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Abstract

The influence of thermodynamic versus dynamic processes on sea ice thickness
in observations and models

by James F. Anheuser

Sea ice thickness is affected by thermodynamic growth via phase change and dynamic effects
via movement of ice parcels. Independent observational datasets of each are essential for
model validation and accurate projections of future sea ice conditions. By linking an algo-
rithm for retrieving snow—ice interface temperature from passive microwave satellite data to
a thermodynamic sea ice energy balance relation known as Stefan’s Law, I have developed a
retrieval method for estimating thermodynamic sea ice thickness growth from space: Stefan’s
Law Integrated Conducted Energy (SLICE). The advantages of the SLICE retrieval method
include daily basin-wide coverage, no atmospheric reanalysis product input requirement,
and a potential for use beginning in 1987. Validation of the retrieval against daily sea ice
thickness growth rates from ten ice mass balance buoys show a mean correlation of 0.71 and
a mean bias of 0.0004 m d~!. Next, I partition weekly overall sea ice growth rates from 2010
to 2021 into thermodynamic and dynamic sea ice thickness effects. Basin-wide estimates of
thermodynamic effects are determined using the SLICE methodology and dynamic effects
are calculated as the difference between these thermodynamic effects and overall growth
from a weekly satellite altimeter-based sea ice thickness dataset. Climatological thermody-
namic growth varies from less than 0.04 m wk~! in the central Arctic to greater than 0.08

m wk~! in the seasonal ice zones. Positive climatological dynamic effects of greater than



ii
0.04 m wk™! are found north of the Canadian Arctic Archipelago where the Transpolar Drift

and Beaufort Gyre deposit ice and are twice the effects of thermodynamics in some regions.
Last, in a comparison between four model simulations and this climatology of thermody-
namic and dynamic sea ice thickness effects, all model datasets exhibit similar patterns of
underestimated dynamic sea ice thickness increase and overestimated thermodynamic sea ice
thickness growth in the central Arctic. The opposite pattern is found in the regions where
the Transpolar Drift originates and in the Chukchi, Barents and Kara Seas. These patterns
of thermodynamic growth and dynamic effect sum to an overall sea ice thickness change and
overall sea ice thickness patterns that more closely match observations than the individual

processes themselves.
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“I want to know God’s thoughts.”
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Chapter 1

Introduction

In a phenomenon known as Arctic Amplification, the Arctic region is warming at a faster
rate than any other region on Earth (Bekryaev et al., 2010; Taylor et al., [2022). While the
causes of Arctic Amplification remain under investigation (Pithan and Mauritsen, [2014),
changes to Arctic climate are manifest in temperature, precipitation, and sea ice (Box et al.,
2019). In particular, sea ice area, thickness and age have all decreased substantially in
recent decades (Stroeve and Notz, 2018). The presence of sea ice significantly increases
the albedo of the ocean, meaning this observed reduction in sea ice leads to the ocean
absorbing more shortwave radiation. This positive ice-albedo climate feedback is a likely
contributor to Arctic Amplification (Jenkins and Dai, 2021} Screen and Simmonds, 2010).

Sea ice also impacts the exchange of energy, momentum and mass between the ocean and
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the atmosphere, further stressing the importance of understanding sea ice and its role in the

current and future climate system.

Individual sea ice parcels experience thermodynamic processes that affect their thickness via
phase change and dynamic processes that affect thickness via their motion. Thorndike et al.
(1975)) provides a governing equation for sea ice thickness that accounts for both of these
thermodynamic and dynamic effects. This equation serves as the basis for modern sea ice
thickness modelling and is as follows:

dg

5 = (fg) V- (ug) + 9, (1.1)

where ¢ is a thickness distribution, ¢ is time, f is a function of time, thickness and position
vector x describing thermodynamic sea ice thickness increase, u is the ice motion vector and
1 is a thickness redistribution function. The thickness distribution, g, allows for thickness
within a grid cell to be defined by a distribution of thicknesses that is discretized by some
number of thickness categories, meaning the entire grid cell need not be the same thickness.
The thickness redistribution function, v, moves grid cell area between thickness categories
through the formation of ridges and fractures (known in sea ice science as leads) in order to
conserve area and volume. The thickness distribution and thickness redistribution functions
are found in modern sea ice models. [Thorndike et al.| (1975)) also highlights the importance
of both thermodynamic and dynamic processes in shaping the observed ice pack—while
thermodynamic effects seek to reach an equilibrium thickness value, dynamic processes seek

