated depth layers were plotted and analyzed residual 

current flow.  

50m depth intervals were analyzed to find characteristic dynamics, directions and 

magnitudes as well as velocity projection, results are plotted in Excel. Additionally for 

easier interpretation of the data the following water depths were selected:  

 Near-bottom: measurements from the third bin at the Landers (POZ – 342 m, 

SLM1 – 214 m, SLM2 – 232 m, MLM – 204 m, SLM3 – 326 m) and 62 bins at the 

moorings are considered (VKM2 – 340 m, VKM1 – 335 m). 

 100 m, was picked as a shallow common depth for the moorings and MLM 

station, so that analyze of the data from these sensors will picture the 

dynamics over the sill. 

 200 m, the depth is chosen to reflect the motions right over the sill crest and 

provides data from the mooring on both sides of the reef, from the observatory 

positions on the sill. 
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 300 m, this depth is available at the off-sill sites. 

 

 The rose diagrams, presenting current directions, were plotted in the Rose.net 

program. Additionally residual current data was processed with the Matlab resulting in 

rose diagrams, indicating the direction of the current motions. 
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3. Results 

3.1. Flow decomposition 

Already the raw time series of current data from the individual observatory locations 

indicated a dominance of a tidal like harmonic flow. Therefore the impact of tides on 

the observed flow variance in the Stjernsund area was analyzed. The analysis focused 

on the near bottom flow at all 7 stations (5 landers and 2 moorings) and on the flow 

characteristic at the several depths: 100 m, 200 m, 300 m and near-bottom depth, 

which have been surveyed at two or more observatory locations. 

The list of tidal constituents that have the most pronounced influence on the water 

flow in the sound was compiled. The influence of the tidal frequency was determined 

by the value of the SNR (signal-to-noise ratio), calculated by t_tide (Pawlovicz et al., 

2002).Dominant impact falls to the share of semi-diurnal tidal components, which are 

present practically at all the stations, but the influence varied within depths and 

stations. The Stjernsund water masses are exposed to a relatively big influence of the 

quarter-diurnal and sixth-diurnal constituents.  Also can be traced effect from long 

term components, with periods 354 and 661 hours or MSF and MM tides, and diurnal 

constituents such as Q1, O1 and K1. 

 

Table 5. Main tidal constituents in the Stjernsund (with signal to noise ratio >100). 

Constituents Name 
Period 

[hours] 

[hours] 

Frequency 

[1/hours] 

Long term MM 661.76 0.001512 

  MSF 354.67 0.002822 

Diurnal Q1 26.86 0.037219 

  O1 25.81 0.038731 

  K1 23.93 0.041781 

Semi-Diurnal  L2 12.19 0.082024 

  N2 12.66 0.0789992 

  M2 12.42 0.0805114 

  S2 12 0.0833333 

Quarter-

DiurnalDiurnal  

M4 6.21 0.1610228 

 
MS4 6.1 0.163845 

 
Sixth-Diurnal  M6 4.14 0.2415342 
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Semi-diurnal frequencies (M2, S2, N2) have a dominant role in the sound, with 

pronounced M2 component at the north-western side of the sill, but data from the 

mooring and the lander evidence that the influence of the quarter-diurnal tide (M4) 

and long-term component MM are remarkable on the deeper parts on the deeper 

parts on south-east slope of the sill. 

Following tables illustrate tidal forcing at the introduced common depths: near-bottom 

(individual for each observatory location), 300 m, 200 m and 100 m. Necessary to point 

out once again that not the entire water column was covered with measurements 

(table 2 in Methods section). 

 

Table 6. Overview of tidal constituents with pronounced tidal influence on the water flow at near-
bottom depth at all observatory stations of MoLab. SNR stands for signal to noise ratio. Only SNR > 100 
is taken into. % value indicates percent of water motions, described by tides. 

Site % Tide SNR 

VKM2 5.1 M2 110 

POZ 56.2 M2 710 

SLM1 74.8 M2 11000 

    S2 1100 

    N2 390 

    M4 240 

MLM 60.7 M2 8400 

    S2 1000 

    N2 460 

    M4 110 

SLM2 78 M2 14000 

    S2 1000 

    N2 380 

SLM3 62.3 M2 3700 

    N2 320 

    M4 180 

    S2 180 

    MM 150 

VKM1 72 M2 5600 

    M4 500 

    N2 490 

    S2 460 

    MM 200 

    MS4 180 

    MN4 110 
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High tidal dependence, over 60%, is observed at the near bottom depth on top of the 

sill and at the SE locations, the tidal influence is decreasing to the NW with minimum 

value at the VKM2 location. Main tidal constituent is M2 at all sites with outstanding 

SNR values. Pronounced solar semi-diurnal tidal component is observed at the top of 

the sill, while quarter-diurnal constituent input increases at the SE locations. 

 

Table 7. Overview of tidal constituents with pronounced tidal influence on the water flow at 300 m 
depth at observatory stations of MoLab. SNR stands for signal to noise ratio. Only SNR > 100 is taken 
into account with exceptions marked with *, there SNR>10 is considered. % value indicates percent of 
water motions, described by tides. 

Site % Tide SNR 

VKM2 0.9 *M2 24 

POZ 4.9 *M2 19 

SLM3 75.1 M2 5500 

    M4 680 

    S2 360 

    N2 350 

    MM 120 

    MS4 110 

VKM1 73.1 M2 6600 

    M4 650 

    N2 550 

    S2 550 

    MM 160 

    MS4 140 

 

Data from only NW and SE locations is available for the 300 m depth. But it points out 

low tidal forcing at the NW slope of the sill and high tidal constituent variance at the SE 

slope, where tidal influence is amounting up to 75%. 

 

Table 8. Overview of tidal constituents with pronounced tidal influence on the water flow at 200 m 
depth at observatory stations of MoLab. SNR stands for signal to noise ratio. Only SNR > 100 is taken 
into account. % value indicates percent of water motions, described by tides. 

Site % Tide SNR 

VKM2 3.1 M2 260 

SLM1 81.8 M2 16000 

    S2 1000 

Site % Tide SNR 

 SLM1 81.8  N2 500 

  
M4 240 

MLM 82.6 M2 17000 

    S2 1200 

    N2 640 
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Site % Tide SNR 

SLM2 81.6 M2 15000 

    S2 1100 

    N2 590 

VKM1 66.3 M2 5500 

    S2 350 

    N2 280 

200 m depth is characterized by high tidal influence on top of the sill with significant 

input of M2, with is approximately 10 times greater than S2 part. 

 

Table 9. Overview of tidal constituents with pronounced tidal influence on the water flow at 100 m 
depth at observatory stations of Modular Laboratory. SNR stands for signal to noise ratio. % value 
indicates percent of water motions, described by tides. 

Site % Tide SNR 

VKM2 5.8 M2 410 

MLM 9.9 M2 310 

VKM1 73.4 M2 8500 

  
S2 670 

  
MSF 330 

  
N2 300 

  
MM 160 

 

Tidal forcing at the 100 m depth remarkable differs from the pattern at 200 m. The 

tidal influence increased at the NW location and M2 constituent has the greatest SNR 

value comparing to the other depths at this site. The rising feature is also detected at 

the SE location with increased M2 input. The opposite pattern is characteristic on the 

top of the sill – influence of the moon semi-diurnal component is six times less than at 

the 200 m common depth.  

With the help of the t_tide script (Pawlowicz et al., 2002) directions of tidal ellipses 

rotation were determined. Concerning the near-bottom depth was identified that the 

direction almost at all observation sites dominant tidal components experienced 

clockwise rotation, excepting POZ lander: analysis in Matlab revealed that tidal ellipse 

rotation is directed counter-clockwise. Additionally important to mention that at 

SLM2, on-sill location, M2 constituent was rotating counterclockwise. 
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Figure 6. Overview of tidal ellipse rotation at the near-bottom depth. 

