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Understanding ice conditions in fjords is imperative to ensure safe operations and to protect the
surrounding environment. Seven fjords in northern Norway were visited in March 2019, six with
significant ice cover. In each location, measurements of ocean temperature and salinity, and §*20
for ocean water and river water leading into the fjords were gathered. In addition, where ice was
present, measurements of ice bulk salinity and &80 were obtained along with an extra core to
examine ice stratigraphy and pore structure. Results show ice of low bulk salinity, < 1.5 psu, and
8180, < -7.67 %o, in five fjords holding ice with maximum ice thickness being upwards of 0.46 m.
This result combined with examination of stratigraphy cores reveals ice closely resembling
freshwater ice in structure despite lying atop an ocean of average salinity 32 — 33.5 (psu). Ice
salinity profiles elude to varying environmental conditions impacting ice formation throughout the
winter season. Due to the impact of significant freshwater flux, ice properties differed significantly
from sea ice forming in the open ocean, an important characteristic when considered in application
to coastal operations.



1. Introduction

The coast of mainland Norway is dominated by the presence of fjords cutting into the adjacent
mountains, with the glaciers that carved these fjords receded into higher terrain if not gone
entirely (Holtedahl, 1967; Porter, 1989). Often subjected to temperatures below freezing, ice has
the possibility to form in Norwegian fjords. While the Norwegian pilot guide offers brief
descriptions of ice conditions in selected areas to assist boat and ship captains (Hughes, 2006), no
studies exist that make direct observations of sea ice thickness, extent and properties in fjords
found throughout mainland Norway. Ice conditions in the pilot guide are themselves based
primarily off aging data published in older editions mixed with examination of visible and
infrared satellite images gathered in February and March 2005.

The fjords in mainland Norway are influenced by the North Atlantic current bringing warm
waters into the fjords, which therefore are mainly ice free all year. However, smaller side fjords
and the inner parts of larger fjords often freeze up during winter, a subject of little focus in
scientific research until now (O’Sadnick et al 2018; 2020). There is a wide breadth of published
work from mainland Norwegian fjords during ice free conditions (for example Asplin et al.,
1999; Eilertsen & Skardhamar, 2006; Lalande et al., 2020; Mankettikkara, 2013; Myksvoll, 2008;
Myksvoll et al., 2013; Skardhamar et al., 2018). These studies examine the fjord system from
physical and biological perspectives, both of which are potentially impacted by the presence of
ice. When ice forms on the surface of a fjord, it creates a barrier between the ocean and air,
altering the exchange of mass and energy (Petrich & Eicken, 2010) . In addition, ice creates a
biologically rich environment of brine-filled pores that offers a sheltered place for algae and other
microbiota to grow (Arrigo et al, 2010; Brandon et al., 2010). These processes are well
understood in studies of sea ice in the open ocean. In addition, studies of sea ice in the Baltic Sea
offer descriptions of ice grown from sea water of lower salinity, brackish in character, as well as
the impact of fresh water plumes on local ecology (Granskog et al. 2005a; Granskog et al.,
2005b; Kaartokallio et al., 2007). While such knowledge can be applied to fjord ice, adaptations
must be made to account for a stratified water column with saline sea water overlain by a layer of
very low or even fresh water, different from the brackish water of the Baltic. Given increasing
interest in Norway from both shipping and resource exploration industries, the safety hazard and
potential obstacle ice presents to operations are of concern. Therefore, understanding ice
conditions and how they vary from fjord to fjord, throughout the year, and between years as the
climate changes is important from both a scientific and operational perspective.

2. Methods
2.1. Ice sampling

Seven fjords were chosen based on previous observations of ice formation in recent years. For the
2018 — 2019 season, all but one fjord, Storfjord, held ice. Ice sampling location was chosen based
on accessibility and total extent of the ice. The locations of sampling sites are shown in Fig. 1.
Typically, samples were gathered in approximately the center of the fjord, 1 — 2 km from the
head of the fjord where a river input was present. Snow depth was first measured and samples
collected for 680 measurements before a section was cleared of snow. A Kovacs ice core barrel,
10 cm in diameter, was used with a hand drill to collect at least two ice cores at each location —
one for bulk salinity and the other for stratigraphy analysis. For the former, ice was sliced into 5
cm sections and bagged for melting on return to the lab. Sample salinity was measured using a
YSI Pro-30 salinometer with an accuracy of 0.1 on the practical salinity scale (psu) and