the extreme thickness values.
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The thermodynamics of sea ice thickness growth were first described by |Stefan| (1891)). The

key insight described by the author is that sea ice thickness growth at the bottom of the ice
layer is controlled by the vertical temperature gradient at this lower interface, a fundamental
characteristic of sea ice growth that is universally accepted today. The authors describe the
conduction of the latent heat of fusion released from the bottom boundary of the sea ice layer
where growth is occurring to the top boundary of the sea ice layer. In the first published
mathematical description of sea ice thermodynamics, the authors set a latent heat of fusion
term equal to a conduction term, defined only by boundary condition temperatures at the
top and bottom of the ice (which is set to the freezing point temperature). This relation-
ship is now known as Stefan’s Law. Stefan’s Law in this basic form requires the following
assumptions: neglect horizontal conduction, neglect thermal inertia, neglect internal heat
sources, and neglect heat flux from the ocean to the ice. Stefan’s Law is a useful relationship

for many multi-phase systems, even beyond sea ice growth.

Major advancements to the mathematical description of sea ice growth were next made with
the advent of numerical modelling (Untersteiner, [1964; |Maykut and Untersteiner} (1971)).
The nodal structure of numerical modelling allowed for the vertical temperature profile in
the ice to be defined at many more vertical positions beyond the two boundary conditions
within Stefan’s Law, allowing for the inclusion of thermal inertia and internal heat sources.
These one-dimensional numerical modelling frameworks also included other heat terms such
as a term for heat flux from the ocean to the ice and various radiative terms. In |Maykut

and Untersteiner| (1971), this more complete representation of the sea ice system is forced
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by a typical central Arctic seasonal cycle and the model is run until a temperature and
ice thickness seasonal cycle equilibrium is reached. The results of this exercise, a 288 cm
equilibrium thickness and 40 cm equilibrium annual ablation, are reasonable and agreed well
with contemporary observed seasonal cycles. Maykut and Untersteiner| (1971) continues to

form the foundation of thermodynamic sea ice modelling today.

The model structure described by |[Maykut and Untersteiner| (1971]) was too complex for large
scale modelling using computers at the time. To address this, [Semtner| (1976) proposed a
simplified interpretation that reduced the vertical snow and ice temperature profile to only
three points, reducing the total data points by 90%. This three-layer model reproduced the
results from Maykut and Untersteiner| (1971) within 10 inches of thickness in 75% of cases.
In the appendix to Semtner| (1976)), the author proposes a further simplification of this three-
layer model in the form of a zero-layer model. This zero-layer model reduces temperature
profile tracking to a singular, snow—ice interface temperature. Though this simplified model
slightly distorted the annual cycle of sea ice thickness, the annual mean values are similar
to those produced by the three-layer model. It was this simplified, zero-layer model that
became the basis of early climate scale sea ice thickness modelling (e.g., |Manabe et al.,

1991)). The zero-layer model is also similar to the model described in Section

A complication to the treatment of sea ice as a continuous media is the inclusion of pockets
of brine within the sea ice. These brine pockets disrupt the isotropic nature of both thermo-
dynamic and mechanical sea ice properties. |Bitz and Lipscomb| (1999) took an important

step towards addressing these effects. The size and salinity of a brine pocket changes with
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the local ice temperature. In order to maintain thermal equilibrium, a decrease in local tem-
perature prompts freezing along the brine pocket edges, increasing salinity and decreasing
the size of the pocket. The opposite process occurs with an increase in ice temperature.
These changes to brine pocket size change the porosity and density of the ice, which must be
reflected in the specific heat in order to conserve energy. The authors find that their energy
conserving model that contains a parameterization of temperature effects on specific heat
results in an increase in surface ablation of 12-22% and a decrease in equilibrium sea ice
thickness of 50-124 cm. The model and parameterization described in |Bitz and Lipscomb