3.2. Currents. 

To analyze the current patterns in the Stjernsund, data from ADCP sensors was 

examined. The behavior of the water masses was explored by dividing the whole water 

column into 50m layers. Additionally a closer look was taken at the 10m interval above 

the bottom.  

 

Table 10. Velocity values for entire water depth layers, in the estimations the whole time period of data 
recording is considered. 

Velocity POZ VKM2 SLM1 MLM SLM2 SLM3 VKM1 

Maximum 
[cm/s] 

156.1 95.1 835.3 943.3 653 750.7 98.1 

Average 
[cm/s] 

7.50 11.22 20.02 21.08 24.94 20.42 12.88 

 

In the following tables a comparison between current velocities is made with different 

depth intervals, as mentioned above, also a percent value of magnitudes over 15 cm/s 

is displayed, as Duineveld et al. (2007) concludes that this velocity (or slightly higher)  

is optimal for coral feeding. All depth intervals given in this section are estimated 

assuming that 0 m is the sea bottom, as the observatory stations are located at 

different depths. 
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Table 11. Overview of current velocity at a 10 m water layer above the seafloor. 

10m VKM2 POZ SLM1 MLM SLM2 SLM3 VKM1 

Maximum 
velocity 
[cm/s] 

94.40 22.00 87.80 71.00 65.10 80.20 85.50 

Average 
velocity 
[cm/s] 

6.90 4.96 21.94 24.36 23.42 19.64 8.58 

% of 
occurrences  

velocity 
over 15 

cm/s 

9.56 0.43 69.99 70.56 73.83 51.22 17.16 

 

In the 10 m layer above the sea bottom the highest velocities, over 20 cm/s, were 

detected on top of the sill. 

 

Table 12. Overview of current velocitys at a 50 m water layer above the seafloor. 

50m VKM2 POZ SLM1 MLM SLM2 SLM3 VKM1 

Maximum 
velocity 
[cm/s] 

89 156.1 87.8 72.2 72.7 99.3 96.30 

Average 
velocity 
[cm/s] 

6.09 7.50 23.32 24.87 26.61 20.77 12.91 

% of 
occurrences 

velocity 
over 15 

cm/s 

6.00 8.08 72.25 70.49 77.48 47.84 28.13 

 

At the 50 m thick layer from the bottom average velocities do not show much 

difference from the 5 m interval, only maximum values are seven times higher at POZ 

lander comparing to the near-bottom data, while other sensors do not reveal that 

dramatic change. 
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Table 13. Overview of current velocity of a water layer at 50 -100 m above the seafloor. 

100m VKM2 SLM1 MLM SLM2 SLM3 VKM1 

Maximum 
velocity 
[cm/s] 

90.2 489.1 898.3 923 451.8 86.70 

Average 
velocity 
[cm/s] 

10.48 16.60 17.03 22.58 19.78 15.87 

% of 
occurrences 

velocity 
over 15 

cm/s 

19.20 43.94 44.20 60.27 55.58 43.07 

 

At the depth over 50 m from the bottom average values of current velocity do not 

distinct from observation site to site as much as at the deeper layer, but maximum 

magnitude increases at 2 stations on top of the sill up to 9 m/s, which is questionably 

high.  

Table 14.  Overview of current velocity at the moorings at 4 depth layers, depth is given in meters from 
the sea floor. 

Station VKM2 VKM1 VKM2 VKM1 VKM2 VKM1 VKM2 VKM1 

Maximum 
velocity 
[cm/s] 

95.1 64.00 90.2 54.50 74 43.80 44.7 41.90 

Average 
velocity 
[cm/s] 

14.26 13.24 13.99 12.37 12.75 11.60 10.61 10.37 

% of 
velocity 
over 15 

cm/s 

33.18 35.26 38.02 32.81 35.07 28.01 23.26 22.05 

Depth [m] 100 -150 150 -200 200-250 250-300 

 

All three parameters decrease with shallower depth, that might indicate friction 

influence at the near-bottom depth. 

One of the aims of the thesis is to find out which influence the sill has on the mainly 

tidally driven water motion in the sound and how this could affect the distribution of 

the cold water reefs. One idea was that SE of the sill water masses coming from NW 

create leeward turbulence  (Rüggeberg et al., 2011). Different current velocities 

between incoming and outgoing water and corresponding turbulences could be a 

factor influencing the distribution of the reefs. For that reason was plotted a cross 

section of the sill with current-roses that show the current directions. 
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Figure 7. Current roses depicting average flow directions for 3 month period. 

 

When changing from low to high tide all the sensors of VKM1 from the bottom up to 

250m from the bottom detect NW directions of the flow. At the same time at VKM2 

directions of the water flow differ in each interval: in 150-200 m (where 0 m is the sea 

bottom) dominant direction is SE, 100-150 m clear W direction is detected, while in the 

bottom 50m layer a S component is prevalent.  In the case of the transition from high 

to low tide water masses behave differently at different depths for both VKM1 and 

VKM2. VKM2 shows SW directions for the 50m layer, 50-100 m E directions are 

dominant and in the layer 100-150 m SE directions can be seen. This might be 

explained by turbulence to the NW of the sill. 

VKM1 sensors show that in the bottom 50 m layer the dominant flow direction is S, 

changing to SE in the 50-150 m water layer, and switching to W direction at 150-250 

m. This might be an evidence for turbulent mixing in the SE of the sill between 

changing from high to low tide. 

VKM1 and VKM2 at high water depth show questionable pattern, in 150-200m water 

depth the main current flow is in direction of the axis of the Stjernsund, in deeper 

sections this signature is more and more lost indicating a flow to the South. The 
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outgoing tide is higher in magnitude than the rising tide. The low tides dominate the 

flow pattern. 

3.3. Residual current. 

Tidal strength varied within the study area due to variables in bottom topography.   

Residual current directions and magnitudes were obtained by processing data in 

Matlab. Results of the near-bottom layer (Figures 8, 9) revealed a good correlation of 

the water flows at the locations of VKM1, SLM3 and SLM2 stations: main patterns in 

both directions and magnitudes are similar, indicating SE flow with maximum velocities 

up to 45 cm/s, SLM2 station evidence for SEE direction, but the average velocity of the 

residual current is about 20 cm/s at the all SE off-sill settings. Different flow pattern 

can be traced at the on-sill locations, there MLM reveals pronounced SW component 

with velocities amounting to maximum 50 cm/s, while average values are 35 cm/s, at 

the same time at the SLM1 prevails N direction with mean velocities 20 cm/s and 

maximum 40 cm/s, as detected on the SE slope of the sill. Totally different behavior is 

significant to NW settings: the mooring data reflects the direction pattern which 

corresponds to the W-NE orientation of the axis and maximum velocities reaching 70 

cm/s, while the measurements at the POZ location show uniformly distribution in all 

directions with higher occurrences of eastern flow, the near-bottom data at this 

location evidence average velocities at a value of 6 cm/s with maximum range up to 

14cm/s, which is the lowest velocity. 

At the reference depth 300 m behavior of the residual current flows stay nearly the 

same as at the near-bottom depth. Slight changing in the direction occurred: at the SE 

off-sill locations the flow was directed to the south with maximum 50 cm/s and 

average magnitude values 20 cm/s. And the flow direction became close to the 

Stjernsund axis at VKM2, and informal distribution of the flow directions reveal slight 

dominance of the eastern component ant POZ lander. Here the highest velocity up to 1 

m/s were calculated. 

The comparison of residual current flows at the 200 m depth results in the next 

observations. Observatory locations on top of the sill reveals current directions along 

the NW-SE axis with prevailing SE component at SLM2, opposite prevailing  direction  

at SLM1 and evenly covering all the range of directions from NW through S to SE at the 

MLM location. Average and maximum velocities stay in the same ranges at these 

locations with higher values not exceeding 50 cm/s. the mooring on the NW slope 
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evidence no change in both magnitude and direction of the residual current, while the 

direction pattern of the water flow at the SE slope changes to the pronounced western 

flow. 