resolution of £0.1 (psu) or £1% of the reading, whichever is greater. Once melted samples were
measured, they were poured into glass viles and closed with a cone lined cap before being stored
at 5 °C until 60 could be measured. Samples were analyzed at the Stable Isotope Laboratory at
the Centre for Arctic Gas Hydrate, Environment and Climate (CAGE) located at UiT — The
Arctic University of Norway, Tromsg, Norway. A 0.3 mL sample from each melted core slice
was pipetted into a 12 mL Labco glass vial which was next flushed with a 0.3% CO2 in He gas
mixture, equilibrated at 25°C for <24h. Calibration was done through measuring three inhouse
standards of 5'80 between -1 %o and -36 %o that had previously been calibrated against
international standards VSMOW?2, GISP, and SLAP2. When a line was fit to true vs. measured
vales of 8!80, the R? value of the line was 1.0, with error between separate readings most often
being less than 0.01 %o but with a standard deviation <0.05 %o.. A Thermo-Fisher MAT253 IRMS
with a Gasbench II was used to measure the quantity of 530 defined as
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where the standard is Vienna Standard Mean Ocean Water (VSMOS).

Brine volume fraction was calculated using measured values of bulk salinity and a modelled
linear temperature profile that assumed an air/ice temperature of -2 °C and an ice/ocean
temperature of 0 °C (Leppéranta & Manninen, 1988).

Stratigraphy samples were kept in a cooler during transport to their storage location. They were
stored at -30 °C and processed in a cold room at -15 °C. They were sliced to a thickness of 12 —
16 mm and examined on a light table for pore structure and layering. Additionally, cross

polarized filters were used to clarify crystal structure and further highlight transitions in the ice.

2.2. Water sampling

In addition to melted ice samples, seawater and river water was also gathered for measurement of
6'80. For seawater measurements, a tube, 1 cm in diameter, was lowered to the pre-determined
depth with the end above water plugged. The plug was then released, allowing water from that
depth to fill the tube, before being plugged again and raised to the surface to fill the same cone
lined bottles described above. Each bottle was first rinsed with water from the same depth before
being filled. In addition to seawater, water samples from rivers leading into each fjord were
gathered.

2.3. Satellite and photo image processing

UOVision UM 565 and UM785 trail cameras were used to collect timelapse images of several
fjords. Examples of the photos obtained are presented in Fig. 2. Additionally, images from the
SENTINEL-1 C-band Synthetic aperture radar (SAR), vertical transmit/vertical received (VV)
were examined to determine when ice formed, termed a freeze-up date here, to within 2 — 3 days
for fjords having no camera (Copernicus, 2019). Due to the difficulty of identification, visual
inspection of individual images was needed to confirm the presence of ice.

Imagery from the Terra satellite MODIS sensor, specifically MODO09A1.006 Terra Surface
Reflectance 8-Day Global 500m was also used to track ice from February, when sunlight has
returned to northern Norway, through May to determine a date when fjords were ice free to



within 8 days (Vermote, 2015). MODIS Images were first processed to exclude any pixels of low
quality or marked as having clouds. Next, the following formula was applied:

Ice band = Band 3 [459 — 479 nm] — (Band 6 [1628 — 1652 nm] + 2
Band 7 [2105 — 2155 nm])

Pixels having above a certain value were then classified as ice. This method is similar to that used
in Petrich et al. (2017) but automated to allow for a larger number of images to be processed.
Processing steps are described in more depth in O’Sadnick et al. (2020).

3. Results & Discussion
3.1. Linking source water to ice

A summary of the dates of ice formation and breakup are presented in Table 1. Ice was observed
in Sgrbotn/Ramfjord for the longest period of time, 20 December 2018 to 7 May 2019. Kattfjord
was second with ice being present from 14 January to 26/27 April 2019. In the remaining fjords,
the ice season was shorter: 27 — 29 January to 16 - 24 April 2019 in Gratangen, 3 March to 21
April 2019 in Beisfjord, 20 — 23 January to 16 - 24 April 2019 in Lavangen, and 29 — 30 January
to 16 - 24 April 2019 in Nordkjosbotn. Additionally, Storfjord was shown to hold small amounts
of ice through the season but only near the outlet river and over short stretches of time. This is
supported by timelapse and MODIS images (not shown). The conditions that enable ice
formation in fjords are difficult to define due to the changing balance between ocean salinity and
temperature (conditions influenced by weather, tides, and currents), freshwater flux into the fjord,
the resultant stratification, and air temperature. To fully understand the evolution of fjord ice
from beginning to end, further observation and study is needed to determine the dominant factors
and how these may change between fjords and with time.

