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Abstract

Norwegian fjords act as a natural laboratory to observe the interaction of fresh water, fed by snow
melt, rain, and ground water with the ocean, from periods of relative warmth through winters with
sub-freezing temperatures. No two are exactly alike with circulation and stratification within the
fjord’s waters controlled by tides, river runoff, coastal exchange, and wind combined with the
bathymetry and shape of the fjord. Often surrounded by high mountains, weather including air
temperature, precipitation, and wind patterns can also differ significantly between fjords located
within close proximity to each other. The ice that can develop on the surface is likewise variable, a
reflection of the environmental conditions at the time of its formation.

Larger fjords along the Norwegian coast are ice free all year due to the influence of warm Atlantic
water, however, sea ice can form in the inner parts of fjords and in smaller fjord branches. While a
wide breadth of work exists examining mainland Norwegian fjords often focused on water mass
dynamics and their link to biological processes, little research has been conducted on specifically sea
ice in these locations. The overarching goal of the work presented here is to address this gap in
research and knowledge. To do so, first an assessment of ice extent in fjords and other coastal areas
along the coast of mainland Norway from 2001 to 2019 between February through May is completed.
Through the development of an automated method to estimate quantitatively ice extent in optical
satellite imagery, variability in ice extent between years as well as within single seasons is highlighted
for regions and specific fjords. An investigation into the factors potentially driving ice formation is
conducted with focused placed on air temperature, snowfall, and rainfall plus snowmelt. Next, seven
fjords located in northern Norway are studied in-depth through the collection of ice and ocean
measurements over the course of three winter seasons spanning 2017 into 2020. Ice stratigraphy, bulk
ice salinity and oxygen isotopic composition, ocean temperature, salinity and oxygen isotopic
composition, and river isotopic composition are analyzed. Possible connections to temperature and
snowfall are revisited in addition to river runoff illuminating further variations not only in ice extent
between seasons but also ice properties and the factors driving ice formation. Lastly, bulk ice salinity
and oxygen isotopic composition are given a closer look through the inversion of previously derived,
separate, relationships of each to growth rate and interface water composition. Results provide a
promising method to deduce ocean and weather conditions during ice growth in fjords and coastal
areas where continuous measurement through winter is not possible.

Ice alters the physical behavior of a fjord including stratification, the transmission of light in the upper
water column, and heat flux from the air to ocean and vice versa, and in turn alter biological
conditions. In addition, ice creates an obstacle to those transiting fjords and coastal regions by boat —
slowing speed, increasing risk in search and rescue scenarios, and complicating the clean-up of any
spilled pollutants such as oil. With industry increasing in the North, a larger number of boats and
people are being drawn to these areas. Understanding ice conditions including not only where ice may
be present but also the properties of that ice and the factors contributing to its formation will better
prepare northern communities for future development.
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1 Introduction

1.1 Motivation

This research was completed through the Center for Integrated Remote Sensing and Forecasting for
Arctic Operations (CIRFA) with support from SINTEF Narvik (previously Norut Narvik). Through
enhancing knowledge and advancing methodology of remote sensing data and techniques, CIRFA is
developing new technologies to assist in safer maritime operations in the Arctic. Utilizing a variety of
platforms, sensors, and surface-based measurements, the research and resultant innovation will benefit
industrial operators, the scientific community, and the whole of arctic society through improving
forecasts of ocean and sea ice conditions on both regional and local scales.

The work presented here was completed as part of Work Package 3: Oil Spill Remote Sensing. The
inspiration came during a data campaign completed at the Hamburgische Schiffbau- Versuchsanstalt
GmbH (HSVA) Arctic Environmental Test Basin in Spring 2017. Both electromagnetic (radar and
tomographic SAR) and optical (thermal, hyperspectral, and fluorescent) instruments were tested to
assess their effectiveness at detecting oil as it rose to the surface of two types of sea ice- one being
composed of only columnar ice and the other columnar ice with a granular surface layer (Oggier et al.,
2019; Petrich et al., 2018) (Fig. 1.1). The influence of ice type and microstructure has previously been
examined in both laboratory and natural sea ice in studies (Brandvik et al., 2010; Dickens, 2011;
NORCOR, 1975; Petrich et al., 2013). This connection to microstructure and the factors that will most
dominate the rise of oil through ice was a topic of consideration during a small field campaign to a
fjord in Winter 2018. The ice sample gathered was nearly fresh in its salinity, having very few pores
and clearly differing from the saline ice grown during the HSVA study. This led to the question to be
asked, where historically do you find ice along the coast of Norway and what are the properties of this
ice? How would our results from the HSVA experiment as well as other ongoing studies on the remote
sensing of ice translate to fjords and other similar subarctic coastal regions? It was then the topic of
this thesis came into focus as we considered the vulnerable coastal zone and fjords of Norway whose
ice, we knew very little about.

PIRR R e A o B A e s e o B

Figure 1.1: Comparison of oil migration upwards in laboratory-grown (a) columnar ice vs (b) granular/columnar ice
(from Petrich et al. (2018)).



The bathymetry and geometry of a fjord or coastline combined with variable input from freshwater
sources and changing oceanic and atmospheric patterns will influence when and where ice forms and
the properties of that ice. Ice, in turn, will have an impact on the surrounding environment, calming
surface waves, preventing sunlight from propagating into the water column, potentially disrupting
transit but also providing a platform for activity. Through this work it has become increasingly clear
that Norwegian fjords and possibly other similar subarctic regions, hold ice that disrupts assumptions
on its interaction with oil. In addition, for similar reasons, how this ice is characterized in application
to remote sensing, ice mechanics, and its interaction with local fauna must also be considered to
account for these potential variations. To ensure safe maritime operations, one must have a thorough
understanding of the ice conditions that may be present, from the high Arctic down to the climatic
subarctic regions where more populated coastlines exist and much activity is based.

The fjords and the coastal regions of Norway have played a role throughout human history, with many
early settlements dating as far back as 9,500- 8,000 BC strategically placed here for access to marine
resources (Fig. 1.2). At these locations, fresh water fed by retreating glaciers met the ocean resulting
in the mixing of water of varying salinity, temperature, and nutrient levels ideal for a diversity of
marine fauna to flourish (Breivik, 2014). In present day, towns and cities line the coast of Norway, not
only for their access to traditional industries like fishing but also natural resource developments and
shipping activities. Ice can form periodically over the winter yet little systematic documentation exists
to provide explanation of when, where, and the implications from both industrial and scientific
standpoints. The Norwegian pilot guide offers brief descriptions of ice conditions in selected areas to
assist boat and ship captains (Hughes, 2006), but direct observations of sea ice thickness, extent and
properties in fjords found throughout mainland Norway are very limited in published literature.

,

(a) (b)

(c)
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Figure 1.2: Location of early Mesolithic sites throughout Norway (a). (b) Closeup of northern-most Norway. (c)
Closeup of western Norway (from Breivik (2014)).



The fjord ice studied here forms on top of a stratified water column characterized by a thin surface
layer of very low salinity, an intermediary layer of similar composition to coastal water
(approximately 32 psu), and a dense basin layer below sill depth (Stigebrandt, 2012). Studies of sea
ice in the Baltic offer similarities particularly in how fresh water interacts with ice and the
microstructure of low salinity ice. Baltic seawater is brackish in character throughout, however,
differing in the stratified structure of a Norwegian fjord that has a strong influence on ice formation
(Granskog et al., 2005; Granskog et al., 2005b; Granskog et al., 2006). Research focused on Arctic
estuaries, also provides a basis of work to increase understanding of the interaction between river and
sea (Eicken et al., 2005; Macdonald et al., 1999; Macdonald et al., 1995). Application to fjord ice is
limited though, as estuaries differ from fjords in their depth, extent, and dynamics.

While there is a wide breadth of work focused on mainland Norwegian fjords (e.g. Asplin, Salvanes,
& Kristoffersen, 1999; Cottier et al., 2010; Eilertsen & Skardhamar, 2006; Jones et al., 2020;
Mankettikkara, 2013; Skardhamar et al., 2018), ice is only mentioned in passing if at all. The role of
sea ice in fjords on Svalbard is well studied (for example Cottier et al., 2010; Gerland & Renner, 2007;
Hop & Wiencke, 2019; Nilsen et al., 2008; Skogseth et al., 2020) but often cannot be applied to the
fjords of mainland Norway where marine-terminating glaciers are absent and both air and ocean
temperatures are higher. Thus, this thesis aims to provide the first comprehensive look at Norwegian
subarctic fjord and coastal ice to address an intriguing gap in scientific knowledge.