At the shallowest common depth, 100 m, residual current is nearly in the axis of the 

sound at the moorings location with average velocities  in the range 10-25 cm/s, but at 

the MLM setting the flow direction oriented along  the NNW-SSE line was observed 

with high average magnitude reaching 2 m/s. 

Prevalent direction changed through measurement period. During  June SE direction is 

detected on VKM2, SLM2 and SLM3, while SLM1 and MLM recorded SW direction of 

the flow, what might be connected with topography on top of the sill. During July and 

August water flow is directed NW according to measurements from VKM2 and station 

on the sill crest, while the opposite direction is detected on SLM2 and SLM3. Totally 

different picture was observed on VKM1.  It did not present correlation with directions 

from other stations, here alternates SW and NE directions with a week interval during 

June, in July main current flow had pronounced NW component, but in August and 

September changing from NW to SE again occurred. 
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Figure 8. Residual currents at near-bottom depth at the stations, located on the sill slopes. 
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Figure 9. Residual currents at the near-bottom  stations, located on top of the sill. 
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Figure 10. Residual currents at 300 m depth. 
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Figure 11. Residual currents at 200 m depth. 
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Figure 12. Residual current at 100 m depth.
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 To go deeper in the currents behavior close to the bottom were plotted graphics of 

velocity vectors cumulative sum, showing where water particle would appear if the 

area of traveling is not restricted to the sound. It reflects the direction and distance, 

which would be achieved after summing the residual velocity vectors.  

 

Figure 13. Progressive velocity vector diagram  for several depth steps. Colors represent months: blue 
(the centre point of all depth layers) stands for June, red – July, purple – August, blue – September 
(close to the edge of the graph). Black arrows indicate average direction, grey arrows shows rotation 
direction of the water flow with increasing depth. 
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Residual current rotation can be described as clockwise on the NW slope and SLM1 

station, and anticlockwise on top of the sill and SE stations. The most distant transport 

on all stations and depth intervals  was typical for August. Long distance transport was 

also characteristic for June on VKM2 and SLM1 stations. But on the SE side value of 

movement during June is comparable with transport in August. For NW stations input 

of months share changes with the depth: from the surface down to 150 m further 

moving was detected during June, while on deeper parts input in the transport 

distance was greater during July. 

For analyzing flows at different depths data from the moorings was transformed in the 

vector form and correlation of the surface layer with deeper ones was processed. It 

does not show directions themselves, it only reflects correlation between the vector 

magnitudes, so both current directions and velocities. 

  

Figure 14. Correlation of the upper layer water flow direction with the flow directions at all deeper 

layers. 

 

Current directions on both sides of the sill at the upper 110 m available from the 

measurements are highly correlated k=0.96, it evidence that sill topography does not 

have influence on the water masses above it. Behavior of the correlation line on the 

deeper layers does not show similarity: the NW mooring reflects negative correlation 

close to -0.5 from 150 m to 250 m depth and slight correlations converge to 0 on the 

deeper part up to the 340 m level. Whereas the SE station recorded negative 

correlation deeper 150 m fluctuating close to -0.4 value.  
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Figure 15. Standard deviation of daily averaged magnitudes at (a) VKM2 (NW) and VKM1 (SE) moorings, 
(b) VKM2 and POZ Lander (NW). 

 
Standard deviation of the daily averaged magnitudes checks the level of current 

velocities, which can be helpful with reconstructing flow intensity at the depth 

inhabited with the corals. According to this data, velocities on VKM2 and VKM1 

stations are decreasing with the same rates down to 200 m, however NW mooring 

shows slightly higher velocities. Deeper than the sill crest velocities on the SE slope 

increasing up to 250 mm/s at 330 m, while NW values are lowering down to 25 mm/s 

at 350 m depth. Comparison of the measurements from POZ and VKM2 reveals that on 

the NW slope low velocities are prevalent on both stations, unlike magnitude pattern 

on the SE side of the reef. 

3.4. Temperature and salinity 

Salinity and temperature data sets are available from SLM1-3, MLM and from 

Microcats that were installed on VKM1 and 2 at different depth. Tables with 

parameters values for Microcat stations and landers are available in the Appendix. 

 Temperature and salinity values don’t show much variation at top-of the sill location 

SLM1, with average temperature value 6.1°C and salinity 34.47 psu, daily fluctuations 

never exceed 0.3°C and 0.4 psu. 

The temperature at SLM2 location shows higher variability at the beginning and at the 

end of the measuring period as well as small excursion to warmer values at the end of 

July. 

b a 
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While the temperature regime compared to SLM1 and SLM2 that are situated on the 

sill is very similar, SLM3, situated deeper in the SE of the sill shows lower salinity values 

with 1 psu difference. The excursion to warmer temperatures in July observed in SLM2 

can also be seen for SLM3, but starts earlier. 

Patterns and values of on top of the sill station MLM are similar to SLM2, with higher 

variations at the beginning and at the end of the measuring period. The temperature 

excursion in July can also be observed, but starts earlier as at SLM3 station. 

 

 

Figure 16. Temperature curves at top of the sill stations. 
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Temperature sensors installed on the Landers depicted measurements from the near-

bottom depths. Curves show similar linear trends on all the stations. 

 

Figure 17. Salinity curves at top of the sill stations. 

 

Salinity curves reflect decreasing trend on all Lander measurements.  

Processing the data from the mooring sensors resulted in field plots of temperature 

and salinity.  
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Figure 18. Salinity field at VKM1 station, SE of the sill. 

 

Figure 19. Salinity field, VKM2 station, NW of the sill. 

 

Salinity fields at both VKM stations present similar patterns with delay on SE mooring. 

When salinity values are of the same range in the upper 100 m, bottom measurements 

differ – NW sensors recorded more saline signal, however disparity is only 0.2 psu. 
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Figure 20. Temperature field at VKM1, SE of the sill. 

 

Figure 21. Temperature field at VKM2 station, NW of the sill. 

 

Temperature fields present small changes at depth greater than 200 m and reflect a 

clear warming during the measurement period in the water depth down to 150 m. 
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In the following lists with the Microcats data the abbreviation fv, meaning freak value, 

is used. This indicates that the shown value clearly stands out from range the sensor 

shows for the rest of the measuring period. 

 

Table 15. Overview of temperature values, obtained by Microcats from VKM1. 

VKM1 Microcats Temperature [°C] 

Nr. Depth Start End Average Minimum Maximum 

#04 225,3m 6,08 6,12 6,08 5,82 6,5 

#05 250,3m 6,09 6,13 6,1 5,86 6,3 

#06 270,4m 6,1 6,14 6,11 5,9 6,2 

#07 340,8m 6,22 6,13 6,13 6,05 6,23 

Temperature anomaly at the end of July at 340,8m mostly pronounced. Average 

temperatures are higher in bigger depths (no shallow depths included). 

Table 16. Overview of salinity values, obtained by Microcats from VKM1. 

VKM1 Microcats Salinity [psu] 

Nr. Depth Start End Average Minimum Maximum 

#04 225,3m 34,43 34,49 34,43 33,97 34,74 

#05 250,3m 34,46 34,53 34,48 32,01 (fv) 34,7 

#06 270,4m 34,5 34,57 34,52 34,17 34,64 

#07 340,8m 34,77 34,63 34,63 33,3 (fv) 34,79 

Salinity increases with depth. VKM1 doesn’t show the same low values as SLM3. 

Table 17. Overview of temperature values, obtained by Microcats from VKM2. 

VKM2 Microcats Temperature [°C] 

Nr. Depth Start End Average Minimum Maximum 

#09 100,4m 5,5 7,5 6,25 4,61 8,49 

#11 224,9m 6,2 6,15 6,11 5,81 6,41 

#12 250m 6,21 6,18 6,13 5,91 6,37 

#14 340m 6,2 6,2 6,13 6,05 6,21 

A clearly higher temperature range can be observed in 100m water depth than at the 

deeper sensors. 

