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Abstract

Fjordsin the Arctic often have a more complex circulation pattern than the classical two-
dimentional estuarine circulation. Thisis due to the effects of the Earth’ s rotation on stratified
waters in wide fjords. Observations from a semi-enclosed fjord basin, Van Mijenfjorden on
Spitsbergen, show that the hydrography and circulation vary considerably on short time scales
(hours) in the summer season. The depth and distribution of the low salinity upper water layer
respond quickly to changes in the wind field. The Coriolis effect has an essential impact on
the circulation, inducing eddy-like flow patterns, and strong cross-fjord gradients. Within the
upper layer, the lowest salinity values and highest temperatures were found on the northern
side of the fjord in calm wind periods. When the wind was strong from west the cross-fjord
gradients were reversed. Internal wave activity contributesto large vertical displacement of
water below the upper layer. Knowledge of such strongly variable hydrographic conditionsin
fjords are important for sampling strategy and interpretation of data, for instance of primary
production and sedimentation processes, and for the understanding of fjords as depositional
systems.

Sill fijords normally have distinct vertical stratification with an approximate three-layer
structure; an upper layer with low salinity above a more saline intermediate layer, and high
salinity basin water below the sill depth. Large seasonal variations in air temperature and
freshwater discharge lead to significant variations in both the stratification and circul ation
pattern. In Arctic fjords, the described stratification structure appears only in the summer
season (see e.g. Svendsen et al. 2002), while in winter the water masses are overturned due to
cooling. In general the circulation in fjordsis forced by a combination of external forces, such
aswind, freshwater discharge and tides. The motions are modified by topography and friction,
and in wide stratified fjords rotational dynamics (Coriolis effect) may have an important
impact on the fjord dynamics. The effect of the Coriolis force depends on the stratification,
and therefore the impact of the earth rotation will vary both seasonally and locally within a
fjord. For details about physical processesin fjords, see e.g. Farmer & Freeland (1983) and
Svendsen (1986).
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The physical oceanography of most fjords on Spitsbergen is poorly investigated. Marine
biological and geological investigations have been carried out in Van Mijenfjorden and
several other fjordsin the area, but contemporary studies of the physics of the fjords have
often been limited to afew CTD stations, which isinsufficient to give information about
complex circulation and exchange patterns. Three exceptions are the fjords Kongsfjorden,
Isfjorden and Hornsund which have been subjects to several oceanographic research projects
during the last decade (e.g. Ingvaldsen et al. 2001, Svendsen et al. 2002, Cottier et al. 2005,
Nilsen et al. 2008, Tverberg & Nast 2009). Van Mijenfjorden differs from the other
Spitsbergen fjords by its mouth being nearly closed by an island, restricting the water
exchange between the fjord basin and coastal water masses. Thisfjord is therefore a good
“laboratory” fjord for process studies, see e.g. Widell et al. (2006) and Fer & Widell (2007)
who studied turbulence due to ice freezing. The present work focuses on the effects of wind
and the short-term variability of the fjord circulation and hydrography. The investigation was
based on field data from a summer season, i.e. without ice cover. The semi-enclosed nature of
Van Mijenfjorden makes wind effects pronounced and easily distinguishable relative to fjord-
ocean exchange processes. However, the wind effects described here are relevant for other
arctic and sub-arctic fjords as well.

Materials and methods

Sudy area

Van Mijenfjorden isa50 km long sill fjord at the west coast of Spitsbergen (Figure 1). The
mean width of the fjord is 10 km, and the surface area covers 515 km? (Schei et al. 1979). The
island Akselgya lies across the mouth of the fjord, leaving two narrow sounds where the water
exchange between the fjord and coast takes place. The sound Akselsundet, on the northern
side of Akselgya, is 1 km wide with sill depth of 34 m (Fer & Widell 2007). The sound on the
southern side, Mariasundet, is intersected by asmall islet, leaving a 600 m wide and 2 m deep
passage to the north of theislet, and a500 m wide and 12 m deep passage to the south. The
majority of the water exchange takes place through Akselsundet, where the tidal currents are
strong with current speed up to 3 m s* (Norwegian hydrographic service, 1990). Tidal
choking (Stigebrandt 1980) can create tidal jets through the sounds during flood and is an
important driving force for the mean circulation in the fjord (Bergh 2004).