The main contributions of the work presented are:

¢ Identification of the fjords and coastal areas of Norway where ice has formed in recent history
(Paper 1)

e Measurement of natural fjord ice from different locations over a three-year timespan to
investigate variations in ice thickness, ice type, and ice bulk properties in relationship to fjord
geometry, weather patterns, and oceanic conditions (Paper 1)

o Determination of water composition at the ice-ocean interface during ice growth and the rate
of ice growth using measurements of ice bulk salinity and oxygen isotope composition (Paper

1)
1.2 Thesis Outline

There are three separate systems, all independently complexed, colliding when examining the topic of
ice formation, properties, and trends in subarctic fjords and coastal environments: ocean, atmosphere,
and ice.

In Chapter 2, we begin with an introduction to fjord oceanography, with primary focus placed on the
surface layer from which ice forms. An overview of the exchange processes occurring in a fjord’s
deeper layers is next examined to understand their connection to larger coastal processes. Lastly, a
comparison to ice formation in Arctic fjords is provided to reveal one extreme of the potential impact
of ice on a fjord system and why subarctic fjord ice is distinctly different from sea ice formed
elsewhere.



In Chapter 3, an introduction to ice physics, is provided. The microscale processes that lead to
formation, the different types of ice types found in fjords and the ice properties of greatest relevance to
the published work are each highlighted. An explanation of the thermal, electrical, and optical
properties of ice as well as the evolution of ice bulk salinity and oxygen isotope composition is
additionally presented.

In Chapter 4, an overview of the field work completed is offered including a summary of where,
when, and what measurements were obtained.

In Chapters 5 — 8, after now having a picture of the fjord environment painted, the three journal papers
composed as part of this dissertation are first summarized then presented in full:

Paper I: M. O’Sadnick, C. Petrich, C. Brekke, & J. Skardhamar “Ice extent in sub-arctic fjords and
coastal areas from 2001 to 2019 analyzed from MODIS imagery”, Annals of Glaciology, vol. 62,
no. 82, pp. 210- 226, 2020.

Paper I1: M. O’Sadnick, C. Petrich, C. Brekke, J. Skardhamar, & @. Kleven “Ice Conditions in
northern Norwegian fjords: Observations and measurements from three winter seasons: 2017-
20207, Cold Regions Science and Technology, 2022, accepted with minor revisions, in review.

Paper I11: M. O’Sadnick, C. Petrich, & J. Skardhamar “The use of ice bulk salinity and 60 to
investigate changes in the fjord environment over a winter season”, The Cryosphere, 2022,
submitted.

In Chapter 9, this work concludes with a summary of the most significant research findings and
potential topics for future research.



2 The Oceanography of Fjords

The water column of a fjord can typically be divided into two, at times three layers, based on gradients
in temperature, salinity, and density (Fig. 2.1). The bottom-maost layer, from here referred to as basin
water, is formed below sill level where exchange with coastal water is limited. Above sill depth, two
dominant layers can form- a surface layer being influenced by the inflow of freshwater and thus often
fresh or brackish, and the middle, intermediary layer below the influence of surface processes and
above sill depth (Farmer & Freeland, 1983; Inall & Gillibrand, 2010). This stratification is a key
component of the fjord system and influences circulation and the overall mixing processes throughout
the fjord. In turn, the fjord ecosystem, geology, and other physical processes including ice formation
are impacted. Here, a summary of processes most pertinent to ice formation is provided including
those that may pre-condition a fjord for ice or hinder its formation.

heat
I windstress flux
—— \ estuarine circulation j
~}—pp— intermediate exchange ——

. ) ) i nvecti
forcing =2 jets and solibores +g€enifﬂve
- 63,4 T
aspiration ( %,
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ﬁ}%ﬁsﬁ diffusiveymixing

X

waves

Figure 2.1: Schematic of layering and physical process found in a sill fjord (from Inall & Gillibrand (2010)).

2.1 The Surface Layer: Freshwater flux into a fjord and density
gradient

The Norwegian Coastal Current carrying Norwegian Coastal Water that originates in the Baltic Ocean
flows northward along the Norwegian coast. Along the way, it can interact with Atlantic Water in the
Norwegian Atlantic Current. These currents and their interactions with water masses in the south and
west will influence ocean temperature along the Norwegian coastline and subsequently, the
temperature of seawater in fjords (Eilertsen & Skardhamar, 2006). It is due to this current that coastal
Norway remains largely ice free in comparison to coastlines at similar latitudes, for example,
Greenland. Within the inner parts of fjords, however, freshwater runoff will act to lower both the
temperature and salinity of a fjord’s surface layer enabling the possible formation of ice. The details of
this process are discussed in greater depth throughout the following chapters.

The properties of the surface layer including thickness, temperature, and salinity, are determined
primarily by the flux of freshwater into the fjord, size of the fjord, and amount of mixing. The first,
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freshwater flux, is dependent on the size of the catchment area and amount of rain and snowmelt it
receives, with rainfall directly on the fjord surface often negligible in comparison (Inall & Gillibrand,
2010). Along the Norwegian coast, warm and wet summers are contrasted by cold and relatively dry
winters. Freshwater flux will therefore increase in the spring as the snowpack begins to melt and
precipitation comes more frequently in the form of rain rather than snow. The peak in freshwater flux
that results can last into August however periods of rain, such as those that can come in the Fall
between September through November, may lead to subsequent but less pronounced peaks
(Wassmann et al., 1996). Once winter arrives and temperatures below 0 °C dominate, the flux of
freshwater will slow substantially as rivers and lakes freeze and snow replaces rain. In sub-arctic
regions such as Norway, freshwater can continue to flow into fjords throughout winter due to periods
of above freezing temperatures and rainfall. Such trends are becoming more common in recent years
with average annual temperature, precipitation, and runoff in winter increasing over mainland Norway
since 1900. For example, in a comparison of winter seasonal runoff from 1971 — 2000 versus 1985 —
2014 Norway, as a whole, experienced approximately 6 % increase in runoff during specifically
winter with the northern-most region of Troms and Finnmark recording over an 18 % increase
(Hanssen - Bauer et al., 2017).

Additionally, hydroelectric facilities are often located along the rivers that lead into fjords. Freshwater
runoff into the fjord can resultantly be impacted by, first, changing the outflow from surrounding
watersheds to lead to the reservoir and eventually the fjord. Second, with higher electricity demands in
wintertime, reservoirs will often be opened increasing flow during a period of year when this does not
occur naturally. The ecology and biogeochemical cycles in the fjord will resultantly be impacted as
well as the properties of the surface layer including the greater potential for ice cover in fjords (Green
et al., 2004). Winter-time freshwater flux can have a large influence on ice conditions in a fjord,
leading at times to rapid formation and subsequent thickening depending on factors including wind
and tidal mixing.

2.1.1 Freshwater plume dynamics

The surface layer is largely controlled by the river plumes that feed into a fjord. The fjords of focus
here hold rivers substantially smaller than those elsewhere in the Arctic from which many studies of
plume dynamics originate (e.g. the Mackenzie River in Canada and Lena River in Russia). The theory
behind the spread and evolution of a river plume remains relevant, however, as similar processes may
still occur albeit on a different scale. It is useful to consider these processes and how they relate to
when and where ice may form and, additionally, to increase understanding of the variations observed
across fjords and years. Further research into the spread of river plumes in narrow fjords fed by
smaller rivers, their evolution through changing seasons, and interaction with an ice cover is
recommended, however.