Measurements of water temperature and salinity gathered in each fjord are shown in Fig.3.
Gratangsbotn was warmest with water temperatures above 6 °C at depth while Nordkjosbotn was
coldest, dipping below 1 °C The other four fjords had temperatures generally between 3 — 4 °C.
All had a fairly constant salinity between 32 and 33.5 psu with the most variation seen in the
upper 2 m. Note, the upper 1 m of each profile is not shown as it may have been disturbed by the
coring. At five fjords, a single location was selected to collect measurements and acquire ice
cores for further processing. At one fjord, Beisfjord, several locations were visited (Fig. 1). Thick
sections, measurements of salinity and §'80, and calculated brine volume fraction for
Serbotn/Ramfjord, Kattfjord, and four location in Beisfjord, are presented in Figs. 4 — 9
respectively. Additionally, bulk salinity and brine volume fraction are provided in Fig.10 for
Gratangsbotn, Lavangen, and Nordkjosbotn.

In six out of the seven cores gathered, salinity did not increase above 1.2 psu with
Serbotn/Ramfjord, Kattfjord, and Gratangsbotn having bulk salinity consistently below 0.5 psu.
In all other cores where 680 was measured, values ranged from -7.73 %o (Kattfjord) down to -
12.17 %o (Beisfjord 1). In cores from Ramfjord, Beisfjord 3, and Beisfjord 4, bulk salinity and
580 largely parallel each other having similar increases and decreases through their entire depth.
In cores from Kattfjord, Beisfjord 1, and Beisfjord 2, these two measurements sometimes mimic
each other but also show instances of being opposite- in the core gathered from Kattfjord for
example, an increase in bulk salinity at a depth of 20-25 cm from 0.2 to 0.3 psu, coincides with a
decrease in 680 from -7.67 to -8.76 %o. The relationship between bulk salinity and 680 is non-



trivial being dependent on the source of water as well as the ice growth rate. Seawater has a 6§80
value between — 1 to 0 %o while fresh water, from river runoff specifically, ranged here from
-10.24 to -12.49. Values of 620 in the upper 1 m of ocean water from each sampling site as well
as river water entering the fjord are summarized in Table 2. While a decrease in salinity is often
linked to a decrease in 6180, in fjord ice this is not always the case. As growth rate of ice slows,
the ratio of 180 to %0 increases due to 80 being incorporated preferentially, the reason related to
differences in molecular vibration energy (Eicken, 1998). Resultantly, 530 will be greater (less
negative, or at times positive) in ice formed at a slower versus a faster rate. Bulk salinity is also
affected by growth rate with slower growth leading to lower salinity, faster growth to higher
salinity (Petrich et al., 2011). Therefore, ice formed from water of comparatively higher salinity
but grown quickly may have a comparable §'80 value for ice formed from water of lower salinity
but at a slow growth rate. In such a case however, values for bulk salinity would further diverge.

In only one core were values of salinity higher than 2 psu and 8§80 higher than -7 %. measured,
that being Beisfjord 4 (Fig. 9). Bulk salinity decreased from 5.6 psu in the upper 3 cm to 0.6 psu
at the ice/ocean interface, a depth of 18 cm. Similarly, this core also had the highest value of
6180, -2.58 %o in the upper 3 cm, decreasing to -9.41 %o at its bottom. The highest values for bulk
salinity and 8*0 occur in granular ice formed likely through the flooding of the snow-covered
surface. The core was collected at the edge of a transition -- nearer to the head of the fjord and
entrance of the river, ice was consistently > 20 cm, on the other side of the transition, ice was <
10 cm (Beisfjord 3 core, Fig.8). Beisfjord 3 presumably formed at a later time given its thickness
of only 8 cm. Comparing the two cores, a change in microstructure and crystal structure
approximately 10 cm in the Beisfjord 4 core, aligns with the top of the Beisfjord 3 core in salinity
and 6'80. Additionally, a layer of transparent, glass-like ice was found at the bottoms of both
cores. This indicates consistency in the water that formed the lower section of Beisfjord 4 sample
and the entirety of the Beisfjord 3 sample. The weather leading up to the field visit was
consistently cold, with a daily average air temperature consistently below -4 °C. While this would
indicate likely no large increase in fresh water, snowfall was recorded twice in the short period of
time from ice formation to the field visit (not shown). This snowfall may have led to an increase
in flux from the river or alternatively, a layer of freshwater to form on the surface of the fjord that
enabled the formation of the Beisfjord 3 core and which later flowed under the ice as the tide
rose.