Van Mijenfjorden consists of two basins. The outer basin is 115 m deep and is separated from
the 74 m deep inner basin by a45 m deep sill, which is the remains of the moraine after the
major surge of the glacier Paulabreen 600-250 years ago (Rowan et al. 1982; Hald et al.
2001). Van Mijenfjorden is surrounded by tall mountains (800-1200 m) and broad valleys,
including one of the largest ice-free valleys on Svalbard, Reindalen. Two glaciers calve in the
fjord; Fridtjovbreen in Fridtjovhavna near the fjord mouth and Akselsundet, and Paulabreen in
Rindersbukta at the head of the fjord.

Observations of wind at Sveain the inner part of the fjord show that the prevailing winds are
from northeast, i.e. katabatic down-fjord wind, except in the summer season when up-fjord
winds occur nearly as frequent as down-fjord winds (Hanssen-Bauer et al. 1990). The climate
of west Spitshergen isrelatively dry. Thetotal precipitation varies between 180 and 440 mm a
year (Hanssen-Bauer et al. 1990), with minimum in April-June and maximain August,
February and March.

The fjords of west Spitsbergen are normally covered by ice from December to May/June. Van
Mijenfjorden isice covered for alonger period than the other fjords, because of the protecting
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effects of Akselgya. Some years the fjord freezes up as early asin September, and the fjord is
normally not navigable by boat until the beginning of June (Norwegian hydrographic service,
1990). Little drift ice enters the fjord, so the fjord ice mainly consists of locally frozen fjord
water and ice from the glaciers. The sounds Akselsundet and Mariasundet are ice free all
winter due to the strong tidal currents.

Field data

The field data were collected during a cruise with R/V Hakon Mosby in the period from 28
July to 3 August 1996. Repeated hydrographic mapping of Van Mijenfjorden was performed
with a SeaBird CTD covering a dense station net of 23 stations (Figure 1) three times. 28
July, 31 July and 2 August. One of the CTD stations was repeated every hour 22 times from
31 July to 1 August. The CTD was calibrated at the Institute of Marine Research, Bergen, in
accordance with the ICES procedure prior to the cruise. The data were averaged over depth
intervals of 2 m.

Current measurements were obtained using Aanderaa current meters RCM4 and RCM7
deployed on three moorings; see Figure 1 and Table 1 for positions and depths. The moorings
were deployed for a period of 6 days. The measuring interval was 10 minutes, and the
measurements were averaged over a 40-hours Butterworth low-pass filter to remove the tidal
effects (see e.g. Emery & Thomson 1997).

An automatic weather station was installed on the innermost mooring, measuring wind speed
and wind direction. In addition, wind speed, wind direction and air temperature were recorded
from the weather station on board the ship at every CTD station. Meteorological datawere
also available from the Norwegian Meteorological Institute’ s weather station at Svea.

Results

Hydrography

The vertical salinity and temperature distribution revealed a stably stratified fjord with strong
vertical salinity and temperature gradients in the upper 10-15 m (Figure 2). Below this, the
salinity increased more slowly with depth, from 32 just below the pycnoclineto 34 at 80 min
the outer basin, and 50 m in the inner basin (Figure 2a). The temperature decreased from 1 °C
just below the pycnoclineto -1 °C at 80-90 min the outer basin, and at 50 m in the inner basin
(Figure 2b). The vertical thickness and horizontal distribution of the low salinity layer
(salinity < 31) varied considerably between the three surveys and between the inner and outer
basin. The low salinity layer had a more even distribution along the longitudinal axis of the
fjord during the first and last surveys than during the second survey. During the second survey
the pycnocline depth was shallower in the outer basin (Figure 3, lower panels) and deeper in
the inner basin compared to the other two surveys (Figure 3, upper panels). Also the
horizontal across-fjord gradients of salinity and temperature varied during the field campaign.
In general, higher temperatures and lower salinities were measured on the northern side of the
fjord compared to the southern side on the first and third survey, with horizontal salinity
gradients between 0.4 and 0.7 km™ at 4 m depth in the main basin On the second survey, the
gradients were reversed with the lowest salinities and highest temperatures along the southern
side of the fjord (Figure 4), and horizontal salinity gradients between -0.3 and -0.5 km™.