Table 18. Overview of salinity values, obtained by Microcats from VKM2. 

VKM2 Microcats Salinity [psu] 

Nr. Depth Start End Average Minimum Maximum 

#09 100,4m 33,5 35 33,96 31,92 35,06 

#11 224,9m 34,7 34,6 34,52 33,94 34,81 

#12 250m 34,73 34,67 34,58 33,06 (fv) 34,77 

#14 340m 34,77 34,77 34,71 32,93 (fv) 34,8 

The high range of salinity at 100,4m is conspicuous, indicating a changing influence of 

different water masses. 



46 
 

3.5. Fluorescence, turbidity and pH measurements 

Tables 23-25 summarize available data on biogeochemical parameters. Fluorometers 

worked properly at stations SLM1 and SLM3 and in further data datasets only from 

these locations are analyzed. Fluorescence measurements indicated higher amount of 

phytoplankton on the SE slope than on top of the sill. The level of the fluorescence 

values does not change much during the observation period, it stayed around 0.14 

mg/m³ at SLM3 station and 0.053 mg/m³ at SLM1. 

 

 

Figure 22. Turbidity curves at SLM stations. 

 

Turbidity measurements can be considered reliable on all SLM stations. Data from all 

three devices show that turbidity did not change dramatically, but fluctuated around 

definite at each location level: 0.2 NTU at SLM3, 0.1 NTU at SLM1 with slight increase 

to 0.15 NTU from August 29 till the end of observations, and 0.5 NTU at SLM2 station 

from July 12 and on. Before the second week of July turbidity values were around 0.45 

NTU. Turbidity maxima values reach 0.55 NTU at SLM1 and 0.95 NTU at SLM2. On the 

SE slope of the sill turbidity values  show rising trend during two time intervals: up to 
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0.3 NTU from July 17 to 3 August with a drop to 0.2 NTU in the middle of the interval, 

and the second period with increasing turbidity values lasted for 3 weeks from August 

23 reaching 0.35 NTU. 

 

Figure 23. pH and fluorescence curves for the 3 month time period. 

 

pH data is available only at SLM3 and SLM2 stations. General trend for SLM2 

measurements can be characterized as a constant gentle decreasing. The range of pH 

decrease during the observation period compiles 0.151 pH, lowering from 8.216 to 

8.065 pH. At the SLM3 station the tendency of the pH curve present a slight 

diminishing value of pH from 8.216 to 8.132 with a long term depression.  Decreasing 

at a higher velocity than average, pH drops  from 8.2 to 7.5, starts on July 11th and 

finishes on August 10th with abrupt increase of the pH values to 7.9 in 2 days and 

continuous rising to 8.1 during the 3d week of August. Measurements show that 

average pH values on top of the sill (8.176 pH) are slightly higher than on the SE slope 

(8.069 pH), and though maximum values are relatively close on both stations 8.230 for 
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SLM3  and 8.227 for  SLM2, minimum magnitudes are significant different 7.394 and 

7.941 correspondingly.  

3.6. O₂ logger data 

The O₂  loggers provide information about temperature, O₂ concentration in µM and 

air saturation in %. On each of the moorings 3 optodes were installed at depth 225 m, 

270 m and 340 m, the uppermost sensor on VKM1 worked one day and can not be 

helpful with the data.  

O₂ concentration and air saturation decrease in a linear pattern on all depth intervals. 

Concentration and saturation value changes are closely connected, and the curves of 

these two parameters for each station reflect the same patterns. The NW station 

measurements detect enriched with O₂ conditions comparing with the SE sensors.  

 

 

Figure 24. Oxygen concentration curves at 270 m on both sides of the sill. 
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Figure 25. Saturation curves at 270 m on both sides of the sill. 

 

Curves obtained for the NW station are showing tender linear decrease with slight 

drops in saturation and concentration magnitude.  

At a linear decreasing trend at the SE slope of the sill there are more pronounced 

drops.  A 3 day drop in saturation occurs from June 14th to June 17th and reveal 

decrease from 84% to 82.5% in saturation and 326 to 322 µM in concentration values. 

The second significant drop was detected on July 21st and lasted for 9 days, during 4 

days saturation curve was decreasing to the value 62.7% and concentration dropped 

down to 242.9 µM afterwards values go up to the prior level again and continue slowly 

decreasing. This signal coincides with the anomalies seen in the temperature and 

salinity values. 

Diurnal fluctuations of the concentration and saturation never exceed 10 μM and 4% 

respectively, except the mentioned above time intervals, where pronounced drops 

were detected. 



50 
 

 

 

Figure 26. Concentration curves at 340 m on both sides of the sill. 

 

 

Figure 27. Saturation curves at 340 m on both sides of the sill. 

 

A linear decrease is also visible at 340,8m depth at both mooring stations. The 

anomaly observed at VKM1 at 270,3m is less pronounced at 340 m and takes place 2 

days later. In both cases a temperature increase is observed: at a deeper sensor in 

phase with the O2 data, at 270 m depth delayed temperature response. 
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4.Discussion 

4.1.Water mass dynamics 

The Stjernsund – the sound system in the Northern Norway, connecting Barents sea 

with the Alta fjord. Governing role of the water flow dynamics is obvious in controlling 

physical and biogeochemical environmental conditions and impact of water dynamics 

was discussed for coral reefs in numerous works (Aksnes et al., 1989; Davies et al., 

2008; Davies et al., 2009; Mienis et al., 2012). Complicated water mass dynamics in the 

narrow passages with topography was explored in numerous theoretical and modeling 

works (Skreslet and Loeng, 1977; Tverberg et al., 1991; Horritt, 2002; Arneborg et al., 

2004) and in conditions of the real oceanographic settings water motions are 

additionally impacted by the tidal forcing (Chen et al., 2013). A deep-water coral reef is 

located at the sill in the Stjernsund, representing living communities of Lophelia 

pertusa, declining Lophelia reef and sponge-hydriod community (Freiwald et al., 1997; 

Rüggeberg et al., 2011). In this work an attempt to identify the reasons for the 

distinction in the depths ranges of the communities distribution on south-eastern and 

north-western slopes of the Stjernsund-sill was taken.  

In this study factors influencing the water dynamics were examined based on the data 

of the MoLab underwater observatory, installed in the Stjernsund from the beginning 

of June 2012 till the middle of September 2012.  

Water movements play great role in the understanding of distribution of living 

Lophelia. In fjord locations water dynamics is driven by local meteorology (Stigebrandt 

and Aure, 1989), tidal forces and influenced by the topography (Stashchuk et al., 

2001), especially if an obstacle as a reef is present (Nakamura et al.,2000; Janzen et al., 

2005), as in the case of the Stjernsund setting. 

Surface water motions are closely connected with such meteorological parameter as 

wind. In this study measurements of the upper water layer were collected 50 m deeper 

than the sea level. Due to this fact an attempt to determine the impact of the 

meteorology  factors at the 50-100 m below the sea surface was taken. Northerly 

winds blowing on average from a direction in a range 5:-15: N have large impact on 

the water flow dynamics at the Stjernsund, during analyzed time interval winds  

blowing from 8:N (in the summer) reveals the highest correlation with the current 

motions, the correlation coefficient equals to 0.56.  
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Figure 28. Wind (directed from 8: N) and current velocity projection curves presenting correlation 
coefficient 0.56. Correlation of current velocity curves of VKM1 and VKM2 stations is 0.98, assuming that 
comparison the wind with the data from one station is reliable. Weather data obtained from 
www.esrl.noaa.gov. 