Each core has a mixture of granular (frazil) and congelation ice with all also displaying several
changes in microstructure. For example, in the upper 10 cm of the Beisfjord 1 core, texturally
classified as granular, pores are spherical and large in comparison to the next 5 cm of granular ice
where pores decrease significantly is size and increase in density. At a depth of 15 cm, where a
transition to congelation ice occurs, the number of pores decreases with their shape also changing
to be generally thin and elongated. Layers exist within this microstructure however where there
are several pores clearly larger in size, lengthening in steps downwards, from approximately 0.5
cm, to 1.0 cm, 1.5 cm, and finally 2.5 cm in the lower 10 cm of the core. Salinity relatedly
decreased slightly from 0.3 to 0.2 psu while 680 increased from -10.50 to -10.06 %o. This
provides one example where salinity and 680 not aligning may be due to growth rate. We
hypothesize that the water at the interface remained constant in its 620 and salinity values as ice
grew while ice growth slowed due to the thickening of ice, the accumulation of snow on the
surface, changes in air and ocean temperature, or a mix of these factors.



In cores gathered in Ramfjord and Kattfjord, several transitions in microstructure and relatedly
bulk salinity and 680 are evident. It is difficult to define with certainty the cause of each change.
However, examining weather data from these two fjords both experienced snowfall and
rainfall/snowmelt that may have altered properties of the water at the ice/ocean interface.
Additionally, abrupt changes in pore size like that found at 25 cm in the Kattfjord core bring to
light other factors that may disrupt conditions at the ice/ocean interface. While the ice protects
much of the underlying ocean from turbulence, wind and tides/currents still have potential to
disrupt conditions at the ice/water interface that may lead to variations in ice microstructure. To
better understand how these layers of differing microstructure, salinity, and 680 develop,
continuous observation of environmental conditions is needed.

3.2. Implications

As marine traffic increases, the risk of an oil spill, either from ships or oil production, is
becoming more of a concern. Oil emplaced under and frozen into sea ice having a well-
understood microstructure of connected brine pores and channels would have a pathway to rise to
the surface during spring warming as pores connect (Dickens, 2011; Petrich et al., 2013). If layers
of lower porosity or possibly impermeable, freshwater, ice are present, this process will be
disrupted resulting in a different oil clean up scenario. In Figs 4 - 9, brine volume fraction was
investigated to examine how ice may evolve in warm temperatures when one would expect the
pore space to become more connected. In a previous studies by Karlsson et al. (2011), it was
estimated that oil migration occurred around 10% brine volume fraction but often not until ice
reached even greater values of upwards 15 % brine volume fraction. In five out of the six cores
collected, brine volume fraction does not exceed 6 %. It is only the Beisfjord 4 sample, where
portions of the ice are above the 10 % threshold with no ice above 15 %. Parts of the core do
remain below 10 % however meaning that while oil would possibly be able to migrate upwards it
would likely hit a barrier slowing or preventing oil movement to the surface.

Transitions in sea ice microstructure from congelation, columnar ice to granular, frazil ice have
also been shown to disrupt and alter how oil rises to the surface even when values for brine
volume fraction are high (Oggier et al., 2019). The cores presented here all had transitions as well
as several layers of clearly differing pore size and density which could potentially impact the
behavior of oil in the ice. Hence, for the cores included in this study, timing of oil surfacing for
potential clean up would be likely be difficult to predict.