The data from the time series station show large vertical excursion of water properties below
the pycnocline. Within four hours, theisoline for salinity 33 ascends from 35 m depthto 15 m
depth, before abruptly sinking back down again (Figure 5).

Currents
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The current meter measurements showed strongest current speed near the surface (measured
at 2 m depth) and weakest current speeds at depth 60-70 m at all three moorings (Figure 6).
Variable current directions were recorded at al depths at the inner mooring (Figure 6a). On
the northern side of the fjord, the currents were directed out of the fjord at all depths almost
throughout the period (Figure 6b). On the southern side of the fjord the current direction
varied between in to and out of the fjord at 2 m depth, and also 70 m depth, while the currents
were constantly directed inwards at depths 10 m and 30 m (Figure 6c).

Meteorological observations

The air temperature varied between 3.5 °C and 6 °C during the cruise. The wind was blowing
with awesterly component, i.e. towards the head of the fjord, the whole cruise period (Figure
6a), and the wind speed varied between 0.3 ms™ (calm) and 12 m s™*. Weak wind was
recorded the first days of the cruise, with wind speed less than 5 m s™ the first day (28 July)
followed by one day of calm wind (29 July). The wind speed increased to 6-10 m s in the
afternoon 30 July, lasting for two days before dropping to lessthan 5 m s* 1-2 August. The
mean wind speeds and directions for the three CTD-surveys are given in table 2.

Discussion

The observed horizontal salinity and temperature gradients, and their variability, within the
fjord can be explained by three main factors; the positions of the largest river mouths, the
Coriolis effect and wind. Two large valleys have outlets to the northern side of the fjord, and
supply large volumes of freshwater on that side of the fjord. In addition, freshwater from
Fridthjovbreen is discharged on the northern side, near the fjord mouth. The valleys on the
southern side of the fjord are smaller and probably have less freshwater discharge. This alone
could explain the lower salinity on the northern side of the fjord during calm wind conditions.

The dynamic effect of the Earth’ s rotation on fjords depends on the width of the fjord and the
vertical stratification (see e.g. Cushman-Roisin et al. 1994). If we regard Van Mijenfjorden as
atwo-layer system with a 7 m thick upper layer of water density 1020 kg m, and 80 m thick
deep layer of density 1026 kg m? (based on the present field measurements from the outer
basin), the baroclinic Rossby radiusis 4.3 km. Thisradiusisless than half of the fjord width
in the outer basin, and consequently the motions here are strongly affected by the Earth’s
rotation. Similar considerations for the inner basin, with a 10 m thick upper layer of water
density 1019 kg m™ and @40 m thick deep layer of density 1026 kg m™ (measurements from
the inner basin), give a Rossby radius of 5.2 km, which corresponds to the fjord width in this
area. Thus, the Coriolis force affects the circulation also in the inner basin, however, to a
lesser degree than the outer part of the fjord. The Earth’ s rotation acts to deflect the outward
flowing surface current containing low-salinity water, to the right, thus following the northern
shore towards the mouth. Consequently, the river water discharged on the northern side of the
fjord will not spread evenly over the fjord' s surface, but be guided along the northern coast
towards the fjord’ s mouth. This effect contributes to maintain a salinity gradient across the
fjord, with the lowest salinities on the northern side of the fjord, as observed.