 

Flow decomposition analysis determines that deeper layer movements are affected by 

tidal forcing. High rate of the semi-diurnal tidal influence on the water dynamics in the 

Stjernsund was examined by Rüggeberg (2011), providing the data reflecting that 

during high tide conditions Atlantic Water is crossing over the sill, entering south-

eastern through of the sound, while at both low and high tides run over the sill-crest of  

Norwegian Coastal Water occurs. The most prominent tidal constituent in the sound is 

M2, principal lunar semi-diurnal, with a period 12.25 hours. The tidal forcing of this 

frequency is taken into account in further discussion. Impact of tidal motions 

decreases with depths on both slopes of the sill, despite the fact that tidal influence on 

NW side is significantly less comparing to the SE slope, 6% and 47% respectively. Tidal 

ellipse parameters and tidal forcing differs on SE, elongated ellipse with inclination 

153:-150: from the 50 upper meter layer available for analyzing down to 210 m depth,  

and NW slopes of the sill, with squeezed ellipses and inclination varying from 173:-

156:. Inclination of the ellipses is not equal through water column, but nevertheless a 

definite distinction between orientation of the tidal ellipse and the axis of the sound is 

present. Velocity vector projections and wind projections were estimated disregarding 

magnetic deviation, while ADCP data is corrected for the deviation in Matlab 

programming with the function magdev.m, but assuming that magnitude deviation 
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value at 70:N  is ~10: (www.ngdc.noaa.gov/geomag-web), the correction for it  would 

not have changed the picture dramatically.  

 

 

Figure 29. Scheme of the Stjernsund cross-section with parameters describing water motions at 
moorings (VKM2 and VKM1) locations. Red curve indicates - correlation curve of the velocity vectors of 5 
meter thick water layers with the upper layer (50 m below the sea surface); blue curve – standard 
deviation of the velocity vectors. 

 

Correlation curves on both stations reveal comparable trend at the water column 

above the sill – direction water flow of the upper available water layer (50 m below the 

sea surface) is co-directed with the deeper layers, but slightly decreasing correlation is 

developing with increasing depth. Below the sill crest (220 m) pattern of the 

correlation curves reflect permanent counter current (comparing to the upper 100 m 

layer direction) at the SE slope and extensively directed current at NW slope. While 

flow magnitudes depict prevalence of slower velocities (below 7 cm/s) at NW slope, 

that might indicate the “shadow zone” with permanent low velocities with absent of 

pronounced direction. 

Direction patterns of the residual current in the Stjernsund might be explained by the 

reflection of the sill topography, which acts as an obstacle. Stable current directions 

during July and August are the result of situation with stabilized water masses, as the 

water is not in a transition phase from spring to summer conditions.  
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Figure 30. Scheme of selective current flow distribution through entire water column, based on 
correlation and standard deviation analysis presented in this study. If current direction in the zone I is 
changing to the opposite, changing in the flow direction to the opposite  in zone II occurres, while zone 
III remains with the same extensive current distribution. 
 
Results from correlation and standard deviation evidence that current velocities on the 

NW slope are low comparing with the SE slope. VKM2 (NW)  reveals velocities up to 60 

mm/s and 20 mm/s at POZ Lander. VKM1 station recorded velocities from the  interval 

150 mm/s – 250 mm/s. This asymmetrical distribution of the magnitudes agree with 

asymmetrical distribution of the living coral facies. But the living coral communities are 

present at shallower depths on south-eastern slope, where velocity magnitudes are 

higher comparing to north-western slope of the sill. Despite the fact that corals can 

thrive in a wide range of temperature and salinity (De Mol et al., 2002; Freiwald, 2002 

)as the crucial factor may act velocity of the water flow which is in the direct contact 

with the corals. As been explored by Freiwald (2004) corals prefer average current 

velocity of near bottom layers about 150 mm/s. This velocity is enough to sweep away 

suspended material and prevent  burial and sedimentation, at the same time such 

velocity allows to form turbidity flows and enriched with elements waters are available 

for uptaken by the corals.  
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Figure 31. Sketch of the residual current flow based on the present study. 

 

Reconstruction of the residual current flow was processed with the data obtained 

Measurements from both of the moorings evidence that during summer months 

surface current is stable and SE directed. That may form such residual current flow as 

shown on the figure 30. Similar water mass movement, at least for the upper 200 m, 

was suggested by Arneborg (2004) for the dynamics in Gullmar Fjord, Sweden. 

Interpretation of the water mass motions is additionally complicated by the water flow 

vertically rotating.  

 

Figure 32. Sketch of the residual current rotation. 
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Figure 33. Residual current directions at the near-bottom depth at top of the sill. 

 

Important to note, that on top of the sill directions of residual current flow was not 

stable through entire water column: SLM1 station revealed change in the direction 

from N to WN with shallower depth, while MLM sensors evidenced distinct pattern: 

with decreasing depth flow direction changed from pronounced S to extensively, 

slightly elongate along the sound axis. 

Temperature and salinity measurements reflect high influence of tidal motions. 

Constructing temperature and salinity fields was possible only for the moorings 

locations, as these devices were equipped with microcats collecting the data on 

several depths intervals. Unfortunately only near-bottom data on salinity and 

temperature is available for the top of the sill locations of the underwater Laboratory, 

therefore exploration of the tidal influence on top of the sill is possible at the deepest 

layer and not in the entire water column. Semi-diurnal cycles are clearly traced with 

tremendous influence on the water movement, according to the plotted data 100 m 

water layer is moved vertically in phase with changing high/low tides conditions.  
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Figure 34. Salinity fields with density curves during 2 day interval. Left hand side picture showing NW 

setting, right hand side plot presents SE slope. 

 

 

Figure 35. Salinity field with density curves, based on the data from SE mooring, Stjernsund. 
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Figure 36. Salinity field with density curves based on the data from NW mooring, Stjernsund. 

 

Comparable tidal effect was observed by Mienis et al (2012) at the Renard Ridge 

settings, southern Gulf of Cadiz. Tidal semi-diurnal cycle  provides  change in salinity 

and temperature levels for 4 times during the day at a certain depth. Although the 

ranges of the water properties are not of a high magnitude, during the day on top of 

the sill as well as on the slopes, average magnitude in temperature and salinity values 

revealed 0.1: and 0.2 psu respectively, this data gives an impression of the rate of 

significant turbulent water movements in the sound system. A sigma-theta density 

factor, or potential density, was suggested by Dullo et al.(2008) to be among one of 

the most important factors governing parameters of the living coral distribution. In the 

study exploring coral sites in Celtic and Nordic European continental margin was 

explored tight correlation of the occurrences of Lophelia reefs within the density 

envelope 27.35 to 27.65 kg m⁻³. Authors speculated that this density ranges support 

the intermediate nepheloid layer formation, which is the food supply source for the 

deep environments (White et al., 2005), also this density may have an influence on the 

distribution of the coral larvae (Dullo et al., 2008). Potential density envelope 27.0-27.5 

kg m⁻³ curves in the Stjernsund are fluctuating due to dynamic impact in the ranges of 

100-250 m depth envelope on the NW slope of the sill and 100-300 m on the SE slope.  
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4.2. Biogeochemical parameters 

Variations in pH, fluorescence and oxygen concentration values are driven by complex 

interaction of several processes: water dynamics, biological activity, remineralization 

processes, gas exchange (Price et al., 2012).  Distribution of the living cold water corals 

is governed by a wide range of physical and chemical parameters. Exploring worldwide 

locations of the coral reefs has concluded that reef building corals are distributed at 

various water depths within areas, where water flow is streaming through narrow 

passages, forming strong enough bottom currents that prevent sediment deposition 

and thereby burial of the corals (Friewald et al., 2004). Living reefs prefer locations 

with seabeds that are not affected by the seasonal storm base and waters brining high 

level of nutrients to feed the reef ecosystem (Friewald et al., 2004, Wheeler et al., 

2007).  

