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ARTICLE INFO ABSTRACT

Keywords: Freshwater provided by rivers beginning deep within the mountains, feeds into fjords along the coast of Norway,
Sea ice often forming a brackish surface layer that will change in its salinity, thickness, and extent throughout the year.
Fjords

As temperature drops below freezing, ice can form from this layer along the entire coastline from 71° N down to
58° N. The influence of freshwater combined with changing weather and oceanographic conditions, can lead to
ice that varies not only in its thickness and extent but its properties including crystal fabric, bulk salinity, and
pore structure. Resultantly, how ice interacts with the surrounding environment including communities that use
the ice for winter activities, boats transiting through fjords, pollutants like oil, and the biota living within the ice
and fjord waters, will be impacted.

To enhance understanding of the drivers of ice formation and resultant properties in Norwegian fjords, seven
fjords located in northern Norway were monitored over three winter seasons between 2017 and 2020. Mea-
surements of ice thickness, stratigraphy, bulk salinity, and 5'0 were gathered along with measurements of
ocean salinity, temperature, and 5'%0 of both snow and river water. Ice thickness ranged from non-existent up to
0.8 m with the proportion of congelation to granular ice changing between seasons and fjords. While ocean
salinities directly below the ice on the day of measurement were primarily above 31 psu, ice bulk salinity varied
from 0 psu to 5.6 psu with values of §!80 between —13.3 %o and 0.2 %o, indicating ice frozen from fresh water as
well as seawater. Findings support that ice conditions in a single fjord or in a geographic region should not be
generalized, with substantial variations measured between years and locations. We examine openly accessible
interpolated weather and runoff data obtained through seNorge for possible causes for the variable ice conditions
observed. Results reveal freezing degree days are not a dependable predictor of ice thickness when applied to
Norwegian fjords, and substantial consideration of the date of onset of ice formation and snow cover are needed.
Freshwater runoff and snowfall as well as the timing of weather and oceanic conditions throughout the three
winter seasons are also presented to highlight their potential to influence ice formation considerably.

Ice-ocean interaction
Coastal processes

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 now receded into higher terrain if not gone entirely (Holtedahl,
1967; Porter, 1989). Fjords differ in width, length, depth, and orienta-
tion with these characteristics transferring to the physical and biological
characteristics of fjords including weather, oceanography, and the
plants and biota present (Eilertsen and Skardhamar, 2006; Rikardsen
et al., 2004). Often subjected to temperatures below freezing, fjords
have the possibility to form ice. 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 obser-
vations 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 larger fjords along the Norwegian coast are ice free all year due
to the influence of warm Atlantic water (Aure et al., 1996; Eilertsen and
Skardhamar, 2006). However, sea ice often forms in the inner parts of
fjords and in smaller fjord branches (O'Sadnick et al., 2020). There is a

* Corresponding author at: UiT The Arctic University of Norway, Tromsg, Norway.

E-mail address: megan.osadnick@sintef.no (M. O'Sadnick).

https://doi.org/10.1016/j.coldregions.2022.103663

Received 28 May 2021; Received in revised form 5 August 2022; Accepted 23 August 2022

Available online 31 August 2022

0165-232X/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:megan.osadnick@sintef.no
www.sciencedirect.com/science/journal/0165232X
https://www.elsevier.com/locate/coldregions
https://doi.org/10.1016/j.coldregions.2022.103663
https://doi.org/10.1016/j.coldregions.2022.103663
https://doi.org/10.1016/j.coldregions.2022.103663
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coldregions.2022.103663&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. O'Sadnick et al.

orsteinnes)

Cold Regions Science and Technology 204 (2022) 103663

7 L N
’

AN &

%

@

-

\ Lyngen~m==<.”

N

/-k

(AR,

eSS N
NN

Fig. 1. Location of Norwegian fjords where measurements were gathered, ordered according to freezing degree days (FDD) from highest to lowest. a) Nordkjosbotn,
b) Storfjord, ¢) Gratangsbotn, d) Lavangen, e) Beisfjord, f) Ramfjord, g) Kattfjord. ©norgeskart.no.

wide breadth of work in mainland Norwegian fjords focusing on water
mass dynamics, often linked to biological processes in open waters
(Asplin et al., 1999; Cottier et al., 2010; Eilertsen and Skardhamar,
2006; Jones et al., 2020; Mankettikkara, 2013; Skardhamar et al., 2018).
However, little research has so far been conducted on sea ice in Nor-
wegian fjords (O'Sadnick et al., 2020), while the role of sea ice in fjords
on Svalbard is well studied (for example Cottier et al., 2010; Gerland and
Renner, 2007; Hop and Wiencke, 2019; Nilsen et al., 2008; Skogseth
et al., 2020).

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 and
Eicken, 2010). In addition, ice creates a biologically rich environment of
brine-filled pores that offer a sheltered place for algae and other
microbiota to grow (Arrigo et al., 2010; Brandon et al., 2010; Gradinger

et al., 1999). 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). However,
these studies may be difficult to apply to fjord ice where a stratified
water column is often observed characterized by a surface layer that is
reduced in salinity due to freshwater, an intermediary layer similar in
composition to coastal water, and a basin holding the densest water
below the depth of a sill (Stigebrandt, 2012). Fjords are also well con-
tained by coastline and bed topography impacting currents and fjord-
coast water exchange.

Though little work is available documenting observations of specif-
ically Norwegian fjords in winter (Walker et al., 2021; Eilertsen and
Skardhamar, 2006), research focused on the more general field of Arctic
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Table 1
Overview of ice conditions in the fjords. Dates of formation of consistent ice cover and when the fjords were ice free are from observations with cameras and/or satellite
imagery.