Wind driven Ekman transport will also affect the surface salinity and temperature distribution.
Easterly winds amplify the estuarine circulation with the out-flowing low-salinity water along
the northern side of the fjord, while westerly wind may counteract this circulation. The fjord
was surveyed with CTD measurements three times during the cruise. During the first and third
survey the wind was weak, with mean wind speed 1 m s (table 2), while stronger westerly
wind (7 m s*) was blowing during the second survey. The different wind conditions were
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clearly reflected in the horizontal temperature and salinity gradients across the fjord. The day
of the strongest westerly (up-fjord) winds (31 July), the surface salinity and temperature
gradients across the fjord were reversed compared to the other two surveys. The stratification
was reduced, and the horizontal gradients were evident to larger depths when the wind was
strong, indicating deeper vertical mixing. The up-fjord wind forces the “warm” and low-
salinity surface water to the south and upwelling of colder and more saline water reaches the
surface along the northern side of the fjord. This fjord response is in accordance with the
theory of estuarine circulation in broad fjords of Cushman-Roisin et al. (1994).

The current meter data and wind measurements from the innermost mooring show a
relationship between westerly winds and current direction towards east (up-fjord) at all
depths. The near-surface current turned 180° when the wind ceased, driven by a down-fjord
pressure gradient established during the period of strong up-fjord wind pushing water to the
fjord head. The near-surface current direction at the southernmost mooring varied similarly
with the wind direction at depth 2 m. The other current meters did not reveal such clear
relationships with changing wind. Thus, the circulation in the fjord is a complex result of
combined effects of estuarine circulation, rotational dynamics and wind effects.

Our time series are too short to detect long period internal waves, such as Kelvin waves.
However, we have observed large vertical displacement of water masses within the deeper
layer, indicating internal wave activity in the fjord. The Ekman transport and piling up of
water against the southern shore during up-fjord winds and against the northern shore during
down-fjord winds causes, as described above, disturbances of the upper layer thickness.
Theoretically, the distortion of the interface may travel as a Kelvin wave with the shore on the
right hand side, looking in the direction of its propagation (Asplin 1995; Svendsen 1995). The
mixed water in the narrow entrances to the fjord would prevent Kelvin waves from leaving
the fjord, instead such waves can be guided aong the shore around the whole basin. The
combined effect of surface elevation and interface displacement could lead to quasi-
geostrophically balanced steady state currents circulating the basin (Asplin 1995). Given the
varying wind pattern, and since the currents will persist for some time after awind event, the
flow field at any given time may be related to a superposition of several Kelvin waves
circulating the fjord. In order to discuss the influence of the tide on the flow field in the fjord
it is appropriate to estimate the internal Froude number (F;) for the topographic constriction
Akselsundet, Fi=u/c, where u is the velocity of the upper layer, and cis the phase speed of a

long internal wave on the interface between the layers; (c=./g’h ), where g” is the reduced

gravity and h is the depth of the upper layer. Using the same two-layer structure as described
above, the phase speed of the wave is estimated to 0.6 m s™. Current velocity of the order 2
m s™ in the sound (as measured by Bergh 2004) and the phase speed calculated above yields
Fi>>1, i.e. supercritical conditions. Supercritical conditionsimply that kinetic energy exceeds
the potential energy of the field, thus inhibiting the development of wave-like behaviour on
the interface. However, the speed of thetidal current varies considerably during the tidal
period. Internal flows that are sub-critical may therefore readily occur during atidal period
which then makes the conditions favourable for internal tides to be generated, and appear as
“pulses’ travelling in the same direction as the Kelvin waves. Inall et al. (2005) found that
approximately 1/3 of the barotropic tidal energy in asill fjord with supercritical conditions
was transformed to internal wave energy. Model simulations by Staylen & Weber (accepted)
showed that internal Kelvin waves, generated by barotropic tidal pumping in the sounds, can
propagate cyclonically around the basin of Van Mijenfjorden, and they argue that the
associated drift can contribute significantly to the horizontal circulation in the fjord.
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The shallow and narrow sounds at the fjord’ s mouth and the sill between the two fjord basins
prevent free water mass exchange between Bellsund and the fjord, and between the two fjord
basins. As a consequence, the local freshwater discharge to the fjord strongly affects the
sdinity distribution within the fjord areain the melting season, when the salinity in the upper
layer is markedly lower than that measured in Bellsund. The high salinity and low
temperature of the deep water is probably caused by sinking of dense surface water (vertica
convection) formed by cooling and brine release during ice freezing in winter. An aternative
source of deep water renewing isintrusion of coastal water from Bellsund. However, since the
temperature of the deep water was lower than that measured in Bellsund in summer, a
possible renewal of the deep water caused by intrusion, must have taken place during the
preceding winter. The surface water temperatures in the fjord were higher than those
measured in Bellsund during our surveys. In addition to direct solar heating of the surface
layer, the high temperature can be explained by supply of “warm” river water that has been
warmed up in the shallow river beds and tidal flats on its way to the fjord. Weslawski et al.
(1991) measured temperatures up to 14 °C in shallow waters over dark sedimentsin
Vestervagen, Bellsund.