2.1.1.1 The spread of ariver plume

The origin of the surface layer in a fjord is connected to the evolution of river plumes with fjord
geometry and bathymetry near the river outlet, freshwater flux, influence of wind, geostrophic
controls, tides and current all having an influence on depth and areal extent. The Froude number (Frp)
of a plume is generally defined as the ratio between inertial and gravitational forces:
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Frpl = “pl (21)

Where, in application to a river plume, uy is the velocity of upper layer, g’is the g(4p/p) , and hy is
the the thickness of the upper layer. Mixing of the river plume depends on whether conditions are
subcritical (Frp < 1) in comparison to supercritical (Fry > 1). The presence of ice will additionally
play an important role in the fate of the plume. Horner-Devine et al. (2015) define four dynamical
regions of a freshwater plume, as depicted in Fig. 2.2:

1)

2)

3)

4)

The source region- located within or at the river mouth where the buoyancy and momentum of
the freshwater flux from the river originates (Frp < 1)

The near-field region- also referred to as the tidal plume in areas with large tides, it begins
where the river plume lifts off and loses contact with the seabed. After this point, the
buoyancy of the plume is exceeded by the river’s momentum, leading to substantial mixing
through sheer instabilities and turbulence (Frp > 1)

The mid-field region- the river jet that characterizes the near-field region begins to lose its
dominance with either geostrophic or wind-driven estuarine circulation forces increasing in
their influence over the flow of the plume (see Sections 2.1.2.3 & 2.1.2.4).

The far-field region- all momentum provided by the initial river plume has dissipated with
geostrophic and/or estuarine circulation, stress at the ocean/air interface at the ocean’s bed,
and buoyancy determining the fate of the plume. Despite mixing, a significant gradient may
still exist between the plume and underlying seawater

sipEcuy

Figure 2.2: (a) Schematic of plume spreading in the source and near-field regions. (b) large scale mixing
structures in the near-field region comprised of (c) shear instabilities (from (Horner-Devine et al., 2015))

In a fjord, the movement of a plume is bounded on all but one side with tide playing a key role in the
extent of the plume. During periods of flood, the water column will have a higher salinity, with the
plume not extending far from the source region. When the tide ebbs, the water column will become
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more stratified with greater turbulence and sheer at the interface of the plume and the seawater (Nash
et al., 2009). A Richardson number, which provides a description of turbulence, specific to rivers can
be defined to provide an approximation of the ratio between turbulent and advective flux given certain
river and tidal conditions (Fisher, 1972; Nash et al.,2009; Horner-Divine et al., 2015):

T | Qf

Rie =g (Wu?idal> (22)
Where Q is the river discharge, w is the width of the estuary, and usqa is the tidal velocity. When Rig<
Ya, sheer velocity from tidal forces can overcome the stratification that is the result of Qs, thus creating
more turbulence and resultantly mixing.

2.1.1.2 Theinfluence of ice on ariver plume

Once an ice cover is present, the movement and evolution of the river plume will change due to the
now negligible influence of wind. This will allow the plume to extend further, undisrupted by the
mixing that normally occurs at the surface but still hindered slightly by friction at the ice-ocean
interface. As a result, stratification of the water column will differ with studies showing freshwater
plumes that extend further and are of greater thickness in comparison to when no ice is present. Tidal
forces will persist however, limiting plume extent despite potentially a comparatively high freshwater
flux. For example, the Great Whale River in Hudson Bay has a discharge upwards 20 times greater
than that of the River Siikajoki in Bothnia Bay, yet the extent of the two plumes is approximately the
same during the winter. This is due to the tidal forces being considerably greater at the Great Whale
River and counteracting the movement of the river plume outward in comparison to River Siikajoki.
Once sea ice melts and wind-mixing can take place at the surface, plume extent is drastically altered in
Bothnia Bay and River Siikajoki being over 10 times less in summer time versus 4 times less at the
Great Whale River (Granskog et al., 2005; Ingram & Larouche, 1987).

The ebb and flow of the tide will also influence the shape and extent of a freshwater plume (Fig. 2.3).
During periods of flow, plume extent will be limited as river velocity is counter-acted by tidal forces.
Once the tide ebbs, the plume will deepen and extend further outward. The depth can vary depending
on the height of the tide and friction experienced at the ice-ocean interface, not always decreasing as
distance from the river outlets increase. This is the case during periods of particularly low tide when
ice surface can become depressed leading to more turbulence and unstable flow at the ice-ocean
interface (supercritical, Fr > 1). As a result, the river plume can deepen after leaving the river mouth
where ice plume thickness normally derives (Li & Ingram, 2007).
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Figure 2.3: Comparison of modeled river plume extent and depth under-ice for ebb and flood cycles (including Fr
number) for different river fluxes with friction included, (a) 200 m3/s, (b) 400 m?/s, (c) 600 m?/s, (d) 800 m%/s (Li &
Ingram, 2007)

The extent and depth of a freshwater plume is relevant to consider through the winter as it will
determine the water properties at the ice-ocean interface and therefore ice bulk salinity, isotopic
signature, and brine volume fraction. In the Baltic, layers of freshwater ice can form under brackish
ice having microstructure similar to that of higher salinity ice with interconnected brine pores and
channels. Microbiota and algae will inhabit this space meaning that layers of freshwater ice, having
lower porosity, will impact their extent. Additionally, this variation in microstructure will influence
ice permeability, with lower porosity fresh water ice potentially limiting the exchange between the
ocean and high salinity ice (Granskog et al., 2005). In relationship to subsequent growth of sea ice, a
plume of fresh water can act to stabilize the water column and limit the turbulent exchange of oceanic
heat flux. As a result, such plumes may lead to an increase in growth rate and/or limit bottom melt
(Granskog et al., 2005; Omstedt, 1998; Shirasawa & Ingram, 1991). The latter is particularly
important to consider in a sub-arctic fjord environment where ocean temperature and heat flux can
play a considerable role in the formation and break up/melt of ice.

2.1.2 Evolution of the surface layer

The formation of ice from the surface layer enables quicker subsequent ice formation by: 1) calming
surface turbulence that would otherwise prevent ice formation enabling the growth of congelation ice
downwards and 2) provides a platform for snow to accumulate leading to the formation of granular,
snow ice. Both processes, separate and combined, will lead to the thickening of this ice, making it
more resilient to wind, waves, and other currents within the fjord that otherwise would obstruct ice
formation or lead to breakup of thinner ice layers. Thus, the formation of the surface layer through the
spreading of a plume and the resilience of that plume to resist mixing is of great importance when
studying ice formation in sub-arctic fjords. How a surface layer of fresh or brackish water originating
from a river plume evolves as it moves outward into the fjord will depend on several factors including
the density gradient separating this top layer from the ambient ocean water beneath and the strength of
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wind, tidal, and Coriolis forces. Each can influence the extent of mixing of the surface and at times,
deeper layers, which can subsequently impact if and where ice formation occurs.

2.1.2.1 Degree of stratification

The fate of a surface layer including the rate it may be mixed downward is related to the degree of
stratification in the upper water column characterized by a buoyancy frequency (N in 1/s):

N2 = (—pi‘;’l—’z)) (2.3)
Where g is acceleration of gravity, p, is a reference density taken below the surface layer, and dp/dz is
the change in density over depth (z). A higher frequency represents a more stratified water column, the
result of a sharper gradient in density between layers. When a parcel of water is displaced to a layer
differing in buoyancy, it will rebound to return to its starting position resulting in turbulence at this
boundary. The greater the buoyancy of the surface layer, or in other terms the greater the stratification,
the more resilient the surface layer will be to mixing.

2.1.2.2 Convective mixing

Mixing of the surface layer downward can occur without currents or wind. As the surface decreases in
temperature, the density of water will increase, sinking downward until it reaches a depth of equal
density, thereby setting up convection in this layer and altering the temperature and salinity of the
surface layer. The evolution of these properties is dependent on the surface buoyancy flux (gg iora In
J/(ms)] . For a fjord where a homogeneous layer of fresh water is present, this property can be
described (Farmer & Freeland, 1983):

ds,fjora = 9P — po)Qs (2.4)

This differs from definitions of surface buoyancy flux in application to the larger ocean where
freshwater runoff from land plays little, if any, role. Buoyancy flux is instead defined as function of
surface heat exchange and freshwater flux dependent on evaporation and precipitation (Cronin &
Sprintall, 2001). For fjords, freshwater flux is dependent on runoff from land with precipitation and
evaporation at the fjord surface contributing very little (Inall & Gillibrand, 2010).