Nordkjosbotn
Season Ice formation Ice free Date of meas. Fraction of season complete at Ice thickness [m] Snow depth [m] Freeboard [m]
meas.
2017/ 29-30 Dec 27-30 Apr 20 Mar 2018 81/122 0.76 0.06 n/m
18
2018/ 29-30 Jan 16-24 Apr 13 Mar 2019 43/76 0.15 n/m n/m
19
2019/ 6-8 Mar 16-20 Mar n/m —/14 n/m n/m n/m
20
Storfjord
2017/ 15-20 Feb 20-23 Apr 20 Mar 2018 33/67 0.36 0.10-0.15 n/m
18
2018/ n/a n/a 12 Mar 2019 n/a n/a n/a n/a
19
2019/ n/a n/a 11 Mar 2020 n/a n/a n/a n/a
20
Gratangsbotn
2017/ n/a n/a 23 Mar 2018 n/a n/a n/a n/a
18
2018/ 27-29 Jan 16-24 Apr 14 Mar 2019 46/87 0.27 0.21 negative
19
2019/ 4-10 Dec 22 Apr 20 Feb 2020 78/140 0.21 0.11 negative
20
Lavangen
2017/ 27-28 Jan 20-23 Apr 23 Mar 2018 55/86 0.37 0.16 n/m
18
2018/ 20-23 Jan 16-24 Apr 14 Mar 2019 53/94 0.26 0.02 0.03
19
2019/ 1-5 Feb 31 Mar - 4 Apr n/m —/63 n/m n/m n/m
20
Beisfjord
2017/ 1-5 Feb 5-11 May 19 Apr 2018 77/99 0.42 0.10 n/m
18
2018/ 3 Mar 21 Apr 19 Mar 2019 16/49 0.24 (a)/0.235 (b)/ 0.18 (c)/ 0.08 0.0 0.01
19 (@
2019/ 9 Dec 20-26 Jan 22 Feb 2020 —/48 n/m n/m n/m
20
Ramfjord
2017/ 28-29 Jan 5-11 May 20 Mar 2018 51/103 0.49 0.2 n/m
18
2018/ 20 Dec 7 May 13 Mar 2019  83/138 0.46 n/m negative
19
2019/ 15 Oct 24 May 12 Mar 2020 148/222 0.30 0.20 negative
20
Kattfjord
2017/ 5-10 Jan 5-11 May 21 Mar 2018 75/126 0.59 0.23 negative
18
2018/ 14 Jan 26-27 Apr 14 Mar 2019 59/103 0.35 0.37 negative
19
2019/ n/a n/a 12 Mar 2020 n/a n/a n/a n/a
20

Ice thickness, snow depth and freeboard were measured on the dates given. Gray, shaded entries represent visits where only ocean and fresh water measurements were
obtained. When ice was present but no measurement made, the season length in days is provided. n/m = not measured, n/a = no ice.

estuaries does exist from e.g. North America and Russia. Macdonald

et al. (1995), Macdonald et al. (1999), and Eicken et al. (2005) 18
attempted to quantify the fraction of ice grown from river discharge in 550 — ( )xample
coastal sea ice by examining the isotopic signature of both the ice and -
the water from which it is grown. The isotopic composition §'%0 is

defined as:

Sl
Sl

—1 | *1000 (€D)]

]

5|

0/ standard

where the standard is Vienna Standard Mean Ocean Water (VSMOS).
Similarly to salinity, the stable isotope ratio in ice is sensitive to both
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Fig. 2. Nordkjosbotn, in the inner part of Balsfjorden. Water depth in meters
marked along the length of the fjord, contours are also shown. Ice extent on the
day of measurement (indicated, see text for details) and measurement location
are marked with a line across the fjord and a cross, respectively, for seasons
2017/18 (black), and 2018/19 (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. Storfjord. Water depth in meters marked along the length of the fjord,
contours also shown. Ice extent on the day of measurement and measurement
location marked with a line across the fjord and a cross, respectively, for the
2017/18 season.

source water and growth rate. For the former, fresh water for example
may come from a river, snow melt, or ice melt to mention a few possible
sources. A study by Nan et al. (2019), found the isotopic signature of
fresh river water to vary across the globe with values in Norway, spe-
cifically, ranging from approximately —12%o in the north up to —4%o
further south. For ocean water, the Vienna Standard has a 5'%0 of 0%
while values as high as approximately 2%o at lower latitudes down to
—3%o in regions of the arctic have been measured (LeGrande and
Schmidt, 2006). Therefore, even if all sources carry the same salinity,
880 can differ. Additionally, growth rate will impact values of 5'%0. A
decrease in growth rate will increase isotopic fractionation (increasing
values of 6180, cf. Eq.1) (Eicken, 1998).The opposite impact is seen in
measurements of bulk salinity which decreases in magnitude with a
decrease in growth rate.

Through using measurements of 5'80, the above authors were able to
trace events of larger freshwater flux during the winter and approximate
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Fig. 4. Gratangsbotn. Water depth in meters marked along the length of the
fjord, contours also shown. Ice extent on the day of measurement and mea-
surement location marked with a line across the fjord and a cross, respectively,
for seasons, 2018/19 (green), and 2019/20 (blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Lavangen. Water depth in meters marked along the length of the fjord,
contours also shown. Ice extent on the day of measurement and measurement
location marked with a line across the fjord and a cross, respectively, for sea-
sons 2017/18 (black), 2018/19 (green),. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

the size and movement of freshwater plumes under the ice. The extent of
these plumes is important as they disable convection under the ice,
diluting and sweeping away brine rejected from the ice and changing the
overall oceanographic conditions within the area. Granskog et al.
(2005a, 2005b) examine the impact of such plumes in the Baltic Sea,
noting that plumes of fresh water can also act to stabilize the water
column reducing heat exchange with the ocean and causing faster ice
growth.

Freshwater under the ice can lead to the formation of ice layers of
low porosity that are essentially impermeable to fluid flow. These layers
can disrupt the convection of brine through the ice and the exchange of
nutrients that enables the growth of ice-algal communities. Ingram et al.
(1996) investigated the impact of freshwater on an ecosystem under sea
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Fig. 6. Beisfjord. Water depth in meters marked along the length of the fjord,
contours also shown. Ice extent on the day of measurement and measurement
location marked with a line across the fjord and a cross, respectively, for sea-
sons 2017/18 (black), 2018/19 (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 7. Ramfjord. Water depth in meters marked along the length of the fjord,
contours also shown. Ice extent on the day of measurement and measurement
location marked with a line across the fjord and a cross, respectively, for sea-
sons 2017/18 (black), 2018/19 (green), and 2019/20 (blue). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8. Kattfjord. Water depth in meters marked along the length of the fjord,
contours also shown. Ice extent on the day of measurement and measurement
location marked with a line across the fjord and a cross, respectively, for sea-
sons 2017/18 (black) and 2018/19 (green). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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ice through linking the sea water salinity at the ice interface to various
environmental and biological response variables including bulk ice
salinity, light attenuation, chlorophyll a, and algal diversity. The authors
stressed the need for further work examining coastal zones in northern
areas; placing focus on the impact of freshwater flow on the hydrody-
namics and the ecology of an area.