(1999) is used in the global climate models described in Section [2]

A final key building block for the thermodynamics of sea ice growth in modern global climate
models is the mathematical thickness growth scheme found in Lipscomb (2001). A major
advantage to the sea ice thickness distribution approach from Thorndike et al.| (1975) and
Eq. is the clean mathematics used to define sea ice thickness and movement within the
thickness space. [Lipscomb| (2001) realized that when the redistribution function and sea
ice motion terms are ignored, the resultant equation (representing purely thermodynamic
growth) resembles the classical fluid dynamics continuity equation. With this realization
in hand, the author applied a solution scheme from |Dukowicz and Baumgardner| (2000),
originally applied to ocean dynamics, to movement within sea ice thickness space. The
scheme is more computationally efficient as well as more accurate than previously demon-
strated schemes. This solution strategy is also used in the global climate models described

in Section 21
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Modelling of the dynamic effects on sea ice thickness begins with an understanding of the
ice motion vectors. A two-dimensional momentum balance of the forces applied to an in-

finitesimal sea ice volume element yields a motion vector field (Hibler, [1979)):

ou

ma:—mkaquTaJrTw—mgVH-FF, (1.2)

where m is ice mass per unit area, f is the Coriolis parameter, k is the unit vector in the
direction normal to the surface plane, 7, and 7, are forces due to air and water stresses,
respectively, H is sea surface dynamic height, g is the acceleration due to gravity and F
is the force due to internal stresses. Especially in the ice interior, the force due to internal
stresses is particularly important. Modelling the internal stresses, however, is a more difficult

exercise.

Internal stresses in the ice are calculated using a constitutive law for the rheology of the
ice. In material science, the rheology of a material is the relationship between the stress and
strain of a material—i.e., how forces applied to a material manifest in movement within the
material and vice versa. Using observations from the Arctic Ice Dynamics Joint Experiment
(AIDJEX), (Coon et al.| (1974) proposed an elastic-plastic rheology. Under this rheology
structure, a yield stress is defined, below which the material deforms elastically (may return
to it’s original shape) and beyond which the material deforms plastically (deformation is
permanent). The local sea ice yield strength is related to sea ice thickness and concentration.
During elastic deformation, the work applied to the material via stress is stored and is

recovered when the deformation is reversed, while plastic deformation results in the loss of
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the energy applied to the material as work. The authors contend that sea ice has strong
visual similarities to other materials which have successfully been modelled using plastic or
elastic-plastic rheologies, such as sand, gravel, clay, and rocks. While this rheology structure

is no longer considered state of the art, it laid the framework for those that are.

The modern standard rheological model is a nonlinear viscous-plastic rheology, first proposed
by (Hibler, 1979)). The viscous-plastic rheology is similar to the elastic-plastic rheology,
except that the stress is determined by strain rate rather than strain itself and the elastic
regime is replaced by a viscous regime. The viscous regime only occurs at very low strain
rates, meaning the ice is nearly always in a state of plastic yielding except at low strain rates,
when the ice is nearly rigid. In these low strain rate conditions, viscosity values can become
very large, introducing instabilities in the numerical solutions. To remedy this, Hunke and
Dukowicz (1997) proposed an important modification that is known as the elastic-viscous-
plastic rheology. The key mechanism for reduction in computation time with the elastic-
viscous-plastic rheology over the viscous-plastic rheology is the replacement of the viscous
regime with an elastic regime at very small, daily time scales. The elastic-viscous-plastic
model reduces to the viscous-plastic rheology at wind forcing time scales. Incidentally, the
authors found that not only did this modification increase computational efficiency, it also
increased the accuracy of the model on the daily time scale. [Hunke and Dukowicz| (2002)
adapted the elastic-viscous-plastic rheology for use on curvilinear coordinates and is used