The rate of deepening due to convection in the surface layer is defined:

d_h _ l«/TQB,fjord (2 5)

dt ~ 2 N+t

Where r is a constant describing dissipation of energy ranging between 2 to 6 and t is time in seconds.
An increase in freshwater flux or a decrease in stratification will both act to change the depth of this
layer at a faster rate over time while a lesser flux or greater stratification leading to comparatively less
mixing downward. The latter is what may occur on a calm, winter day a Norwegian fjord when
freshwater flux is substantially less than in the summer. If the surface layer is stratified, being fresh or
very low salinity, even with cooling it will not sink downwards into the saline water below. Thus,
cooling to freezing temperatures will occur quickly in this potentially thin upper layer.
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As discussed in Section 2.1.1.2, with the formation of ice, mixing by wind of the surface will end thus
placing more focus on the influence of tidal currents. Before ice is present however, it is useful to
understand the amount of wind needed to mix a surface layer which may resultantly influence if ice
forms as well as the type of ice (See Section 3.1.3). Wind across the surface of the fjord will lead to
mixing downward to a depth proportional to the Monin-Obukhov length (L) (Farmer & Freeland,
1983):

3

L=——1% (2.6)

kag fjora

Here uy is the vertical flux of momentum from wind and hence, negative in the downward direction
and Kk is a constant. As Eq. 2.6 clarifies, an increase in wind will lead to a deepening of the mixed
layer. A thinner layer with less of a buoyancy flux will also be less able to balance the momentum
from the wind also leading to deepening. Alternatively, a more stratified water column having a higher
buoyancy flux will act to counteract the wind, limiting the thickening of the wind-effected layer.

2.1.2.3 Estuarine circulation

The depth of the wind-effected layer is an important characteristic to consider in relation to circulation
throughout the entirety of the fjord (Fig. 2.1). Estuarine circulation is characterized by a surface layer
being forced by both wind and current from the river out of fjord. To replace this water, deeper, more
saline, water is brought into the fjord beneath the surface layer leading to a conveyor belt-like pattern,
called estuarine circulation, along the fjord’s length. As this occurs, saltier water will be mixed
upwards weaking the density gradient between the surface and intermediary layers.

Estuarine circulation is strongest nearest to river outlets where runoff for a unit area and current from
the river is at its the greatest. Moving down fjord, current in the upper surface layer will weaken and
mixing between fresh and saline water will increase leading to the water column to become less
stratified (Myksvoll et al., 2014). The thicker the upper layer, the lower its velocity as it moves out of
the fjord (Stigebrandt, 2012). The ratio between the freshwater flux leading into a fjord and the saltier
water brought in is often used to categorize estuaries. The greater the amount of freshwater in
comparison to the seawater from outside the fjord, the less mixing is occurring between layers which
indicates less estuarine circulation (Inall & Gillibrand, 2010).

Estuarine circulation will lessen considerably, if not stopping entirely, in wintertime due to the
decrease in runoff from land. If ice formation does occur, estuarine circulation will be disabled
entirely in areas of the fjord that are ice covered. Resultantly, stratification in the fjord under the ice
cover will persist even during periods of increased runoff and wind. Thus, by overlooking ice
formation in fjords, one risks overestimation of processes like estuarine circulation and its impact on
the fjord environment in winter but particularly into spring when widespread melting of snow begins.

2.1.2.4 Geostrophic circulation

The width of a fjord and thickness of the surface layer will determine how strongly circulation within
a fjord is influenced by the Coriolis force. The baroclinic radius of deformation (R) is defined as:
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H (2.7)

R = -

g = g(pz—pl) (2.9)
2

f = 2Qsing (2.10)

Where H is the total depth of the fjord with subscripts 1 and 2, denoting the thickness (H) and density
() of the surface layer and layer beneath respectively, f is the Coriolis coefficient, Q = 7.2921 x 10°
rad/s, and ¢ is latitude. When the diameter of the fjord is greater than R, it will experience rotation due
to the Coriolis force. The thinner the surface layer, the greater the difference in density between the
two layers, and the higher the latitude, the smaller R. Given the dependence on stratification and
thickness of the surface layer, the radius of deformation will change throughout the year.

Fjords that experience geostrophic circulation consistently over a period can develop circulation
patterns not only in the surface layer but through their depths (Fig. 2.4). For example, as wind blows
up or down fjord consistently, the surface will be deflected to the right as the result of the Coriolis
force and Ekman transport. This will cause the thickness of the surface layer to vary across fjord as
well as downwelling to occur along one shoreline while upwelling occurs along the other. Such
circulation is often evident in temperature and salinity gradients across the fjord, both of which can
influence ice formation (Cottier et al., 2010; Cushman-Roisin et al., 1994; Skardhamar & Svendsen,
2010).
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Figure 2.4: Schematic of the two-layer density structure of a fjord before and after continuous down-fjord wind
(marked as an X). Due to geostrophic forces and Ekman transport (width of fjord > baroclinic radius of
deformation), upwelling and downwelling will occur on the left and right sides of the fjord respectively (from
(Cottier et al., 2010)).

An influence by geostrophic circulation was suspected at several of the fjords examined but not
investigated in-depth. In Beisfjord for example, ice formation often originates along the northern
coastline, to the right when looking down fjord. Deflection of fresh water from the river towards this

coastline as well as upwelling/downwelling offers a potential explanation. Measurement of surface
salinity during periods of high wind and river runoff would further help to investigate this possibility.
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2.2 The Intermediary and Deep Layers

The formation of ice in a fjord is tightly connected to the surface layer. Throughout the depth of the
fjord however, currents controlled by differences in sea surface height (barotropic) and density
gradients (baroclinic) between coastal and fjord waters will drive mixing and exchange with coastal
waters. While processes in deeper layers may have a less defined impact on ice formation and
properties, a summary is provided to aid understanding of the fjord environment as a whole and the
complex intermingling of factors that may contribute to variability in ice conditions.

2.2.1 Baroclinic Flow

Beneath the water mixed by estuarine circulation and above the sill depth is where an intermediary
layer can form. Coastal waters will often differ in density in comparison to seawater at a similar depth
within the fjord. As a result, a baroclinic current will form to bring the two to equilibrium. This
process, intermediate exchange, will evolve throughout the year as both coastal currents and water
within the fjord vary in their density and stratification (Inall & Gillibrand, 2010). Annual stratification
cycles in coastal waters lead to exchange to occur over longer, more predictable time periods. Daily
and weekly changes to conditions however, such as wind events that lead to coastal upwelling and
downwelling or larger inputs of freshwater along the coast, can drive baroclinic movement over
shorter time scales. Intermediary circulation depends on three main factors: the depth and width at the
fjord mouth, the surface area within the fjord, and the variance in the density gradient directly outside
the fjord mouth (Aure et al., 1996). Circulation in the intermediate layer can be significantly greater
than that attributed to surface layer (through e.g. estuarine circulation). For this reason, it is important
to consider in studies of water quality including nutrients in the water column and pollution that may
come from aquaculture, sewage, and other industries present along the fjord (Arneborg, 2004; Aure et
al., 1996).

Baroclinic exchange is not limited to the intermediate layer and can impact basin water as well.
Coastal water moving into a fjord may be denser than the intermediary layer resulting in its sinking
into basin water once it crosses the fjord entrance. An increase in tidal velocity as coastal water passes
over asill, a barotropic flow, can additionally bring water outside the fjord deeper than sill depth into
the fjord. If little mixing occurs as this water moves over the sill, it may sink into the basin water
potentially to the fjord bottom in what is considered a deepwater renewal event. Such occurrences are
important for the health of the fjord environment, displacing stagnant, potentially de-oxygenated,
water with nutrient rich coastal water (Darelius, 2020). Full renewal events will occur as fjord waters
slowly freshen through convective and turbulent mixing at the surface combined with stronger than
normal tides (eg. Equinoxal spring tide) that can pull deeper water from the coast into the fjord (Inall
& Gillibrand, 2010). The former factor is relevant to consider in reference to the impact of ice
formation on a fjord environment. With ice present, mixing of fresh water downward due to wind and
surface currents will not occur. As a result, a full renewal of basin water may be delayed. Renewal
events in ice covered fjords environments are researched in Arctic environments (discussed further
below). There is an apparent absence of research, however, around the influence of ice on deep water
renewal in sub-arctic fjord environments with focus placed instead on only ice-free conditions.
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2.2.2 Barotropic Flow

Barotropic flow derives from differences in sea surface height that create a pressure gradient force on
the water column. This force is constant with depth however the barotropic flow that results will not
be given friction at the bed and its interaction with other coastal features. Tide is the primary driver of
barotropic flow with storm surges caused by low pressure, wind, and/or heavy rainfall leading to
particularly strong, energetic events (Inall & Gillibrand, 2010).