Whether caused by an influx of freshwater or other factors such as
changing weather or oceanic conditions, the microstructure of sea ice
and the connectivity of pore space are often a focus in scientific studies.
While measurements of temperature, bulk salinity, and stable isotopes
are useful, visual examination of sea ice thick sections has proven useful
in determining the cause of patterns in sea ice microstructure. For
example, banding, simply described as the variation in transmittance of
light through the ice, can reveal where pore shape and connectivity may
change. Cole et al. (2004) studied banding in first year sea ice present in
Utqiagvik (previously Barrow, Alaska) over the course of three seasons.
In the Arctic, first year sea ice can be found along much of the coastline.
This ice often has a bulk salinity between 5 and 8 (psu) and is distin-
guished from freshwater ice in crystal structure and the presence of
pores holding brine. As the ice warms in spring, these pores connect in
the vertical direction allowing for fluid flow through the ice when
temperature is above approximately —5 °C. Cole et al. (2004) analyzed
the shape and geometry of the pores present in bands of high and low
porosity, i.e., light and dark bands respectively. Results provided a first
order description and estimate of pore density, structure, and vari-
ability. In addition, Turner et al. (2017), examined banding in Antarctic
ice focusing primarily on the appearance of thin, recurring bands. They
determined that such a pattern is related to the changing boundary layer
conditions that result from tidal currents.

Layers of freshwater ice have implications for operations in ice-
covered waters. As marine traffic increases in Arctic coastal regions,
the risk of an oil spill, either from ships or oil production, is also
becoming more of a concern. Previous studies examining the interaction
of oil and ice, have focused on sea ice of columnar structure that un-
dergoes a predictable evolution through the ice season. In such ice, oil
emplaced under and possibly frozen into the ice, would rise to the sur-
face during spring warming as pores connect and a pathway through the
ice to the surface are created (Dickens, 2011; Petrich et al., 2013). If
layers of lower porosity or possibly impermeable ice are present, this
process will be disrupted resulting in a less predictable and likely more
challenging approach to oil clean up. This risk applies not only to Nor-
wegian fjords but any area where freshwater interacts with sea ice
during the ice growth period. Additionally, freshwater ice and sea ice
have different mechanical properties, a characteristic due largely to the
former having greater strength because of lower porosity. A simple
explanation isthat fewer pores means there is more “solid ice” within the
sample (Timco and Weeks, 2010). Relatedly, ice porosity will alter the
electrical signature of the ice impacting how ice is seen by remote
sensing instruments (Tucker et al., 1992). All these factors are important
for operations in the Arctic and sub-Arctic regions. Therefore, the find-
ings presented here have implications for science and industry including
biology, shipping and transit in Arctic and sub-Arctic regions, safety for
local communities, and oil spill response methods.

The objective of this study is to investigate the ice conditions and
properties in northern Norwegian mainland fjords, and how and why the
fjord ice varies between years and between neighboring fjords. We
present measurements from seven fjords in northern Norway collected
over the span of three winter seasons between 2017 to 2020 combined
with openly available weather and runoff data. The measurement data
include ice thickness, extent, bulk ice salinity and ice 5180, as well as
seawater salinity, temperature, and 5'0. Additionally, ice crystal and
pore structure are examined in relation to these properties.
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Fig. 9. Spatially interpolated daily average air temperature, accumulated snowfall measured as snow water equivalent (SWE) and runoff (Qgord norm) for each fjord
and year, extracted from seNorge. a) Nordkjosbotn, b) Storfjord, c) Gratangsbotn, and d) Lavangen. Spatially interpolated daily average air temperature, accumulated
snowfall measured as snow water equivalent (SWE) and runoff (Qgord norm) for each fjord and year. e) Beisfjord, f) Ramfjord, g) Kattfjord.

2. Methods
2.1. Study area

Seven fjords located in northern Norway were chosen for ice char-
acterization based on knowledge that they held ice in recent years,
determined through satellite imagery and in-situ observation, as well as
their accessibility (Fig. 1). Measurements were performed over the
winter of 2017,/2018, 2018/2019, and 2019/2020 with samples
collected toward the end of the ice-growth period (Table 1). In one fjord,
Beisfjord, during the 2018/2019 season a transect to collect several
cores at increasing distance from the river was also completed.

The fjord Kattfjord (Figs. 1g and 8), is located the furthest north out
of the fjords selected. The area of the inner part of the fjord, also referred
to as Nordfjorden (Fig. 8), is 5 km long and 1.3 km wide, with a
maximum depth of 90 m. Kattfjord has a sharp bend to the northwest
accompanied by a decrease in depth to a sill with water depth 54 m and
11 m on each side of an island. Past this point (not shown), the fjord
continues before branching in two and eventually meeting the Norwe-
gian sea. The only other fjord that is directly connected to the Norwegian
sea, i.e., not being a branch of a larger fjord, is Storfjord (Figs. 1b and 3)
which is the inner part of Lyngenfjorden. Being over 80 km long, its head
is located further south than Kattfjord while the mouth is further north

and leads into the Norwegian sea. Fjord ice formed from the head of the
fjord outward 2-3 km, where depth is approximately 33 m and width
approximately 1.8 km. Storfjord is primarily straight with no abrupt
bends. The nearest sill to the ice edge is roughly 29 m deep and located 8
km from the head of the fjord.

There were two study sites in Balsfjorden; Ramfjord (Figs. 1f and 7)
and Nordkjosbotn (Figs. 1a and 2). Ramfjorden stands out amongst the
other fjords given the abrupt 90° turn it takes as one first moves
northeast into the fjord from Balsfjorden eventually turning to the
southeast. From the head of the fjord, depth increases quickly to 56 m
before decreasing to the first sill of 22 m depth. As the fjord changes
direction, depth again increases to 133 m decreasing only to 118 m at
the mouth of the fjord. The width of the fjord is fairly consistent along its
13 km length, being generally 0.7-1 km. Nordkjosbotn (Fig. 2) is a small
area located over the innermost 7 km of Balsfjorden. Samples were
collected on the eastside of a constriction, <500 m in width, where
water depth is only 11 m. To the west of the constriction, depth increases
gradually toward the main fjord basin of Balsfjorden.

The remaining three fjords are located over 85 km to the southwest.
Both Lavangen (Fig. 1d) and Gratangsbotn (Fig. 1c) are branches of
Astafjorden. While near to each other, they differ significantly in depth
and geometry. Lavangen (Fig. 5) varies between 1.5 and 2 km in width
as it bends smoothly from the southeast to east back to the southeast.
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Fig. 9. (continued).
Table 2
Freezing degree days in °C days for each fjord and winter season using 0 °C and — 2 °C, calculated for the period 1 Oct-1 May.
Nordkjosbotn Storfjord Gratangsbotn Lavangen Beisfjord Ramfjord Kattfjord
0°C —-2°C 0°C —-2°C 0°C -2°C 0°C -2°C 0°C -2°C 0°C —-2°C 0°C -2°C
2017/18 1159 1136 1134 1115 1008 972 977 943 855 851 777 749 573 537
2018/19 866 846 854 835 702 679 679 651 610 587 592 564 437 401
2019/20 762 732 756 725 560 518 533 495 446 409 516 484 368 313

Measurements were only collected at the head of Lavangen where width
decreases to <1 km and depth to <45 m. At its deepest Lavangen
measures 202 m with a sill located where it meets Astafjorden about 17
km from the head of the fjord, 106 m deep. In Gratangsbotn (Fig. 4) ice
was found to the east of a narrow constriction and sill, 300 m wide and 7
m deep respectively. Depth in the inner part of this part of the fjord, 6 km
in length, reaches a maximum of 80-85 m while width is consistently
between 0.9 and 1 km. To the west of this constriction, the fjord bends
several times over 14 km while depth increases to nearly 200 m before
meeting another sill only 30 m in depth.