within the global climate models referenced in Section

The final component of Eq. is the thickness redistribution function, . This function
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is intended to transfer sub-grid ice area between thickness categories within the thickness
distribution, g, in order to replicate the formation of ridges and leads. This function applies
when the divergence term leads to total sea ice areas greater than unity or less than zero,
necessitating area be transferred between thickness categories to conserve area and volume.
Parmenter and Coon| (1972) is an early attempt to model the ridging of sea ice using com-
puters. Specifically, the authors use a kinematic model to model the ridging of sea ice where
parcels meet. The results show that the forces required to create ridges of similar size to
those found in the Arctic are similar to the forces acting on Arctic ice due to winds. However,
this kinetic model is too complex for implementation in climate scale models. [Thorndike
et al. (1975)) proposed a framework for the thickness redistribution function that stands in
modern models. The redistribution is parameterized based on thickness, sub-grid thickness
distribution and drift velocity. The ridging function satisfies two conditions: the total area
and total volume of ice within a grid cell must be conserved. Following this, some portion of
ice within the grid cell is transferred to higher thickness categories during convergence and
some portion of ice within the grid cell is transferred to lower thickness categories during

divergence.

Large scale validation of sea ice models is best accomplished with satellite datasets. Ob-
serving sea ice concentration and areal extent from satellites is a well established practice
(Liu et all [2016; Meier et all [2017; Markus and Cavalieri, 2000; Markus and Cavalieri,
2009; |Comiso, [2009; |Lavergne et al., [2019). There are methods based on data in the visual,

infrared and microwave wavelength bands and climate data records produced from these
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methods are commonly cited as polar climate indicators (Stroeve et al., 2012; Screen and|

Simmonds, 2010; Liu et al., 2009)). While sea ice concentration is more readily observed, sea

ice thickness provides a more complete characterization of the state of the climate system
because it allows for calculation of sea ice volume and latent heat release. Recent literature
has made clear that reliable long-term observations of basin wide sea ice thickness are needed
in order to constrain the representations of sea ice in global climate models
. Sea ice thickness based observations of sea ice volume can be used along with other

observations to refine the large range of historical and projected sea ice area and volume

across coupled global climate models (Docquier and Koenigkl, [2021)). Indeed, the lack of re-

liable long term sea ice thickness observation constraints is the primary barrier to reducing

the uncertainty in future sea ice area and volume projections (Massonnet et al., 2018).

Sea ice thickness derived from space-based altimetry data collected by satellites like CryoSat-

2 and ICESat-2 stand as the current state of the art (Connor et al., |2009; Kwok and Cun-|

ningham)| |2008; Markus et al., 2017, Wingham et al., 2006; Laxon et al. 2013). However,

their low spatial coverage and orbit characteristics make for incomplete and infrequent sam-

pling across the Arctic basin while uncertainties in snow depth and ice density lead to high

uncertainties in sea ice thickness estimations from these instruments (Wang et al., 2016). A

method of combining data from CryoSat-2 and ICESat-2 has been shown to alleviate some of

these concerns (Kwok et al.;2020). Additional satellite based methods include estimating the

thickness of thin sea ice using low-frequency passive microwave satellite data (Tian-Kunze

2014]) and combining low frequency passive microwave data with altimetry data in
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order to take advantage their complementing data and spatial coverage (Ricker et al., 2017b;

Zhou et al.; 2018; |Shi et al.; 2020)). Other strategies for retrieving sea ice thickness include a
one-dimensional surface energy balance model driven by satellite products (Key et al.; 2016)
and correlating sea ice thickness with sea ice age (Liu et al., 2020). The various available
products are discussed and compared against one another both qualitatively and quantita-
tively in [Wang et al.| (2016]) and against upward looking sonar (ULS) in [Sallila et al.|(2019).
While these observation techniques are able to produce estimates of sea ice thickness, none

are able to differentiate between the effects of sea ice dynamics and sea ice thermodynamics.

Sea ice models account separately for both thermodynamic and dynamic processes in order
to determine ice thickness and predict how it will respond in a changing climate (Thorndike
et al., |1975; Zhang and Rothrock, 2001}, |Hibler, |1980). These models are evaluated against
sea ice thickness observations (Boe et al., 2009; Massonnet et al.,; 2012; Shu et al., 2020;)
but current state of the art, Arctic basin-wide observations capture only overall ice thickness
(Markus et al 2017} |[Laxon et al., [2013) and are unable to distinguish between thermody-
namic and dynamic processes, which are independently affected through different mech-
anisms in a changing climate. In order to properly predict how sea ice will respond in a
changing climate, these independent processes must be individually evaluated within models,

requiring independent observations of each.