The barotropic tidal speed entering a fjord is tightly connected to the geometry of a fjord and can be
defined as:

u = a cos(wt) (2.11)

Af

a = wafm (212)

Where w is the wave frequency, as is the sea level amplitude (tidal height), At is the horizontal surface
area of the fjord, B is the width of the mouth, H; is the depth of the sill, and Hg is the depth below the
sill. Internal waves in a stratified water column are the result of a barotropic tide interacting with
bottom topography, specifically a sill. As they enter into a fjord they will travel along the boundary of
the intermediary and deep water, at times breaking in places where a slope in the bed is present
(Stigebrandt, 1976). This results in vertical mixing and diffusion which will in the decrease in density
of deep water discussed in Section 2.2.1. The speed of an internal wave (¢i) in a stratified fjord is

calculated as:
Ap HtHB
;= / ——t= 2.13
i 9 po He+Hp ( )

To determine if an internal wave is generated at a fjord entrance, the densimetric Froude number
(Frsin) must follow Frs < 1 (subcritical) where:

Froy =+ (2.14)

When Frsi > 1, a tidal jet will instead be created (Stigebrandt, 2012). An acceleration in tidal velocity
will occur as a water passes over a sill due to the decrease in cross-sectional area thus creating a jet on
the lee-side of the sill (Fig.2.1). The narrower the constriction in comparison to the size of the fjord,
the greater this acceleration as well as value for a, resulting in a larger value for Fr. A decrease in
stratification will also lead to smaller values for c; further increasing Fr. Therefore, in cases where Fr
is considerably larger than 1, the lesser the likelihood of internal waves whereas if Fr is close to 1,
both internal waves and a jet may be created depending on timing within the tidal cycle (Stigebrandt,
1980).

In a jet — type fjord (Frsin > 1), velocity will increase over a sill then decrease quickly as the jet
separates from the sill and ocean bed, moving into the deeper and wider fjord. As this occurs, the
width of the jet will stay fairly constant, being comparable to the width of the sill. This is an indication
of the high dissipation of turbulent kinetic energy, and resultantly mixing, within the jet. Larger
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amplitude waves can be created between the jet and underlying water on the lee-side of the sill as well
but these have been observed to quickly dissipate (Inall et al., 2004). Such jets may have potential to
influence the formation and extent of ice in a fjord environment. The increase in tidal velocity and
resultantly turbulent kinetic energy, for example, may disturb surface layers near to the sill which
would resultantly increase temperature and salinity of the surface due to mixing with the intermediary
layer. In addition, if ice is present, the increase in tidal velocity at the ice — ocean interface will
increase oceanic heat flux at this boundary leading to bottom melt (See Section 3.2.1). Neither of these
hypotheses were tested as part of this work, however, a relationship between ice extent and
bathymetric and coastal features was suspected after observing consistency in the placement of ice
edge during certain periods of the year. The impact of some features (e.g. sharp bends in the coastline
at Ramfjord and Kattfjord) is easy to surmise given the protection it may offer but others were not.
The connection between tidal processes, fjord geometry, and ice formation in a fjord environment is
therefore, one more of many, potential pathways for future research.

2.2.3 Atmosphere-ice-ocean interaction in the Arctic

In Arctic fjords, a substantial cover of sea ice can be present from early winter well into spring. The
ice that forms is typically of higher bulk salinity than any ice gathered as part of this study- ranging on
average between 5 — 8 psu. This is the result of ice in Arctic regions forming from seawater of higher
salinity than in sub-arctic fjords where a fresh or brackish surface layer plays an important role in ice
formation. Whether ice forms from saline or fresh water plays an important role in the stratification of
a fjord’s water column and coast- fjord exchange. As ice forms from ocean water, salt is rejected from
the ice matrix and expelled at the ice-ocean interface (Fig. 2.5). The brine will be denser than the
surrounding seawater due to its high salinity and low temperature (see Section 3.1.3.3) and resultantly
sink down the fjord bottom, mixing and displacing deep water present below the sill. In the spring, sea
ice melts and more fresh water enters into the fjord from the surrounding land leading to a layer of
lower density water to form on the surface. Diffusion and mixing occurs over time leading to a
stratified water column to form similar to what has previously been explained with a surface,
intermediary, and deep water layer. In the Fall, heat loss from the surface will lead to convection
throughout the surface and intermediary layers which will eventually lead to ice formation. Once ice is
present, the replacement of deep water will begin again (Cottier et al., 2010).
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Figure 2.5: The annual evolution of the water column in an Arctic fjord with sea ice present during winter (from
(Cottier et al., 2010))

The amount of ice formation in an Arctic fjord will play an important role in exchange with coastal
waters. For example, in Svalbard, warm and saline Atlantic water was able to flow into Isfjorden
during August and September of 2002. Subsequently, a new population of blue mussels was reported
in 2004 at the mouth of Isfjorden that was found to have settled in 2002. Species of both Atlantic cod
and salmon, anomalous to the region, were also reported during this time. Nilsen et al. (2008) found
the amount of dense, deep water was controlled by the amount of ice production during a given winter.
During seasons with high ice production, more deep water was created leading to higher density
gradients between shelf and fjord waters. This influenced where and when shelf water was able to
penetrate into the fjord and thus impact other parts of fjord system, namely biological activity.

In a sub-arctic fjord environment, the expulsion of brine will be less given the lower salinity of the
surface layer. A broad variation in bulk salinity and isotopic signature (linked to the freshwater
influence) was found between fjords and years however, meaning that there is potential for such
processes to occur, albeit most likely on a smaller scale, in these regions. The influence of ice on
circulation and exchange in an Arctic fjord nonetheless offers an important example of the impact of
ice formation on a fjord system and its broader implications that should be considered when
examining ice in a sub-arctic region.
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3 The Physics of Ice

3.1 Ice Formation

3.1.1 Initial cooling

In fresh water, heat loss at the surface leads to convection in the water column down to a temperature
of approximately 4 °C, the temperature of maximum density for water of zero salinity. Once this
temperature is reached, convection will cease with further cooling only acting to stabilize the upper
water column. Ice formation will begin once the surface reaches freezing temperature, 0 °C (Granskog
et al., 2006; Weeks & Ackley, 1986). Up until a salinity of approximately 24.7 psu, the temperature of
maximum density will be greater than the freezing point of the water with freezing point decreasing as
a function of salinity (Fig. 3.1). In water of greater than 24.7 psu, convection will continuously occur
until the freezing point of the water is reached, approximately -1.8 °C for seawater with a salinity of
32 psu. Once this point is reached, crystals begin to form in the water column, eventually coalescing
until their buoyancy lifts them to the surface leading to a layer of ice to form.
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Figure 3.1: Temperature of the maximum density ( t,max) and freezing point of seawater (tg) for different salinities
(from Weeks & Ackley (1986)).

3.1.2 The ice crystal lattice

Whether formed from freshwater or seawater, the pure crystal lattice structure of ice, specifically ice
Ih, will not differ. This type of ice is the most common found on earth with ‘I’ representing pressure
and ‘h’, its hexagonal symmetry. The latter characteristic comes from water molecules connected in a
tetrahedral pattern where each oxygen atom is connected to four other oxygen atoms through
hydrogen bonds (Fig. 3.2). Oxygen atoms lay largely on planes parallel to each other, termed basal
planes. Perpendicular to the basal plane, is the axis of maximum rotational symmetry, referred to as
the ¢ - axis. The anisotropic crystal structure of ice will largely influence its mechanical, electrical, and
thermal characteristics making understanding of its origin relevant. For example, ice will generally
fracture along the basal plane due to only two bonds in comparison to four along the c-axis, being
present. In addition, growth rate along the basal plane is faster than that along the c-axis (Hillig, 1958;
Hobbs, 1974; Weeks & Ackley, 1986) leading to geometric selection and a consistent crystal
arrangement. Further references to ice crystal structure, anisotropy, and its implications will be
detailed further in subsequent sections
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Figure 3.2: Crystal structure of ice (from Weeks & Ackley (1986))
3.1.3 Modes of ice formation and resultant texture

3.1.3.1 Ice nucleation and frazil granular ice formation

With cooling of the upper water column to freezing temperature, ice nucleation will begin as water
molecules cluster around impurities like NaCl or biological material. This initial growth of ice may
also occur through ice seeding where an external ice crystal (e.g. snowflakes) acts as a nucleation site.
In this phase of ice growth, crystals will begin as tiny spheres that quickly grow along the basal plane
to form discs (Weeks & Ackley, 1986). As discs continue to grow, to a diameter of approximately 2 —
3 mm, they will diffuse both heat and salt. With an increasing diameter and thus smaller surface area
to volume ratio, this process will eventually become unstable leading to the formation of dendrites.
Once this occurs, growth rate of crystals will quickly increase as heat and salt are quickly diffused at
the crystal- water interface forming platelets, needles, and spicules (Jones & Wells, 2018).