Food supply for the cold-water coral is driven by particle flux through the water 

column, as the azooxanthelate corals rely on the surface primary production 

(Duineveld et al., 2004). Only few studies have been reporting feeding mechanisms of 

the deep water corals and biogeochemical factors that could be crucial for living 

communities, data from the Stjernsund setting is compared with data from works of 

Davies (2009) conducted at the Mingulay Reef complex, Northern UK, and research of 

the north Norwegian coast by Nordby (1999). Despite the fact that turbidity and 

fluorescence values, recorded by the equipment of underwater Laboratory, did not 

reveal neither diurnal changes nor correlation with current velocities  (Figure 25), 

which might refer to resolution or initial settings of the reference value in the sensors, 

but the magnitude ranges are still comparable with the data available from other 

research works. 

 Fluorescence measurements at the top of the sill and at the SE slope are available for 

the Stjernsund with mean values 0.053 mg/m³ and 0.14 mg/m³ correspondingly. At the 

Mingulay Reef during summer months concentration of Chl a fluctuated about 0.06 

mg/m³ (Davies, 2009), what corresponds to the fluorescence conditions on top of the 

sill in the Stjernsund, this amount of particles would be enough to build living coral 

ecosystem. Results from the Norwegian coast show that fluorescent isopleths are 

deepening during summer months and at the shelf  at 100 m depth equaled 1 mg/m³ 
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(Nordby, 1999), but the rates of decreasing fluorescence value with depth seem to be 

closely connected with the regional settings, comparison with the Stjernsund 

magnitude at 210 m depth seems to be impossible. 

 

 

Figure 37. Lander records of current velocity and fluorescence, turbidity and pH for near-bottom depth, 
325 m depth at SE slope of the sill. 

 

Turbidity values at the top of the Stjernsund reef lies in a range from 0.1 to 0.5 NTU, 

research study carried out by Waller et al. (2011) on the cold water coral communities 

at the Drake Passage reveals that the most numerous scleractinians abundance 
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present at the mean turbidity value 0.07 NTU. At the Mingulay Reef  turbidity  exceed 

0.9 NTU (Davies et al., 2009). The data presented in this work agrees with previous 

studies, confirming that  living Lophelia pertusa can withstand turbidity range from 0.4 

NTU to 0.7 NTU, but as on top of the sill no living corals were detected some other 

parameters are no suitable for the corals. 

Drop in pH from 8.2 pH that occurred at the SLM3 station reached 7.4 pH value, which 

is critical (Maier et al., 2009). According to the research conducted by Baussant et al 

(2012) Lophelia pertusa starts to dissolve at pH 7.6. There are several possible reasons 

for decreasing. pH is influenced by the river discharge, biological activity, seepage 

effect and temporal variations (Hovland and Risk, 2003; Price et al., 2012).   

pH values of the underground water in the Northern Norway are in a range from 4.89 

to 5.76 according to the results obtained by  De Caritat (1995) at the Langvassli station 

during 1980-1993 year. This station is located 100 km to the south from the 

Stjernsund, but the common geological basement allows to neglect the difference in 

distance. Residence time of the water volume would be a factor effecting changes in 

pH, if no water exchange appeared, than lowering of pH value would be expected, this 

would be possible if the sensors were located in depressions with extremely low 

current velocities, but observations of the average current velocity suggest that water 

flows with 2 cm/s magnitude, what does not confirm that decrease in pH governed by 

the seepage effect of ground water. River discharge input could be a possible 

explanation for the drop, if the influence of the surface water could have an effect at 

240 m depth, which is questionable. 

Respiration, decomposition and carbonate precipitation and dissolution could be 

possible reasons that changed the pH (K.G.Schulz, U. Riebesell, 2012). Diurnal pH 

change at the Stjernsund equals to 0.3 units, this change of the daily pH fluctuations is 

in the range revealed for coral reefs 0.16-0.78 units  (Ohde and van Woesik, 1999). 

Seasonal variation in the Stjernsund can not be calculated due to lack of data, but the 

drop in pH might be the explanation for the summer pH pattern in the sound setting.  

High correlation of the dissolved oxygen and pH values would suggest high influence of 

the remineralization of organic matter or primary production (Frieder et al., 2012). At 

the Stjernsund oxygen loggers and pH meters were installed at different stations, what 

makes the correlation of these parameters not reliable, but if we assume that water 

masses do not undergo large changes in dissolved oxygen magnitude during travelling 
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for 900 m along the sound, than correlation between decreasing pH and dissolved 

oxygen values VKM2 (NW site) and SLM2 (top of the sill) would change from 0.2 in 

June to -0.16 in July resulting 0.015 in late August. Correlation between VKM1 (SE site) 

and SLM3 (SE site), located 900 m away, also show changes within measurement 

period – from 0.24 in June to 0.29 in late August with -0.02 correlation in July. Even 

though this comparison is questionable, it reveals that pH curve cannot be explained 

only by remineralization processes.  

Fluctuations of the pH value are influenced by a co-variety of parameters, and 

interactions of the parameters is difficult to define, but most likely that drop in pH in 

the Stjernsund is caused by a mixture of external factors and internal factors rather 

than by the coral community activity alone. 

Oxygen decrease during the observation period might be an indicator of  increasing 

microbial activity in the benthic boundary layer during summer period (Ritzrau et al. 

1997; Wild et al., 2008), bloom in primary production in the surface waters may result 

in decreasing oxygen concentration of  water flow entering the sound. According to 

the suggested by Rüggeber et al. (2011) theory, stating that due to impact of the sound 

topography, which acts as an obstacle, on the leeward slope forms the dynamic cell 

that provide with nutrients living biota, thereby the rate of dissolved oxygen is lower 

than on the western slope of the sill. 
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Conclusions 

 

Water flow in the Stjernsund, Northern Norway, depicts a complex dynamic system 

with pronounced differences not only vertically, but also important horizontal changes 

on top of the sill.  

Surface water motions, upper 100 m layer, are generated by northerly winds, while 

deeper parts of the water column in the sound are influenced by semi-diurnal tidal 

constituent, M2. At all locations of the underwater laboratory low tides generate 

stronger velocities than high tides.  

Vertical rotation of the water mass should be taken into account while modeling the 

residual flow motions. According to a simplified scheme of residual flow motions, the 

upper water layer, representing - a mixture of Surface Water and Winter Mode Water, 

moves to the SE. Residual flow of the Norwegian Coastal Current at intermediate 

depth has a NW direction, the sill acts as an obstacle in the sound thus generating an 

overturning cell on the SE slope of the sill: flow at the depth 200 m with increasing 

depth is changing the direction to the opposite (SE) at 320 m. This pattern might be 

additionally driven by the vertical flow rotation through entire water column. Residual 

flow of the Atlantic Water in the deeper parts of the NW trough of the sound does not 

show pronounced unidirectional motion, but reveals equal in magnitude (~20 cm/s)  

movements along the Stjernsund axis, what might be an indicator that water flow does 

not create vertically rotating cell, but fluctuates in a horizontal direction depending on 

high/low tide conditions.  

Residual flow on top of the sill is complicated by sill crest topography, but can be 

interpreted as generally NW directed with a residual flow ~25 cm/s passing over the sill 

in SE direction through depression, where SLM2 was located. 

Data of near-bottom salinities, temperature and current velocities indicate a semi-

diurnal tidal influence (pronounced M2 constituent), which cause vertical water mass 

movements of up to 100 m, that influences large parts of the living reef. But diurnal 

changes in temperature never exceeded 0.2 :C, salinity during the day changed not 

greater than 0.3 psu. Oxygen loggers revealed values in the range 10 μM and 4% for 

concentration and saturation respectively. Appearance of living cold-water corals lies 

within density envelope 27.25-27.50 kg m³. Changes of the biogeochemical parameters 



64 
 

had similar trends and ranges, except oxygen concentration, which was slightly lower 

at the SE slope of the sill, but revealed identical trend as the NW records.  