Summary and conclusion

Van Mijenfjorden is characterized by short-time variations in current pattern and the
horizontal and vertical distribution of temperature and salinity. Wind and the Earth’ s rotation
(Coriolis effect) are the dominating factors determining the pattern and strength of the
circulation in the fjord in summer, when alow salinity upper layer is present in the fjord. The
major part of the fjord is dominated by a prevailing eddy-like flow pattern, which was
reversed several times during our cruise period, related to varying wind strength and direction.
Up-fjord westerly wind forces the “warm” and low-salinity surface water to the south, and
upwelling of colder and more saline water reaches the surface along the northern side of the
fjord. In periods of calm wind, and probably also of down-fjord wind, the lowest salinity
water isfound aong the northern side of the fjord. The aternating circulation, the
corresponding changing of cross- and along-fjord gradients in salinity and temperature, and
the excitation of internal waves, entail that the fjord is subject to high frequency variations of
the hydrographic conditions in time and space. It is of importance for researchers from all
disciplines sampling in fjords to be aware of such strongly variable conditions to be able to
interpret their data. In wide fjords the expected main transport pathway of sediment-rich
surface water of terrestrial origin is along the right hand side of the fjord (i.e. following the
northern shore for Van Mijenfjorden), due to the Coriolis effect. It is therefore reasonable to
assume the highest sedimentation rate on that side of the fjord. We have shown here that
strong up-fjord winds can disturb this pattern, by deflecting the brackish water plume towards
the opposite shore, thus reversing the cross-fjord hydrographic gradients. Sedimentation is
thus expected to take place on both sides of wide fjords, but with cross-fjord differencesin
sedimentation rates being likely, depending on the wind conditionsin the fjord.
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Table 1. Positions and measuring depth of the current meter moorings in Van Mijenfjorden

28 July — 3 August 1996

Mooring Position M easuring depths
Innermost 77°48.00 N, 15°56.4 E 2,30and 60 m

Northern 77°48.46 N, 15°15.02 E 2,10,30and 70 m
Southern 77°46.11 N, 15°25.38 E 2,10,30and 70 m

Table 2. 12-hour mean wind speed and direction for the three periods of CTD surveys

Survey Time Wind speed (ms’) Wind direction
1 27/7 22:00-28/710:00 0.93 264
2 31/7 03:00 — 15:00 6.81 294

3 1/8 17:00 — 2/8 05:00 1.10

293
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Figure captions

Figure 1: Map of Van Mijenfjorden with depth contours (m), and positions for CTD stations
(circles), time series station (star) and current meter moorings (squares).

Figure 2: Vertical along-fjord sections of salinity (a) and temperature (b) distributions from
the first (upper panels), second (middle panels) and third (lower panels) surveys. Seen from
south, i.e. west isto the left in the figures.

Figure 3: Vertical profiles of salinity (left) and temperature (right) in the inner part of the
fjord (upper panels) and northern side of the outer part of the fjord (lower panels) from the
first (solid line), second (broken line) and third (dotted line) surveys.

Figure 4: Distribution of salinity (upper panels) and temperature (lower panels) along a cross-
section of thefjord, as measured during the first (Ieft panels) and second (right panels)
surveys. Seen from west, i.e. north is to the left in the figures.

Figure 5: Hourly development of the depth of the salinity 33 isoline at the time-series station.

Figure 6: Measurements of (a) wind and currents at the innermost mooring, and current
measurements from the moorings on the (b) northern and (c) southern side of the outer basin.
Note that the vertical figure axisis directed east — west, and that all vectors represent the
direction towards which the currents and winds are moving.
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