The furthest south fjord, Beisfjord (Figs. 1e and 6) is a small side fjord
to Ofotfjorden. Being 8 km in length, and 0.8-1.0 km wide, depth rea-
ches a maximum of 44 m before a sill with a depth of 23 m. Moving
northwest to the head of the fjord, depth stays fairly constant at
approximately 24 m before decreasing again to only 3-4 m at the mouth
of the fjord. At this point the fjord also narrows from just over 1 km to
350 m.

2.2. Field measurements

Measurements of ice and water were made once a year at each fjord
after a solid layer of ice had formed, if any at all. Before ice samples were
gathered, any snow on the surface was removed to provide a clean area
from which to drill ice cores. At least two cores were taken at each
location for ice bulk salinity, stable isotopes, and ice stratigraphy. For
salinity measurements, the core was removed and laid horizontal
immediately to minimize brine drainage. Using a saw, the core was
sliced into 0.05 m sections and double bagged. Samples were melted at
room temperature before salinity was measured using a YSI Pro30
temperature/conductivity probe with accuracy of 0.1 on the practical
salinity scale (psu) (Fofonoff and Millard, 1983) and resolution of +0.1
(psu) or + 1% of the reading, whichever is greater. It is noted that the
sampling procedure is meant to minimize brine drainage, but it still can
occur being largely dependent on the brine volume fraction (porosity) of
the ice. The remaining seawater from the melted ice samples was placed
in glass bottles with cone liners and stored at 4 °C for stable oxygen
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Fig. 10. Backlit vertical thick sections of ice cores to highlight variations in pore structure and density between fjords and years. In general, the less transmittance of
light, the greater the scattering of light, signifying a greater number and/or size of pores. To highlight variations in pore shape, the core from Ramfjord is featured in

Fig. 18. Dashed boxes used to highlight two elongated pores referenced in text.

isotope analysis. 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 0.5
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 >24 h. Calibration was done through
measuring three inhouse standards of 580 between —1 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 5'%0, the R? value of the line was 1.0, with error between
separate readings most often being <0.01%o but with a standard devi-
ation <0.05%o. A Thermo-Fisher MAT253 IRMS with a Gasbench II was
used to measure of the quantity of 5'°0.

The stratigraphy core was stored at —18 °C to ensure minimal brine
drainage before being sliced in a cold room set to —12 °C. Vertical
sections of the stratigraphy core had a thickness of 1-1.2 cm. Using both
light transmission and cross-polarizers, ice type and transitions with
depth were examined.

For all fjords, seawater temperature and salinity were measured with
a CTD (CastAway-CTD, Sontek) at the ice-sampling location just after
the ice cores were collected. Slush was removed from one of the holes
before measuring the vertical distribution of temperature and salinity in
the water column below the ice by lowering the CTD manually from the
drill hole to the seabed. The CTD had a resolution and accuracy of

0.01 °C and 0.05 °C respectively for temperature, 0.01 (psu) and + 0.1
(psu) for salinity, and 0.01 m and + 0.25% of the measured value for
depth. Two casts were made at each location to ensure that consistent
measurements were obtained. The data presented here were taken
during the upcast, with measurements of pressure, temperature, and
conductivity converted to depth and salinity automatically by the in-
strument using the UNESCO equations (Fofonoff and Millard, 1983). The
CTD sampled at a frequency of 5 Hz and was raised at approximately 0.5
m/s. Only upcasts were used due to the presence of ice that sometimes
formed around the sensor while in between measurements. This resulted
in a clear error in measurements of the upper water column in the
downcast as the ice was melted and/or dislodged. Seawater samples
from 0.20 down to 2.0 m below the bottom of the ice were collected for
isotopic measurements using a manual water pump attached to a rubber
hose. The hose was rinsed with water from the desired depth and two
cone-lined bottles were filled and stored at the lab facility at SINTEF
Narvik at 4 °C until analysis at the UiT stable isotope laboratory.

2.3. External measurements

2.3.1. Determining ice freeze up and break up

UOVision UM 565 and UM785 trail cameras were used to collect
time-lapse images at all fjords except Nordkjosbotn. This allowed for
tracking of weather events as well as determination of ice freeze up and



M. O'Sadnick et al.

Depth [cm)]

Cold Regions Science and Technology 204 (2022) 103663

60
05) Beisfjord Ramfjord Kattfjord
19/04/18 19/03/19(a) 19/03/19(b) 19/03/19(c) 19/03/19(d) 20/03/18 13/03/19 12/03/20 21/03/18  14/03/19
(77/99 days) (16/49 days) (51/103 days)(83/138 days)(148/222 days)|(75/126 cays) (59/103 days)
80 .

Fig. 10. (continued).

break up. As images were only gathered in the last season, 2019-2020,
satellite imagery was needed to track the formation and breakup of ice
during the first two seasons. Two products were used for this purpose -
SENTINEL-1C-band Synthetic aperture radar (SAR) and imagery from
Terra satellite MODIS sensor, specifically the MOD09A1.006 Terra
Surface Reflectance 8-Day Global 500 m product (Copernicus Sentinel
data 2019). For the former, Ground Range Detected (GRD) scenes were
evaluated with Google Earth Engine (Gorelick et al., 2017). Processing
steps for MODIS imagery were described in detail by O'Sadnick et al.
(2020). Ice formation and break up can occur several times throughout
the season. Here, freeze up is defined as the first day of consistent ice
coverage, with no further break ups occurring before the day of mea-
surement. The ice edge often deteriorated over time, with rarely a single
event leading to all ice dispersing. The date of break up provided here
represents the first day where the fjord was entirely ice free.