When the water surface is calm, ice crystals can grow outward and converge to form a continuous
layer known as an ice skim. In this scenario, the ¢ — axis across the skim has potential to be
consistently vertical (Jeffries et al., 2012). Muller-Stoffels et al. (2009) found that unseeded ice grown
in freshwater having a positive temperature gradient maintained a vertical ¢ — axis given the growth
advantage parallel to the water surface. When ice was seeded, however, cooling of the surface water
from the melt of crystal seeds combined with supercooled water pooled between ice crystals, created a
growth advantage in the vertical direction. As a result, ice had a horizontal c-axis with the basal plane
perpendicular to the ice-ocean boundary. This mode of ice formation was not explored in application
to fjord ice but it should be noted as a possibility given the stratified water column with a distinct
surface layer that can form in a fjord. Thin, dendritic hand-sized pans of ice, suspected to be growing
outward were observed on the surface on several occurrences.

In turbulent conditions, frazil ice crystals will form in a super-cooled water column, eventually rising
to the surface to create a slushy layer termed grease ice. With continuous cooling, grease ice will
consolidate and harden taking the form of pancakes which will then converge to create a cohesive ice
cover from which growth will continue downward (Petrich & Eicken, 2010). This initial layer of ice
composed of fine-grained (mm- sized) randomly oriented frazil ice crystals with pores located at grain
boundaries is texturally classified as granular ice. Ice texture being the arrangement and geometry of
ice crystals, and brine- and air- filled pore space (Lange & Eicken, 1991).
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The origin of frazil ice is important to understand in a fjord environment given how it may differ from
regions of the Arctic where air temperatures are consistently below freezing and the influence from
land-based water is generally less. The formation of frazil ice occurs in four distinct ways as defined
by Weeks and Ackley (1982) and emphasized by Jeffries et al. (1994):

- The rise of water flowing out from the base of ice shelves, the resulting adiabatic
decompression and supercooling which leads to the formation of platelet ice in the water
column. In fjords of mainland Norway, no marine terminating glaciers are present making this
mechanism irrelevant. It is primarily considered a characteristic found in Antarctic sea ice.

- Thermohaline convection resulting from the rejection of brine as seawater freezes. As the high
density brine sinks downward in the water column, it can undergo supercooling due to double
diffusion (heat and salt concentrations diffusing at different rates) leading to formation of
frazil ice. Here, we will not consider this as a main mechanism for frazil ice generation given
ice forming from often low salinity water where brine rejection may be minimal in
comparison to other Arctic and Antarctic regions.

- Wind and wave induced turbulence that cools the upper water column to freezing, enabling
the formation of frazil ice crystals. While this mechanism may contribute to ice formation, we
note here that without influence by freshwater masses of lower temperature, the water column
in northern Norwegian fjords rarely reaches the freezing temperature for seawater. If frazil ice
forms in the water column, it will likely be constrained to a fresh or brackish surface layer
which has a maximum density at a temperature higher than its freezing point. Due to the lack
of convection, without turbulence from for example wind, the frazil layer has potential to be
very thin.

- The confluence of two water masses of different salinities but near to their respective freezing
points. In other studies of the Arctic, it is assumed that water of lower salinity collides with
seawater of both higher salinity and lower temperature. In a fjord environment in northern
Norway, this is not the case with the fresh water from rivers being colder given their origin at
high altitudes where ice cover is present. As the water flows down the river, at times under
substantial ice cover, frazil ice can begin to form. Velocity will slow considerably once
reaching the fjord thus allowing for any frazil crystals to accumulate. If frazil crystals are not
already present, restricted cooling on a cool day given the stratification may enable formation
of frazil crystals in this layer and possibly help cool the underlying more saline layer.

The thickness of a frazil ice — derived granular layer was often limited to only a few centimeters in the
cores gathered as part of this study but have potential to be much thicker due to the mode of
formation, prolonged mixing and turbulence in a water column (Carnat et al., 2013; Granskog et al.,
2003; Lange & Eicken, 1991).

3.1.3.2 Geometric selection and the transition layer

Initially, crystals can be inclined with ¢ — axes placed at various angles. Through a transition layer,
however, crystals having a horizontal ¢ — axis will dominate due to their growth advantage in the
vertical along the basal plane. In a process termed geometric selection, crystals will begin to align,
growing to be cm — sized and progressively more elongated in the vertical. The transition layer
appears as a mixed of granular and columnar ice and will vary in its thickness and placement
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depending on conditions specific that location (Granskog et al., 2003; Weeks & Ackley, 1986).
Factors enabling quicker and more pronounced geometric selection are discussed further in Section
3.2.

3.1.3.3 Congelation columnar ice formation

Congelation growth will occur at the ice-ocean interface after a layer of frazil ice has formed that
dampens turbulence at the surface, leading to a transition and eventual quiescent growth downward.
Characterized by elongated crystals having a horizontal c-axis that lengthen with depth, this ice is
texturally classified as columnar and grows from both freshwater and seawater. Distinct differences do
exist between ice grown from these two sources, differing in their microstructure- the size, shape, and
connectivity of pores- despite being of the same textural ice type. The rejection of brine from the ice
matrix and the process of desalination drives these variations in microstructure between fresh and sea
ice as detailed further in Section 3.2. The composition of water at the ice — ocean interface is,
therefore, relevant to consider when investigating ice properties of fjord ice. In Paper 2, this topic is
explored in greater depth as bulk ice salinity and oxygen isotope measurements are utilized to estimate
the proportion of freshwater in relation to seawater at the ice — ocean interface during ice formation.

3.1.3.4 Granular Snow Ice

Granular ice can form when seawater floods a snow-covered surface along an ice edge or when
enough snow accumulates that the ice surface is depressed under the ocean’s surface resulting in
negative freeboard and a slushy layer to form at the ice-snow interface. The water will freeze forming
a layer of fine- grained granular ice having both air and brine filled pores. In crystallographic analysis,
granular ice formed from snow versus formed from frazil ice can be indistinguishable making the
measurements of oxygen isotope composition particularly useful to determine the ratio of snow ice to
other ice types.

For granular snow ice to form, only a thin platform of ice is needed thus, it can act as a significant
mechanism for the thickening of ice. In opposition, snow can also lead to ice to be thinner due to its
insulative properties. Therefore, having an estimate of snowfall throughout a season can assist in
understanding the mechanisms behind ice formation and growth rate (Granskog et al., 2017,
Merkouriadi et al., 2017; Wang et al., 2015; Webster et al., 2018). In the samples collected as part of
this work, granular snow ice often composed large portions of cores with two being entirely composed
of granular snow ice. Snow ice is a characteristic more closely associated with Antarctica due to the
thinner ice historically found due to higher oceanic heat fluxes although recently it is becoming more
common in the Arctic (Provost et al., 2017). Ice thickness in sub-arctic fjords is also limited due to
both air temperatures (fewer freezing degree days) and oceanic heat flux, providing a thinner ice cover
that can more easily be depressed below the surface. The influence of snow on ice growth however,
was not consistent over the period of observation with some cores being nearly devoid of this type of
ice. Given the difference between granular and columnar ice in terms of microstructure and related
physical properties, an understanding of the influence of snow on ice formation specific to sub-arctic
fjords is important to investigate further.
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3.2 Desalination

3.2.1 Seaice

As ice grows from seawater, salt is rejected from the ice matrix and collects in pores and channels
generally located at crystal boundaries. In granular ice, pores and channels will be randomly dispersed,
a reflection of the crystal size and orientation itself being variable. Being denser than the ambient
seawater, brine will flow downwards (gravity drainage), following the path of least resistance. In
granular ice, connected pathways can display less consistency and greater tortuosity although
vertically oriented channels may form (Oggier et al., 2019). As ice transitions to columnar, rejected
brine will accumulate between the basal planes of crystals, often described as plates or lamellae. Brine
flows downwards through thinner channels before meeting broader vertical brine channels and brine
tubes where flow is well established (Fig. 3.3c).