Lophelia pertusa as a globally distributed specie can live in a wide range of physical and 

geochemical parameters. Observed data sets present the agreeable with explored 

living coral locations ranges of values of current velocities (15-30 cm/s), temperature 

(6.0-6.8:C) and salinity (34.1-34.8 ‰), pH (8.22-7.39), turbidity (0.1-0.9 NTU), 

fluorescence (0.04-0.16 mg/m³) and oxygen concentration (300-339 μM). Most likely 

that uneven distribution of living corals is influenced in greater value by unexplored in 

this work parameters, which are governed by the water dynamics, especially water 

motions over the sill, bringing Atlantic Water in the SE part of the sound. 

The reasons for the observed pH drop, which occurred at the SE slope of the sill can 

not be determined precisely from the data recorded during one summer. To identify 

factors causing such low and crucial pH values as 7.4, these should be explored again 

during long term observations with coupled pH and oxygen concentration sensors. An 

estimate of the oxygen consumption rates could be helpful to shorten the list of 

probable impacts on the pH variations. Unfortunately, turbidity and fluorescence 

sensors did not reveal reasonable variations correlated with the current regime. In 

order to determine ranges of these important parameters, additional research should 

be conducted. 

However, it would be useful to obtain additional long term datasets covering the entire 

water column, not only on the slopes of the sill, but also on top of the sill and 

especially at transition zones from sponge communities to living coral communities as 

well as in a transition zone from living to dead Lophelia communities. 
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Appendix 

 

Table 1. Accuracy of the Modular Laboratory station equipment, deployed in the Stjernsund, 

Norway. Based on the sources from the material and methods section. 

Instrument Parametr 

[unit] 

Measurement 

Range 

Initial 

Accuracy 

Typical 

Stability 

Resolution 

SBE 16 
Conductivity 

[S/m] 

0 - 9 0.0005 0.0003/month 
0.00005 

typical 

 

Temperature 

[°C] 

-5 to +35 0.005 0.0002/month 0.0001 

 

Pressure 

(optional) 

[db] 

0 to 20 / 100 / 

350 / 600 / 1000 

/ 2000/ 3500 / 

7000 meters 

0.1% of full 

scale range 

0.1% of full 

scale 

range/year 

0.002% of 

full scale 

range SBE 27 pH [mV] ± 1250 ± 1.0 
  

Optode Turbidity 

[NTU] 

0–25 0.01 

  

 

Fluorescence     

[ µg/l Chl] 

0–50 0.025 

  

MicroCAT Conductivity 

[S/m] 

0 to 7 0.0003 0.0003 0.00001 

 

Temperature 

[°C] 

-5 to 35 0.002 0.0002 0.0001 

 

Pressure 

(optional) 

[db] 

350/600/1000 
0.1% of full 

scale range 

0.1% of full 

scale range 

0.1% of full 

scale range 

 

 

 

Table 2. Parameters of the M2 tidal ellipses at the Stjernsund mooring locations. Percent value 

indicates tidal forcing. The sign of the minor axis reflect rotation of the tidal ellipse: if the sign 

is positive/negative then the ellipse is traced in a counter-clockwise/clockwise direction. 

  VKM1 (SE) VKM2 (NW) 

Below 
sea 

level 
depth 

[m] 

Inclination 
[degrees] 

% 
major 
axis 

[m/s] 

minor 
axis 

[m/s] 

Inclination 
[degrees] 

% 
major 
axis 

[m/s] 

minor 
axis 

[m/s] 

60 154.99 50.6 0.118 -0.003 173.51 15.6 0.067 0.006 

65 154.64 52.4 0.122 -0.003 172.41 16.4 0.069 0.005 

70 153.58 53.9 0.124 -0.002 169.92 17.4 0.072 0.004 



74 
 

 
VKM1 (SE) VKM2 (NW) 

Below 
sea 

level 
depth 

[m] 

Inclination 
[degrees] 

% 
major 
axis 

[m/s] 

minor 
axis 

[m/s] 

Inclination 
[degrees] 

% 
major 
axis 

[m/s] 

minor 
axis 

[m/s] 

75 152.52 54.9 0.128 -0.001 167.82 18 0.075 0.003 

80 151.67 56.4 0.132 0.001 166.86 18.3 0.077 0.002 

85 151.35 57.8 0.135 0.002 166.26 18.8 0.079 0.001 

90 151.25 58.6 0.133 0.001 168.29 4 0.079 -0.005 

95 150.98 58.9 0.131 0 168.44 4 0.08 -0.006 

100 150.83 60.4 0.138 -0.001 166.97 3 0.081 -0.007 

105 151.03 60.7 0.14 -0.003 169.46 3.9 0.08 -0.005 

110 151.29 60.9 0.142 -0.005 169.79 3.8 0.08 -0.003 

115 151.43 60.5 0.144 -0.006 168.84 2.8 0.078 -0.001 

120 151.7 60.4 0.146 -0.006 169.7 3.8 0.08 0.001 

125 152.13 59.2 0.144 -0.007 169.48 3.4 0.081 0.003 

130 152.11 58.5 0.144 -0.007 167.64 2.7 0.075 0.003 

135 152.64 58 0.145 -0.008 164.99 3.5 0.077 0.002 

140 152.73 57.7 0.145 -0.008 161.53 2.7 0.078 0.001 

145 152.79 57.1 0.145 -0.009 158.33 1.7 0.074 -0.002 

150 153.12 56.8 0.145 -0.009 160.07 3.6 0.078 -0.002 

155 153.54 56.1 0.144 -0.01 156.38 2.1 0.078 -0.006 

160 153.64 55.9 0.144 -0.012 156.51 2.8 0.084 -0.008 

165 153.77 55.8 0.143 -0.013 158.55 4.1 0.085 -0.009 

170 153.76 55.7 0.144 -0.013 157.08 3.5 0.085 -0.011 

175 153.62 55.9 0.144 -0.014 158.28 4.3 0.088 -0.011 

180 153.04 56.2 0.145 -0.017 160.62 1.5 0.091 -0.019 

185 152.48 56.1 0.146 -0.019 160.21 1.7 0.094 -0.019 

190 151.77 56.3 0.147 -0.02 160.53 2.2 0.096 -0.014 

195 151.15 56.1 0.148 -0.022 160.61 2.5 0.098 -0.013 

200 150.47 55.9 0.149 -0.025 158.53 1.8 0.095 -0.011 

205 149.66 55.4 0.15 -0.026 161.38 2.5 0.1 -0.012 

210 148.82 54.7 0.15 -0.027 161.95 2.4 0.099 -0.012 

215 148.81 54.6 0.151 -0.029 162.07 1.8 0.098 -0.009 

220 147.17 53.7 0.152 -0.031 163.03 2.3 0.096 -0.011 

225 146.61 53.6 0.154 -0.033 163.32 2.2 0.093 -0.012 

230 145.98 53.2 0.157 -0.035 164.31 1.8 0.091 -0.016 

235 145.28 53.1 0.159 -0.037 164.59 2 0.087 -0.013 

240 144.71 52.8 0.162 -0.04 165.5 1.7 0.084 -0.013 

245 144 52.8 0.165 -0.043 166.69 1.6 0.08 -0.013 

250 143.65 52.7 0.168 -0.045 168.39 1.6 0.075 -0.013 

255 142.95 52.5 0.172 -0.047 169.99 1.4 0.072 -0.014 

260 142.5 52.4 0.176 -0.049 170.81 1.3 0.069 -0.013 

265 142.12 52.5 0.181 -0.051 170.94 0.7 0.064 -0.012 

270 141.6 52.6 0.186 -0.052 172.65 1.1 0.064 -0.013 

275 141.58 52.6 0.191 -0.054 171.94 0.6 0.059 -0.009 
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VKM1 (SE) VKM2 (NW) 

Below 
sea 

level 
depth 

[m] 

Inclination 
[degrees] 

% 
major 
axis 

[m/s] 

minor 
axis 

[m/s] 

Inclination 
[degrees] 

% 
major 
axis 

[m/s] 

minor 
axis 

[m/s] 