2.3.2. Weather data and calculation of freezing degree days

Values for average daily air temperature, accumulated snow cover,
and runoff were obtained from the openly available web portal seNorge.
no (Lussana et al., 2018), providing spatially interpolated observational
data by the Norwegian Meteorological Institute and the Norwegian
Water Resources and Energy Directorate (NVE). Values for both runoff
and accumulated snow cover are derived using the Hydrologiska Byréns
Vattenbalansavdelning (HBV) hydrology model. Runoff (Q) in m/day is
a function of several parameters including precipitation and evapo-
transpiration as well as changes over time in the amount of water stored
in the soil, snow, and bodies of water (Bergstrom, 1992).The resolution
of the HBV model is 1 km. The following approach was used to find the
normalized daily runoff (Qgord, norm) for each fjord:

ijord
jord norm = 2
Qﬁo d Afjord
Ofjord = EQpiXﬂl + Zme[ +... 3)

ws 1 ws 2

Qpixel = QApixelF (4)

where Api is the area of a pixel equal to approximately 10°m? F =
fraction of the pixel within the watershed (WS), Qpix is the volume of
runoff for a pixel in m3/ day, Qfjord is total volume of runoff leading into
the fjord in m3/day based on each individual watershed (WS), and Qfjorq,
norm i the amount of runoff into the fjord normalized by Aforg, given in
m/day (m®/day per m?). Boundaries of water sheds were provided by
NVE through their watershed database, REGINE (Nedbgrfelt (REGINE),
2020). Fjord area is defined here as the area of the fjord connected to
these watersheds. In Figs. 2- 8, the area of the fjord shown is approxi-
mately the area of the fjord used in these calculations.

Accumulated snow cover and air temperature presented here come
from the selection of one pixel at the head of each fjord, located at sea
level. While this method does not account for variability throughout the
fjord it provides a general view of temperature and snow conditions at
sea level.

To better understand the overall potential for ice growth in each
fjord, freezing degree days (FDDs) were calculated from 1 October to 1
May. Additionally, FDDs were calculated starting from the day of ice
formation in each individual fjord until the day ice thickness was
measured. FDDs are derived by summing all average daily air temper-
atures (T,) below freezing point (Ty) from a start date (i = 1) to end date
(i=N):

N
FDD = ZAt{ (])-.‘f - Ta,i:
i=1 ’

Here At = 1 day. Given the uncertainty in the salinity of the surface
water at the time of ice formation, FDDs were calculated for both Ty =
0 °C, representing freezing temperature of fresh water, and Ty = —2 °C
representing sea water. Freezing degree days are useful in the prediction
of ice thickness which is approximated in the following using the
equation derived by (Anderson, 1961),

T <T

T, >T, ®
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Fig. 11. The same vertical thick sections as shown in Fig. 9, seen through cross-polarized filters to highlight transitions in ice crystal structure. Smaller crystals, less
homogeneous in shape, size and orientation are characteristic of granular ice, typically located in the upper part of the core. Elongated crystals are identified as

columnar ice.

H*+5.1H = 6.70 Q)
where H is ice thickness in cm and 6 is freezing degree days in °C days. In
this work, fjords are primarily ordered according to freezing degree
days, moving from the fjord with the highest value of FDD (coldest) to
the lowest (warmest).

3. Results
3.1. Weather conditions

Storfjord and Nordkjosbotn where the fjords with lowest air tem-
peratures, as displayed by the number of FDDs each year with temper-
atures frequently dipping below —10 °C or as in the 2017/18 season,
below —15 °C (Fig. 9, Table 2). Kattfjord had the highest air tempera-
tures consistently above —10 °C throughout the winter (Fig. 9b) and the
lowest numbers of FDDs.

For all fjords but Beisfjord, the lowest values of accumulated snow-
fall on land adjacent to the fjord occurred during the 2017/18 season
and the highest values during the 2019/20 season. In Beisfjord, 2019/
2020 began with higher values of snowfall but did not maintain the
consistent increase shown in other fjords. Additionally, Beisfjord had the
lowest snowfall values in comparison to other fjords for the last two
seasons.

10

For all fjords, runoff was generally low between December into
March and even April except in Kattfjord where events leading to runoff
(i.e., warm spells) occurred all three years in January. Another excep-
tion can be seen at the end of February during the 2018/19 season, when
the runoff increased in all fjords, being largest in Kattfjord and smallest
in Beisfjord.

3.2. Length of time with ice cover, ice thickness, and ice area

The observed duration of ice cover and thickness of ice varied be-
tween fjords and between years (Table 1). The longest period of
consistent ice coverage, 222 days, occurred in Ramfjord during the
2019/20 season. For Kattfjord, Storfjord, Gratangsbotn, and Beisfjord,
2017/18 had the longest period of ice coverage while Lavangen had a
nearly the same length of time with ice in the first two seasons, with a
shorter season during 2019/2020. Ice was thickest for all fjords on the
day of measurement in 2018 except for Gratangsbotn where no consis-
tent ice cover was observed. In contrast, ice extent on the day of mea-
surement was greatest in 2019 for all except Storfjord and Beisfjord with
both having the greatest extent of ice in 2018 (Figs. 2 — 8).

3.3. Ice core measurements

The ice core measurements revealed large variability in ice structure
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Fig. 12. Simplified view of cores showing division between columnar, transition, and granular ice. For further information on cores, see Table 1.

and crystallography between fjords and years (Figs. 10 and 11). The
greatest fraction of congelation ice was found in 2018 (Fig. 12). The
following year, cores had a mixture of columnar and granular ice while
in the final year, the two fjords where ice was sampled had cores
composed entirely of granular ice (Fig. 12). When the ice cores were
illuminated only by light (Fig. 10), layers of pores differing in size and
shape, changing between years and fjords, are apparent within both
granular and congelation ice. In the latter, cores from 2018 season have
the most examples of elongated pores, characteristic of saline sea ice, for
example in Nordkjosbotn where a brine pore runs from 35 to 55 cm
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depth. In Ramfjord, a pore approximately 6 cm in length is also visible
(marked in Fig. 10). However, in all other cores, pores are generally
thinner (approximately <1 mm) and shorter (approximately <2 cm) or
inhomogeneous in shape with layers of spherical or asymmetric pores
varying in density.

3.4. Ice core measurements — salinity and 580

Profiles of ice bulk salinity and 5'80 are shown in Fig. 13. The fjord
with the highest bulk salinity and §'®0 throughout the entire core came
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Fig. 13. Profiles of bulk ice salinity and §'80 for a) Nordkjosbotn, b) Storfjord, ¢) Gratangsbotn, and d) Lavangen.

Beisfjord, f) Ramfjord, and g) Kattfjord.

from Storfjord in March 2018. Second to this is a core gathered in
Beisfjord in 2019/20 that had high values of salinity in the upper 10 cm
granular ice that quickly decreased as depth increased. In all other cores,
bulk salinity did not exceed 3 psu with measurements being as low as 0
psu.