4. Conclusions

Seven fjords were visited in the northern Norway in March of 2019 with six having ice of
thickness ranging from 8 — 46 cm, that was subsequently cored and sampled. Seawater ranged in
salinity from 32 to 33.5 psu underneath the ice while bulk ice salinity stayed below 1.5 psu for
five out of six fjords, increasing up to 5.8 psu in the remaining core. Measurements of 580
largely stayed below -7.67 %o. The sixth core with high salinity, remained an outlier however
having 680 values reaching as high as -2.58 %o.

When examining thick sections, pores of varying shape and size were apparent with many cores
holding a mixture of spherical pores of differing diameter and density, thin elongated pores
interspersed in relatively transparent ice, occasional brine channels several centimeters in length,
and also sections of ice devoid of any pores. The date of ice formation was determined through
timelapse images and estimations from ice thickness and air temperature. It is hypothesized here



that changing weather conditions resulting in fluctuations in air temperature, snowfall, and runoff
from rainfall/snowmelt contributed to layers of differing pore structure. Continuous observations
are needed to observe ice formation as well as changes in river input to further support this point.
In addition, a greater number of 680 measurements taken consistently at the same locations and
throughout the year, will further clarify how river water influences ice formation throughout the
winter season.
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Figures and Tables
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Figure 1. Location of fjords where ice samples were collected, marked with star, with a seventh
fjord marked where no ice was present on the day of visit. a) Beisfjord, four locations, marked
according to how they are referred in following; b) Nordkjosbotn; c) Gratangsbotn; d) Lavangen;
e) Sgrbotn/Ramfjord; f) Kattfjord; g) Storfjord (ice- free, no close-up presented).
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Figure 2. Example of timelapse images gathered on 6 March 2019 at Beisfjord (top, left),
Sarbotn/Ramfjord (top, right), Kattfjord (bottom).
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Figure 3. Seawater temperature and salinity under the ice of each core
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Figure 4. Core sample from Sgrbotn/Ramfjord: From left to right- description of layers, cross-
polarized imaged, light transmission image, bulk salinity, §'80, and brine volume fraction.
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Figure 5. Core sample from Kattfjord: From left to right- description of layers, cross-polarized
imaged, light transmission image, bulk salinity, 630, and brine volume fraction.
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Figure 6. Core sample from Beisfjord 1: From left to right- description of layers, cross-polarized
imaged, light transmission image, bulk salinity, 60, and brine volume fraction.
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Figure 8. Core sample from Beisfjord 3: From left to right- description of layers, cross-polarized
imaged, light transmission image, bulk salinity, 60, and brine volume fraction.
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Figure 9. Core sample from Beisfjord 4: From left to right- description of layers, cross-polarized
imaged, light transmission image, bulk salinity, 60, and brine volume fraction.
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Figure 10. Bulk salinity and brine volume fraction for core samples from a) Gratangsbotn; b)

Lavangen; ¢) Nordkjosbotn

Table 1. Measured ice thickness, freeze-up date, and first day without ice.



Fjord Ice thickness (cm) Freeze-Up Ice Free
Beisfjord 24 (1),22(2), 8 3 March 2019* 21 April 2019
(3), 18 (4) (from camera) (from camera)
Sgrbotn/Ramfjord 46 20 December 2018 7 May 2019
(from camera) (from camera)
Kattfjord 35 14 January 2019 26-27 April 2019
(from camera) (from camera)
Nordkjosbotn 15 29 - 30 January 16 — 24 April
2019 2019
(from SAR) (from MODIS)
Lavangen 26 20-23 January 16 — 24 April
2019 2019
(from SAR) (from MODIS)
Gratangen 27 27 —29 January 16 - 24 April
2019 2019
(from SAR) (from MODIS)

*Dispersed in bands across fjord, was evidence of ice formation prior near to mouth of fjord
but disappeared quickly.

Table 2. 680 measurements in %o for rivers leading into each fjord and ocean water where ice
sampled. Measurement obtained for one ice free fjord, Storfjord, also.

Fjord River Ocean

Beisfjord -12.49 -0.99 (1.0 m)
Sgrbotn/Ramfjord -11.14 -1.06 (0.8 m)
Kattfjord -10.24 -0.72 (0.8 m)
Gratangen -10.86 -0.92 (1.0 m)
Nordkjosbotn -12.15 -0.56 (1.4 m)
Lavangen -11.34 -0.53 (1.0 m)
Storfjord -11.55 -0.08 (1.5 m)