Figure 3.3: (a) Example of the evolution of pore size and connectivity with temperature increase, (b) lamellae
present at the ice-ocean interface with outlets of brine tubes present, (c) a brine tube with feeder channels (Hunke
etal., 2011)

At the ice — ocean interface, rejected salt can accumulate, increasing the salinity of a thin layer at this
boundary, eventually diffusing towards the less saline ocean or being advected in the form of a brine
plume once ice reaches a critical thickness (Wettlaufer et al., 1997). The former, diffusion, is not
likely to play a considerable role in the fjord ice examined here given currents and, relatedly,
turbulence at the interface that will disrupt this process and transport salt away. Independent of this
point, however, convection through the ice volume will result as high salinity brine is replaced by
seawater leading to lower bulk ice salinity, or in other terms, desalination. The interface temperature
holds constant at freezing point during this time, thus due to thermodynamic equilibrium, the increase
in salinity will be accompanied by a decrease in temperature. Ice lamellae protruding into this layer
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will have a pronounced growth advantage forming what is often referred to as the skeletal layer,
characterized by high porosity (approximately 30 %) and permeability (Fig. 3.3b) (Petrich & Eicken,
2010; Weeks & Ackley, 1986). In areas where a current persists, lamellae will align perpendicular to
the current (c-axis parallel to current). This is likely due to greater salt transport away from the
interface and resultantly faster growth for perpendicularly orientated lamellae. It is the presence of
these lamellae, particularly when aligned with current, that causes sea ice to be highly anisotropic, a
characteristic reflected in both its thermal and electrical properties (Langhorne, 1983). In addition, the
skeletal layer provides habitat for diatoms and other microorganisms, which in turn attracts grazers. It
therefore plays an essential part in the sea ice and arctic ecosystem.

As ice growth continues, porosity will decrease due to decreases in temperature and salinity resulting
in a less-connected network of pores which prevents further desalination (Fig. 3.3a). Large brine tubes
may persist through portions of ice however, with diameters greater than the spacing between lamellae
(Fig.3.2(c)) (Petrich & Eicken, 2010; Weeks & Ackley, 1986). The resultant bulk ice salinity will be
related to the growth rate of ice with a slower growth rate associated with ice of lower bulk salinity.
There are other factors to consider, however, namely the density gradient in the bottom layer in the ice
that drives convection. This along with thermal diffusivity of the ice, the thickness of the permeable
layer, and viscosity of the brine will all influence the vertical volume flux and resultant salinity in the
ice (Notz & Worster, 2008; Notz & Worster, 2009; Petrich et al., 2011). In Paper 3, equations
incorporating the interchange of these relationships are examined to determine if accurate growth rates
utilizing measurements of bulk ice salinity and oxygen isotope can be obtained.

The microstructure of columnar sea ice will evolve throughout the season being highly dependent on
temperature (Fig.3.3(a)). In the winter when heat flux is directed upwards, the coldest ice will be
located at the ice surface with a linearly increasing temperature downward to the freezing temperature
of ice. The salinity profile of the ice during this time will be ¢ — shaped with the highest salinities at
the bottom of the ice, in the highly porous skeletal layer, and the top of the ice (Fig. 3.4). The latter,
although hydrostatically unstable, is due to the stopping of brine movement downward once ice
porosity decreases to the point that a connected network of pores is no longer present. Nearer to the ice
— ocean interface and into the interior of the ice, desalination can continue to occur as higher density
brine moves downward and is replaced by lower salinity seawater. In the spring, as air temperatures
warm, porosity will begin to increase in the upper layers of the ice and melt pools will form on the
surface. Once a critical porosity is reach, high salinity brine trapped in the top layers will flow
downwards along with meltwater leading to the interior of the ice to drop in salinity (Eicken et al.,
2004; Petrich et al., 2006). Ice temperature during this time will become increasingly homogeneous as
the ice approaches its melting point.
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Figure 3.4: Evolution of ice bulk salinity from ice formation (here in October) for Arctic ice (originally from
Malmgren (1927), taken from Hunke et al. (2011))

In the fjords examined here, ice was often of low salinity as well as temperature near to 0 °C. The c-
shaped salinity profiles characteristic of sea ice were not observed as a result. However, in fjords
located in regions where temperatures further below freezing persist, such patterns may be present
(e.g. Porsangerfjorden, Finmark). Variability between fjords and years is, again, highlighted as an
important factor to consider.

To this point, temperature and salinity have both been mentioned in relation to porosity, often referred
to as brine volume fraction in studies of sea ice. The three are well intertwined with established
relationships to allow estimate of brine density and salinity, ice density, and ice brine volume fraction
through measurement of temperature and salinity. Methods to calculated brine volume fraction are
described in Cox & Weeks (1983) for ice below -2 °C and Lepparanta & Manninen (1988) for ice
between -2 to 0 °C.

3.2.2 Brackish water and Freshwater

When ice is frozen from fresh water, the distinct growth advantage that leads to the pronounced
pattern of lamellae is absent. Crystals may be oriented so the faster-growing basal plane lays either
horizontal or perpendicular to the ice-ocean interface depending on conditions at the time (See Section
3.1.3.1) with the interface characterized as planar and having low porosity (Weeks & Ackley, 1986).
This has repercussions on the thermal, electrical, and optical properties of the ice, discussed further in
Sections 3.3 — 3.5. Considering optical properties, for example, freshwater ice can have an albedo up
to 10 times less than that of sea ice. A fact important to consider when estimating the amount of light
that may be transmitted to the ocean below and surface energy balance (Petrich & Eicken, 2010).

In between these two extremes, ice formed from brackish water is known to have microstructure
similar to that of sea ice having brine pores and channels (Granskog et al., 2005; Granskog et al.,
2003; Ikévalko, 1998). Weeks & Lofgren (1967) observed through laboratory measurements, a
transition from a planar to lamellar surface at the ice — ocean interface at seawater salinities of 1 psu.
This finding was supported by Gow et al. (1992) who made observations of natural brackish ice in the
Bay of Bothnia formed from seawater of approximately 4 psu finding a similar pattern of lamellae.
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Considering the process of desalination described above, even when ice is formed from water having
lower salinity, salt will be rejected and subsequently flow downward through any pathways that exist.

In the fjords studied here and presumably throughout Norway, brackish water and freshwater are
contained to the upper-most water layer with ambient seawater being higher than 30 psu. The ice that
forms can come from very thin layers on the surface that varies between fresh, brackish, and saline
throughout the winter. Thus, it is useful to consider the proportion of fresh versus seawater in an ice
sample to deduce its pore structure and other related characteristics like permeability and the habitable
space it may offer to microbiota.

3.3 Thermal properties of ice

Throughout the study of fjord ice presented here, the transfer of heat from ocean to air through the ice
and vice versa is a fundamental concept of indirect but repeated focus through analysis of ice
thickness in relationship to air temperature and ice growth rate deduced from ice properties. At 0 °C,
the thermal conductivity of ice (Ai) is approximately 2.0 W m** Kt while the thermal conductivity of
brine (Av) is significantly lower being approximately 0.5 W m* K1, The relationship of both to
temperature (T in °C) differs with A;jincreasing while A, decreases, as temperature decreases. This
behavior is described by the following functions presented by Yen et al. (1991):

A =116 Wm™1K1(1.91 - 8.66-1073T + 2.97-107°T?) ,forT<0°C (3.1)
Ap = 0.4184 Wm™1K~1(1.25 + 0.030T + 0.00014T?2) (3.2)

The thermal conductivity of sea ice (Asi) will be dependent on brine volume fraction with recent
models also taking into consideration microstructure, for example the vertical connectivity of the pore
space (Ono, 1968; Schwerdtfeger, 1963). While the thermal conductivity of brine is impacted by
changes in salinity, this influence is found to be considerably less than that of temperature. In a study
conducted by Shargawy (2013), the ratio between the thermal conductivity of freshwater (As ) and
seawater (Asw ) was found to be:

Afw

o s A-S+1 (3.3
Where S is the salinity of the water in g/kg and A is constant determined empirically through the study
equal to 0.00022. Therefore, with an increase in salinity, thermal conductivity will decrease.