3.5. Seawater — CTD measurements

CTD measurements reveal a relatively large variation in water tem-
perature between the three field campaigns (Fig. 14). The coldest water

d.
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for all seven fjords was measured in March 2018. In all three years the
four furthest north fjords (Nordkjosbotn (Fig. 14a), Storfjord (Fig. 14b),
Ramfjord (Fig. 14f), and Kattfjord (Fig. 14g)) were cooler than the
southern three (Gratangsbotn (Fig. 14c), Lavangen (Fig. 14d), and
Beisfjord (Fig. 14e)), most noticeably in 2018 with the latter three fjords
being upwards of 2 °C warmer. All fjords had water temperature above
0 °C except Storfjord where a temperature of —0.11 °C was measured in
March 2018, which was the only year with measurements and ice in this
location.

At depths >1 m below the ice-ocean interface, salinity remained
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Fig. 13. (continued).

consistently above 32 psu for four fjords — Gratangsbotn, Nordkjosbotn,
Storfjord, and Ramfjord. In Beisfjord, ocean salinity was slightly lower
than the other fjords at depth being between 31 and 32 psu all three
seasons. When density is considered, all fjords display an increase with
depth with values ranging consistently between 1025 and 1027 kg/m®
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except for the uppermost measurements in Gratangsbotn, Lavangen,
Beisfjord, and Ramfjord that dropped to, at a minimum, 1020 kg/m°.
From these CTD measurements, it is apparent that all fjords were stably
stratified.
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Fig. 14. Profiles of seawater salinity (dashed line) and temperature (solid line) for each fjord and year. Zero depth represents the ocean surface with measurements
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Beisfjord, f) Ramfjord, and g) Kattfjord.

3.6. 680 in river, ocean and snow

The lowest 5!80 value measured of —13.02 %o occurred in the snow
of Ramfjord in 2019 (Table 3). River values of 5'80 were near to that of
snow but show differences between fjords. In Ramfjord and Nordkjos-
botn, river water consistently had values of 580 below —12 %o. For
Storfjord, Ramfjord and Lavangen, 5'%0 ranged between —11 and — 12
%o while Kattfjord was consistently between —10 and — 11 %o. Gra-
tangsbotn had a higher value of —10.86 %o in 2019 in comparison to
2020 where 5'%0 was measured to be —11.25 %o. Ocean water gathered
at depths ranging from 0.8 m to 1.5 m from the bottom of the ice, had
5180 values ranging between —1 and 0 %o with only two instances of
lower values in 2019, in Ramfjord and in one location in Beisfjord.

4. Discussion

Clear variations were observed in ice thickness, crystal structure, and
properties between fjords and years. Here the drivers of ice formation
and the differences in ice properties between seasons and fjords are
examined. Analysis and discussion are included of the relationship of ice
thickness and pore structure to several weather-related variables to
better understand if and to what extent each may influence ice formation
in a fjord environment. In addition, the relation to fjord geometry and
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bathymetry with focus placed largely on the influence of freshwater flow
into the fjord and the creation and persistence of a brackish surface layer
is presented.

4.1. Freezing degree days and the prediction of ice thickness

With lower temperatures and a greater number of freezing degree
days comes thicker ice as defined by Eqns. 3 and 4 above. However, in
the data presented here, this relationship is at times weak and incon-
sistent. While there is a significant positive correlation (p = 0.012) be-
tween ice thickness and freezing degree days accumulated from the start
of ice formation until the date of the thickness measurement during the
2017/18 season (Fig. 15), ice growth in the 2018/19 season appears to
be almost independent of this value. During the latter season, observed
ice thickness ranged from 0.15 to 50 cm although FDDs only varied
slightly, falling around approximately 350 °C days for all except the
Beisfjord core. The number of measurements in season 2019,/20 was too
low to draw conclusions. Eqns. 3 and 4 provide a starting point to
examine the connection between air temperature, ice growth and the
factors that may disrupt this relationship. Surface melt, for example, is
not included in this estimation although it can contribute to ice thickness
being less than that predicted (Fig. 15). The longest period of above
freezing average daily air temperatures experienced by all fjords
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Fig. 14. (continued).

occurred from approximately 23-28 February 2019. Outside of this
event, such periods of above freezing temperatures generally lasted only
1-3 days. The only exception was during the notably long 2019/20
season at Ramfjord, where average air temperature was above 0 °C from
7 to 14 January 2020. With above freezing days scattered amongst days
of below freezing temperatures, surface melt has potential to refreeze
forming superimposed ice further complicating estimations of ice
thickness.

Oceanic heat flux is another, likely significant, contributor to the
disagreement between calculated and measured ice thickness. Being
dependent on coastal and tidal currents, the shape and depth of the
fjord, and seasonal evolution of currents and temperature, oceanic heat
flux is non-trivial to determine, and requires time series of measure-
ments from a highly variable environment. Future work examining the
topic of oceanic heat flux and its relationship to ice in fjords will
therefore use detailed measurements of ocean temperature, salinity, and
currents in combination with numerical model simulations.

Retardation of ice growth due to the insulating properties of snow
and formation of snow-ice are also candidates that could explain the
failure of FDDs to explain ice thickness in season 2018/19. To investi-
gate the impact of particularly snow, we compare snow cover, expressed
as snow water equivalent (SWE) on the day of measurement, to mea-
surements ice thickness across all three seasons in Fig. 16. The signifi-
cant relationship (p = 0.014) supports that higher cumulative snowfall
over the entirety of the season, 1 October — 30 April, is associated with
thinner ice in the cores gathered. While this relationship is not apparent
in the winter of 2017/18 we attribute this to a larger snowfall event only
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several days before field observations therefore having minimal influ-
ence on ice growth.

While the retarding effect of snowfall on ice thickness may be intu-
itive there is another, contradictory, impact of snow at work - its ability
to increase ice thickness from the ice surface, upwards. In Ramfjord, as
noted above, the composition of the ice between the three years varied
substantially, from majority congelation ice, to a mixture between
congelation and granular ice, to entirely granular on the day of mea-
surement the last season (Figs. 11 & 12). Therefore, while snow may
have slowed ice growth for years where a solid layer of congelation ice
was present, snow also likely played an important role in thickening ice
at times, for example in 2019/20. The identification of snow ice in
comparison to columnar ice using 520 is a common method to deter-
mine the fraction of each ice type. In the cores studied here, this
approach is complicated by the substantial amount of meteoric water,
water that originates as precipitation like rain or snow including runoff
from rivers, in the upper water column contributing to ice formation.
Low values for 5!80 cannot therefore be attributed to only snow ice but
also frazil or congelation ice formed from fresh or brackish water or
snow flooded by fresh and brackish water instead of seawater. Each will
have a distinct signature for 5'80 that reflects both the mixture of fresh
and ocean water present at the ice-ocean interface and growth rate. The
samples collected show §'%0 values consistently below 0%o, the point
often used as the delineator between snow ice and congelation sea ice
(Eicken et al., 1994; Jeffries et al., 1994; Smith et al., 2012). The only
core with values above 0%o was taken in Storfjord. Granular ice having a
lower 5'80 value is present in the upper 5 cm however as ice transitions
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Measurements of 5180 taken from seawater with depth below the ice surface in m marked in parentheses, river leading into the fjord, and snow on top of the ice. n/m =

not measured.