280 141.52 52.6 0.196 -0.055 176.46 0.9 0.059 -0.014 

285 141.55 52.6 0.201 -0.057 166.57 0.9 0.058 -0.008 

290 141.88 52.4 0.206 -0.057 166.99 0.4 0.054 -0.005 

295 142.35 52.2 0.21 -0.057 179.74 0.6 0.053 -0.012 

300 142.94 52 0.214 -0.058 1.27 0.6 0.048 -0.012 

305 143.78 51.6 0.217 -0.057 171.04 0.6 0.047 -0.006 

310 144.83 51.3 0.219 -0.056 1.75 3.3 0.038 -0.009 

315 145.72 50.7 0.218 -0.055 7.22 3 0.037 -0.008 

320 146.81 49.8 0.215 -0.054 18.26 1.4 0.024 -0.007 

325 142.96 39.6 0.145 -0.035 8.5 0.8 0.017 -0.004 
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Figure 1.  Plots for SLM1, located on top of the sill. Covered depth – 211-161m. Magnitude in blue(mm/s), direction in red(degrees), ensemble interval  600 
seconds 

a) Magnitude and flow direction for June. First ensemble date (FED) 05/06/2012,  first ensemble time (FET) 10:08:25, LED  30/06/2012, LET 23:58:25 
b) Magnitude and flow direction for July. FED 01/07/2012, FET 00:08:25, LED  31/07/2012, LET 23:58:25 
c) Magnitude and flow direction for August, FED 01/08/2012, FIT 00:08:25, LED  31/08/2012, LET 23:58:25 7
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Figure 2. Plots for SLM2, located on top of the sill. Covered depth – 235-185m. Magnitude in blue(mm/s), direction in red(degrees), ensemble interval  600 
seconds. 

a) Magnitude and flow direction for June. First ensemble date (FED) 05/06/2012,  first ensemble time (FET) 10:03:12, LED  30/06/2012, LET 23:53:12 
b) Magnitude and flow direction for July. FED 01/07/2012, FET 00:03:12, LED  31/07/2012, LET 23:53:12 
c) Magnitude and flow direction for August, FED 01/08/2012, FIT 00:03:12, LED  31/08/2012, LET 23:53:12 7

7 
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Figure 3. Plots for SLM3, located to the SE of the sill. Covered depth – 330-280m. Magnitude in blue(mm/s), direction in red(degrees), ensemble interval  600 
seconds. 

a) Magnitude and flow direction for June. First ensemble date (FED) 05/06/2012,  first ensemble time (FET) 10:03:26, LED  30/06/2012, LET 23:53:26 
b) Magnitude and flow direction for July. FED 01/07/2012, FET 00:03:26, LED  31/07/2012, LET 23:53:26 7

8 
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Figure 4.   Plots for MLM1up, located on top of the sill. Magnitude in blue(mm/s), direction in red(degrees), ensemble interval  600 seconds. 

a) Magnitude and flow direction for June. First ensemble date (FED) 05/06/2012,  first ensemble time (FET) 10:02:00, LED  30/06/2012, LET 23:52:00 
b) Magnitude and flow direction for July. FED 01/07/2012, FET 00:02:00, LED  31/07/2012, LET 23:52:00 
c) Magnitude and flow direction for August, FED 01/08/2012, FIT 00:02:00, LED  31/08/2012, LET 23:52:00 7
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Table 3. Overview of temperature and salinity parameters at SLM1. 

SLM 1 (216,58m) Temperature [°C] Salinity [psu] 

Start 6,1 34,47 

End 6,16 34,47 

Average 6,11 34,47 

Minimum 5,96 34,06 

Maximum 6,25 34,7 

 

Table 4. Overview of temperature and salinity parameters at SLM2. 

SLM 2 (240,38m) Temperature [°C] Salinity [psu] 

Start 6,19 34,68 

End 6,19 34,46 

Average 6,13 34,46 

Minimum 6,02 34,12 

Maximum 6,23 34,7 

 

Table 5. Overview of temperature and salinity parameters at SLM3. 

SLM 3  (335,44m) Temperature [°C] Salinity [psu] 

Start 6,15 33,49 

End 6,12 33,41 

Average 6,13 33,45 

Minimum 6,05 33,27 

Maximum 6,21 33,65 

 

Table 6. Overview of temperature and salinity parameters at MLM. 

MLM (212,44m) Temperature [°C] Salinity [psu] 

Start 6,11 34,49 

End 6,17 34,62 

Average 6,11 34,54 

Minimum 5,86 34,02 

Maximum 6,33 34,73 

 

Table 7. Overview of fluorescence and turbidity values at SLM1. 

SLM1 (216 m) Fluorescence [mg/m³] Turbidity [NTU] 

Start 0.0554 0.0844 

End 0.0550 0.1494 

Average 0.0523 0.1026 

Maximum 0.0832 0.5444 

Minimum 0.0478 0.0796 
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Table 8. Overview of pH and turbidity values at SLM2. 

SLM2 (240 m) pH Turbidity [NTU] 

Start 8,216 0.5085 

End 8,065 0.4547 

Average 8,176 0.474 

Maximum 8,227 0.972 

Minimum 7,941 0.394 

 

Table 9. Overview of pH, fluorescence and turbidity values at SLM3. 

SLM3 (328 m) pH Fluorescence [mg/m³] Turbidity [NTU] 

Start 8,216 0.1404 0.211 

End 8,132 0.1377 0.3357 

Average 8,069 0.137 0.217 

Maximum 8,230 0.160 0.882 

Minimum 7,394 0.134 0.184 

 

 

Table 10. Overview of the optode data at the shallowest depth of VKM2. 

VKM2, O2 logger (224,9m) Concentration [µM] Saturation [%] 

Start 332 86 

End 314 81 

Average 321,5 83 

Minimum 300,9 77,5 

Maximum 335,6 86,9 

 

Table 11. Overview of the optode measurements at 270 m depth, VKM2 station, NW of the sill. 

VKM2, O2 logger  (270m) Concentration [µM] Saturation [%] 

Start 336 87 

End 317 82 

Average 324,8 83,9 

Minimum 313,2 80,9 

Maximum 339,4 87,9 
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Figure 5. Oxygen saturation and concentration curves at 270 m depth, VKM2 station (NW of 

the sill), 9.06-11.06.12  trend presenting daily fluctuations. 

 

Table 12. Overview of the optode measurements at 270 m depth, VKM1 station, SE of the sill. 

VKM1, O2 logger (270,3m) Concentration [µM] Saturation [%] 

Start 327 84,3 

End 313 80,6 

Average 319 82,3 

Minimum 242,9 (25.07.2012 11:15) 62,7 (25.07.2012 11:15) 

Maximum 328,1 84,8 
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Figure 6. Oxygen saturation and concentration curves at 270 m depth, VKM1 station (SE of the 

sill), 9.06-11.06.12  trend presenting daily fluctuations. 

 

 

Table 13. Overview of the optode measurements at 340 m depth, VKM1 station, SE of the sill. 

VKM1, O2 logger (340,8m) Concentration [µM] Saturation [%] 

Start 329 85 

End 309 80 

Average 316,7 81,8 

Minimum 306,9 79,2 

Maximum 329,6 85,3 
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Figure 7. Oxygen concentration and saturation curves at 340 m depth VKM1 location (SE of the 

sill), 9.06-11.06.12  trend presenting daily fluctuations. 

 

 

Table 14. Overview of the optode measurements at 340 m depth, VKM2 station, NW of the sill. 

VKM2, O2 logger (340m) Concentration [µM] Saturation [%] 

Start 334 86 

End 316 82 

Average 324,9 83,9 

Minimum 308,5 79,8 

Maximum 336,4 87 
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Figure 8. Oxygen saturation and concentration curves at 340 m depth, VKM2 station (NW of 

the sill), 9.06-11.06.12  trend presenting daily fluctuations. 
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