The thermal conductivity of air (A. ) is approximately 0.025 W m* K%, Thus, air-filled pores can also
have a dramatic impact on the thermal conductivity of ice. For cores containing granular snow ice, this
is particularly important to consider. Snow ice can be considered as another stage in the
metamorphosis of snow on a sea ice surface. In Sturm et al. (2002), measured values of conductivity
including snow ice were predicted accurately following an empirical relationship originally meant for
snow presented in Sturm et al. (1997):

As = 0.138 — 1.01p, + 3.233p;> for 0.156 < p < 0.6 (3.4)
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Where ps is the density of snow in g cm™,

In the ice samples gathered here, ice varied considerably in its characteristics with some samples
containing brine channels and elongated pores, others being nearly transparent, and also ice with a
high density of more rounded, less connected pores indicative of either snow or superimposed ice.
Given differences between ice, brine, and air each ice sample had potential to vary in its thermal
conductivity, not only between fjords and years but within singular cores given clear layers containing
different microstructure.

Knowing the thermal properties of ice is necessary to determine the evolution of ice growth and melt
through a season. Using thermal conductivity, the conductive heat flux (Fc) through the ice of
thickness, z, is calculated:

Fo = =My (Z_z) (3.5)

Where T is temperature. Specific heat capacity and latent heat of fusion will both also depend on the
thermal conductivity. Sea ice differs from pure ice because a temperature change will also be
accompanied by a phase transition as brine pores grow or contract to stay in thermodynamic
equilibrium. This phase transition will be accompanied by a release of latent heat. The specific heat
capacity of sea ice (Csi) can be represented as the following:

Csi = C; — mmL% (3.6)
Where ci= 2.11 kJ kg K is the specific heat capacity of ice, mn = -0.05411 K is the slope of the
liquidus, L= 333.4 KJ kg is the latent heat of fusion for freshwater ice, S is the bulk salinity of sea
ice, and T is the temperature of sea ice in °C. These relationships apply for ice having a constant bulk
salinity and therefore not experiencing, for example, brine drainage. In measurements of ¢, values
increase significantly above approximately -5 °C meaning that more energy is needed to raise ice
temperature 1 K from -5 to 0 °C than in comparison to lower temperatures. This behavior is a
reflection of the latent heat of fusion, increasing or decreasing ice temperature as temperature
approaches freezing thus making the second term important to include (Petrich & Eicken, 2010;
Weeks & Ackley, 1986). Without it, csi would be underestimated leading to models to show a greater
thinning of ice.

Through integration of specific heat capacity (csi) from a given temperature to the melting
temperature, latent heat is defined for melting ice as:

Lg =L —c¢T+cim,Sg; — mmL% (3.7)
In comparison to the latent heat of pure ice (Li), Lsi will be less due to the presence of pores and the
exchange of sensible heat between ice and brine. A unique characteristic of sea ice in comparison to
pure ice is also a slight difference in the latent heat of fusion while ice is melting in comparison to
freezing with the latter being approximately 2% smaller in sea ice. This is due to the freezing point of
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sea ice melt, being of a lower salinity and being nearer to 0 °C than the freezing point of ocean water
(Ono, 1968; Petrich & Eicken, 2010; Weeks & Ackley, 1986).

3.3.1 Estimation of seaice growth rate

Throughout this work, sea ice growth rate is a focus. With measurements of ice thickness, ice
properties, and atmospheric data, the general approach is to first compare measured ice thickness to
calculated ice thickness. The latter, summarized further below, is determined through use freezing
degree days between ice formation and the day of measurement (Eq. 3.12) substituted into Eq. 3.13.
This approach is summarized in Paper 2. The use of bulk ice salinity and oxygen isotope
measurements to determine water conditions at the ice-ocean interface and ice growth rate is the focus
of paper 3. For further description of theory behind this work, please see the respective papers for
thorough background. Presented here is a more complete description of how one may go about
estimating ice growth rate if complete data sets of atmospheric, oceanic, ice and snow conditions are
available, a perfect world per se. To better understand the formation of ice in sub-arctic fjords and
relatedly ice properties useful in other work, such approaches are recommended to take and are
offered here to provide a complete picture of this topic.

3.3.1.1 Using Atmospheric and Oceanic Data

The growth rate of ice is dependent on the exchange of heat at the ice-ocean interface combined with
the thermal properties of the ice (Fig. 3.5):

dH

_FC+FW +piLsiE

=0 (3.8)
Where F. is the conductive heat flux through the ice, Fy is the oceanic heat flux at the ice-ocean
interface, and dH/dt, is the change in ice thickness overtime (Petrich & Eicken, 2010). Oceanic heat
combined with latent heat released during freezing will limit the amount of ice growth due to
conductive heat flux.

Conditions at the ice-atmosphere interface will largely control ice growth with several sources of
energy at this interface contributing (Parkinson & Washington, 1979; Persson et al., 2002):

- Shortwave flux: Radiation in the wavelengths 0.3 — 4 um. Both the albedo of the surface and
the amount of radiation that penetrates through the ice to ocean below will decrease this value.

- Longwave flux: Radiation in the wavelengths 4 — 100 um, the net balance between infrared
radiation absorbed and emitted by the surface.

- Turbulent sensible and latent heat flux — the energy absorbed or released to the atmosphere as
a function of wind speed. Latent heat being specific to changes in phase while sensible heat
specific to changes in temperature with no phase change (Parkinson & Washington, 1979;
Rutgersson et al., 2007).

- Heat flux due to surface melt

- Conductive heat flux

In much of Norway, little to no shortwave radiation reaches the ice during ice growth given the

complete absence of sun during periods of the winter. Further south, sun may appear but be limited in
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the length of time it is present given the steep sides of the fjords providing shade. Shortwave radiation
as well as heat flux due to surface melt are therefore often not incorporated into models of ice growth.
Surface and air temperature offer a first order estimate of several other sources of energy - the net
longwave radiation, sensible heat flux, and latent heat flux. Through determination of a heat transfer
coefficient between the air surface (k), these sources can be combined to be described as a net
atmospheric flux (Fa):

Fo=—k(T, —T;) (3.9)

Where Ta is air temperature and Ts is temperature at the surface. For a constant surface temperature, Fa
= Fe..
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Figure 3.5: Schematic of heat flux through an ice volume (Petrich & Eicken, 2010)

Often a layer of snow separates the surface from the ice interface (Fig. 3.5). In such cases, the
insulative properties of the snow must also be incorporated with the thermal conductivity of snow (Asn)
approximately equal to 0.1Asi and thus potentially having a large impact on the net conductive heat
flux from the ocean to air. Atmospheric and conductive flux can be included into Eqg. 3.8 to arrive at a
new relationship linking growth rate to heat transfer between air and the snow surface, the thermal
properties of ice and snow, and the net heat flux from the ocean (Petrich & Eicken, 2010):

dH _ Ta—Tiw
¢ Pilsi = 7 hsn

oy —F, (3.10)

1 hsn
k Asi Asn

Determination of the oceanic heat flux (Fv) is a non-trivial process as one must consider the turbulent
heat exchange at the ice-ocean interface as a current moves underneath. McPhee (1992) defines
turbulent oceanic heat flux as deviation from the mean vertical velocity (the turbulent component, w”)
multiplied by the deviation from the mean temperature (7”) equal to:

Fy=w'T' = Chufric(Tml - Tf) (3.11)
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Where ¢y is the heat exchange coefficient, usic is the frictional velocity, T is the temperature of mixed
layer under the ice, and T is the freezing temperature. Current and relatedly frictional velocity will be
largely dependent on the geometry and size of the fjord combined with the tidal height. In addition,
frictional velocity will evolve as water flows under the ice. All these components are difficult to
account for making numerical modelling that incorporates variations in currents through a fjord an
ideal approach to obtain the best approximation. One more challenge specific to sub-arctic fjords is
the potential influence of a freshwater plume moving under the ice on oceanic heat flux. First, the
interaction between the tidal current and freshwater plume, particularly near th