Nordkjosbotn Storfjord
Date of measurement 5180 [%o] Date of measurement 580 [%o]
Seawater River Snow Seawater River Snow
20 Mar 2018 n/m n/m n/m 20 Mar 2018 —0.17 (1.5) n/m n/m
13 Mar 2019 —0.17 (1.5) —-12.15 n/m 12 Mar 2019 —0.08 (1.5) —11.55 n/m
12 Mar 2020 n/m —12.30 n/m 11 Mar 2020 0.09 (1.5) —-11.82 n/m
Gratangsbotn Lavangen
Date of measurement 5'%0 [%o] Date of measurement 5'%0 [%o]
Seawater River Snow Seawater River Snow
23 Mar 2018 —0.28 (0.4) n/m n/m 23 Mar 2018 —0.12 (1.0) n/m n/m
14 Mar 2019 -0.92 (1.0) —10.86 —12.55 (at surface) 14 Mar 2019 —0.53 (1.0) -11.34 n/m
20 Feb 2020 —2.42(1.0) —-11.25 n/m 2020 n/m n/m n/m
Beisfjord Ramfjord
Date of measurement 5'%0 [%o] Date of measurement 5'%0 [%o]
Seawater River Snow Seawater River Snow
19 Apr 2018 —0.56 (1.0 m) -12.57 n/m 20 Mar 2018 —0.81 (1.5) n/m n/m
19 Mar 2019 -1.57to- 0.7 (1.4 m) —12.49 n/m 13 Mar 2019 —1.06 (0.80) -11.14 —13.02 (surface)
22 Feb 2020 —0.81 (1.5 m) —12.52 n/m 12 Mar 2020 —0.51 (1.0) —11.55 nm
Kattfjord
Date of measurement 5'%0 [%o]
Seawater River Snow
21 Mar 2018 -0.12 (1.5) n/m n/m
14 Mar 2019 —0.72 (0.80) —10.24 —11.94 (surface)
12 Mar 2020 —0.16 (1.5) —10.65 n/m
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Fig. 15. Ice thickness compared to freezing degree days calculated from the
day of ice formation to measurement for 2017/18 season (black), 2018/19
season (blue), and 2019/20 season (green). Two values for each fjord are shown
connected- FDDs calculated using —2 °C and 0 °C. The dashed line represents
the calculated ice thickness (Eq. 4). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

to congelation ice, 5'%0 is shown to increase gradually with no abrupt
jumps to signal a boundary.
The proportion of snow ice is an important factor to consider as it can
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SWE [mm/day] - Day of measurement

Fig. 16. Ice thickness compared to snow water equivalent (SWE) on the day of
measurement for 2017/18 season (black), 2018/19 season (blue), and 2019/20
season (green). The solid line represents the linear trend fitted to the data with
equation and R? marked also provided. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

have an impact on, for example, the biologic productivity of the ice
(Granskog et al., 2003), the approach to accidents like an oil spill
(Oggier et al., 2019), the interaction between ice and structures (Timco
and Weeks, 2010), and how ice conditions may evolve through the
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Fig. 17. Ice thickness compared to total runoff up to the day of measurement (a) and over the entire season (b) for 2017/18 season (black), 2018/19 season (blue),
2019/20 season (green). The line represents the linear trend fitted to the data. The trends are not significantly different from 0. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

season (Polashenski et al., 2012). The timing of snowfall events, air and
ocean temperature, and other variables like wind and tides that cause
mixing, can all contribute to the balance between congelation and
granular ice growth- this topic specific to a fjord environment would
benefit from further examination.

Another factor that may impact the relationship between freezing
degree days and ice thickness and the general formation of ice growth in
fjords is freshwater which, when combined with limited mixing with the
saline ocean water below, can cause a decoupling between the surface
and intermediary layer. Through cooling of this upper-most surface
layer, ice can begin to form. For ice grown from seawater of approxi-
mately 33 psu, ice bulk salinity values between 4 and 8 psu have been
both modelled and observed during the ice growth phase in the Arctic
(Petrich and Eicken, 2010; Petrich et al., 2011). Measurements of ice
bulk salinity primarily below 3 psu and often below 1 psu, are indicative
of brackish or fresh water at the ice-ocean interface at the time of ice
growth yet ocean salinity on the day ice cores were gathered was not
often measured below 31 psu. For the fjords considered, there was an
insignificant relationship found between ice thickness and total runoff
from ice formation to the day of measurement and over the entire season
(p = 0.466 and p = 0.372 respectively) (Fig. 17). When a linear rela-
tionship is applied, the two show opposing relationships- runoff and ice
thickness being negatively correlated when considering only the ice
growth period, and positively related when the entire season is consid-
ered. In both cases however, the spread of values is large. The brackish
or fresh water was, therefore, likely confined to a temporary layer at the
ice—ocean interface controlled by the amount of freshwater flow leading
into the fjord and mixing by tides and currents.

While the number of variables at play in a fjord environment makes it
difficult to determine the influence of freshwater flux on ice growth rate,
its most significant role may come during the initial formation of the ice.
Fresh water will mix with the upper surface layer of the ocean as it enters
the fjord, decreasing its salinity to become brackish and decreasing its
temperature. The latter, the result of runoff coming from higher eleva-
tions where lakes and rivers are frozen and water temperature is often
near to 0 °C in winter. The thicker this brackish surface layer and the
greater the difference in density between it and the intermediary layer,
the greater the amount of energy needed to mix and disperse this layer
(Myksvoll et al., 2014). Heat loss may resultantly be largely confined to
the brackish surface layer enabling ice formation during periods of sub-
freezing temperatures as well as subsequent ice growth. Local knowl-
edge supported by scientific studies highlight the relationship between
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fresh water flux in winter and ice formation as noted by Green et al.
(2004) when examining the impact of hydropower dams on fjords.
While seawater temperatures below 0 °C were measured in 2017/18 in
Storfjord, in all other fjords and years (see Fig. 14), seawater tempera-
ture was several degrees above even the freezing temperature of fresh
water on the day of measurement. The 2018/19 season, in particular,
displays the possible relationship between a strong gradient in density in
the upper water column, a pycnocline, and onset of ice formation.
Although warmer than 2017/2018 based on FDDs (see Table 2), runoff
is seen to fluctuate through the beginning of December in all fjords with
another event occurring at the end of February (Fig. 9). We hypothesize
that these events created a fresh/brackish surface layer that led to the
formation of ice over a larger area of the fjord when temperatures
dropped below freezing (Li and Ingram, 2007).

Once a layer of ice forms, turbulence at the surface that may have
initially prevented ice growth will decrease enabling congelation ice
growth downward as exemplified by cores gathered in March 2018
where congelation ice dominated (Figs. 11 & 12). Alternatively, a thin
layer of ice can provide a platform for snow to accumulate, depressing
the surface and leading to flooding of the snowpack and the formation of
granular, snow ice once seawater refreezes. The latter is likely the pri-
mary process driving the thickening of ice sampled in 2020. In 2019,
both mechanisms of growth are clear in the cores with all exhibiting
both congelation and granular ice.

4.2. Conditions at the ice-ocean and ice-air interface and relationship to
variations in pore structure

The proportion of granular to congelation ice is the clearest indicator
of different ice conditions in the seven fjords observed (Fig. 12).
Through examining bands of different pore structure and density and the
associated fluctuations in bulk salinity and 580 a more detailed
description of how the ice formed may be formulated.

The cores presented in Fig. 10 provide many examples of obvious
changes in pore shape, size, and density for example in the congelation
ice of the Ramfjord core gathered March 2019. Shown again in Fig. 18
with salinity and 8'80 overlain, pores at 19 cm depth are nearly 2 cm in
length and clearly separated then become much smaller and densely
packed around 22 cm. Transitions are also apparent at approximately
32 cm and 38 cm with bulk salinity and §'80 showing clear variation
with the two properties at times being negative correlated as at 20 cm
depth, or positively correlated as at 35 cm depth. These shifts in pore
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Fig. 18. Backlit thick section of Ramfjord ice core gathered during the 2018/19 season with measurements of bulk salinity and §'®0 overlain with close-up view of

two sections.

shape and size, may be caused at least in part to the source of the water,
namely the amount of freshwater, in combination with other factors
such as ice temperature and growth rate, and flow rate of surface water.
Additionally, not all pores will hold liquid brine but be air-filled pores
also contributing to the variation in pore characteristics (Light et al.,
2003). How these factors combine and the resultant impact on bulk
salinity and 5'®0 values and ice microstructure are currently poorly
understood with further investigation recommended in the specific
application of fjord environments.

4.3. The impact of freshwater entry point, fjord geometry, and
bathymetry

Multiple cores collected in Beisfjord in 2019 provide an example of
how ice conditions may vary along a fjord due to location of freshwater
input and pathways it follows. Four cores were gathered along a transect
reaching 2.5 km out from the head of the fjord (Fig. 6). In the first two
cores, (a) and (b), salinity is similar being <1.0 psu while (a) has lower
5'%0 than (b) (see Fig. 13e). This may be due to a difference in growth
rate but given the increasing distance from the river, this slight differ-
ence might represent a lessening amount of river water at the ice-ocean
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interface. The third core, (c), has less granular ice (Figs. 10 & 11) but
some of the highest values of salinity and 5'®0 in the upper 10 cm,
gradually decreasing with depth. It is hypothesized that the water that
infiltrated the snowpack and refroze in (c) was possibly higher in salinity
due to timing or distance from the river. The final core, (d) was
composed primarily of nearly transparent ice due to very low porosity
(Figs. 10 & 11). In the bottom 8 cm of (c¢) and the entirety of (d), 5'%0
measured between —9.0 to —9.5 %eo. It is hypothesized that the water
that led ice at (d) to form from the surface down was also present at the
ice-ocean interface of (c), forming the bottom section of this core. The
similar decrease in 5'%0 found in cores (c) and (d) was not observed in
cores (a) and (b). Here, ice had values of §'80 consistently below 9.0 %o,
often below 10 %o. The water at the ice-ocean interface at (a) and (b)
may therefore have differed from that at (c) and (d) during the period ice
was present.

Fjord geometry and bathymetry are also important factors to
consider when examining where, when, and what type of ice was pre-
sent. A constriction, shallow sill, or both can lead to a higher tidal ve-
locity and resultantly heat flux. Significant bends in a fjord's coastline
may also act to alter tidal velocity and shelter parts of a fjord from
oceanic currents and waves as well as weather patterns, e.g. wind that
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blows preferentially from certain directions. In Ramfjord particularly,
these bathymetric and coastal features appear to influence the extent of
ice. From observation supported by timelapse and satellite imagery, ice
formation began at the head of the fjord near the river's entrance and
extended out to the sill and abrupt bend soon after initial ice formation
in 2019 and 2020. In 2019, ice eventually rounded the corner stopping
where a constriction is present. As time progressed, after the day of
measurement, the ice pulled back to a similar location as the ice edge
observed in 2020 holding more stably before further recession and melt
occurred. Further research is recommended to investigate the relation-
ship between ice extent and break-up to coastal geometry and
bathymetry.

5. Conclusions

The conditions along coastal Norway may parallel other locations in
the Arctic and sub-Arctic regions with similar variability in freshwater
flux during the winter months, and weather and oceanic conditions.
Along with potentially altering the safety of the ice for access, there are
also implications for structures placed in these areas, boats trying to
transit through, response to oil spills, as well as the overall health and
ecology of fjords and coastal regions. From the work presented here the
following conclusions can be drawn:

De-coupling between the surface and intermediary layer of the fjord
plays an important role in ice formation in Norwegian fjords as
demonstrated by the distinct difference in ice bulk salinity and 5'0
in the fjord ice versus the fjord water below. This is exemplified by
the low values of ice bulk salinity and §'%0 measured, characteristic
of ice frozen from fresh water, not seawater.

The use of freezing degree days may not be a dependable predictor of
ice thickness when applied to Norwegian fjords. Substantial
consideration must be given to the actual date of onset of ice for-
mation and snow cover. Other factors that may contribute include an
influx of warmer water into the fjord and runoff.

Single-year measurements of ice in Norwegian fjords provide little
insight into ice properties one should expect over longer time spans
since interannual variability is high.

Timing is an important factor in ice formation in fjords. How weather
and oceanic conditions overlap, including cold weather, runoff,
snowfall, wind, tides, and fjord-coast water exchange, will determine
when, how much and what type of ice will form.
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