In this work, I address the issue of a lack of large scale observations of thermodynamic
and dynamic sea ice thickness processes and their comparison to models. In Chapter [2]

I introduce the data sources that are used throughout the work. This includes various



11
observational datasets and model outputs. In Chapter [3], I present a novel thermodynamic

sea ice thickness growth rate satellite retrieval. This novel retrieval methodology is what
enables the development of a wintertime climatology of sea ice thickness thermodynamic
growth and dynamic effects, presented in Chapter 4} Finally, Chapter [j] begins to compare
the results shown in Chapter |4] to the output from three global climate model simulations
and a sea ice model reanalysis product. This work is only the beginning of an exciting line

of inquiry, along which there is still much more to be done.
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Chapter 2

Data

The retrieval method and climatology development described here utilizes passive microwave
brightness temperatures, a passive microwave based sea ice concentration dataset, motion
vectors and a satellite based thickness dataset. A preliminary validation of the retrieval
method references sea ice thickness from ice mass balance buoy data, satellite and airborne
altimeter based sea ice thickness data, and sea ice models. Global climate model output

data is used for comparison with the climatology.

2.1 Passive microwave brightness temperatures and sea

ice concentration

The Advanced Microwave Scanning Radiometer (AMSR)-Earth Observing System (-E),

aboard National Aeronautics and Space Administration’s (NASA) Aqua satellite and AMSR2,



13
aboard Japan Aerospace Exploration Agency’s (JAXA) Global Change Observation Mission

- W1 (GCOM-W1) satellite brightness temperatures available from the National Snow and
Ice Data Center (NSIDC) were used in this study (Cavalieri et al., [2014; Markus et al., |[2018)).
The AMSR-E data is available from June 2002 through October 2011 and the AMSR2 data is
available from July 2012 to the present. The AMSR2 data has been intercalibrated with the
AMSR-E data and the brightness temperatures between these two instruments are treated
here as a continuous dataset (Markus et al. 2018)). The data is provided on a 25 km polar
stereographic grid, but when needed on a basin-wide scale for use with the sea ice thickness

retrieval method described here, the data were linearly interpolated to a 25 km Equal-Area

Scalable Earth (EASE)-Grid 2.0.

The NASA Team 2 algorithm is a passive microwave brightness temperature sea ice concen-
tration algorithm (Markus and Cavalieri, [2000). It is an enhancement to the original NASA
Team algorithm (Cavalieri et al., |1984; Gloersen and Cavalieri, 1986)) in that it adds 85 GHz
frequency brightness temperatures to the original algorithm, which used only 19 GHz and
37 GHz data, in order to better account for interference from surface effects. The algorithm
utilizes open ocean and 100% ice concentration tie points in polarization and spectral gradi-
ent ratios to determine sea ice concentration. While originally developed for use with Special
Sensor for Microwave Imager (SSM/I) data (Markus and Cavalieri, [2000), the algorithm was
planned to be and is now in use with AMSR-E and AMSR2 data. Here we use this AMSR-E
and AMSR2 sea ice concentration data, which is available from the NSIDC as a part of the

same dataset that contains the brightness temperatures used to calculate snow—ice interface
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temperature (Cavalieri et al., [2014; [Markus et al., |2018)).

2.2 Sea ice motion vectors

Sea ice is not static, but rather a dynamic collection of variably sized parcels that are each in
constant horizontal motion under the effects of wind, ocean currents and internal stress. In
order to treat sea ice in a Lagrangian sense, the motion of these parcels must be understood.
Here we use the Polar Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors, Version 4
available from the NSIDC (Tschudi et al., 2019; Tschudi et al.| [2020). The product is avail-
able from 1978 to present at daily and weekly temporal resolution, each with basin-wide
coverage and each on the 25 km EASE-Grid. Using an optimal interpolation scheme, ice
motion vectors are created from cross correlated satellite brightness temperature data from
AMSR-E, Advanced Very High Resolution Radiometer (AVHRR), Scanning Multichannel
Microwave Radiometer (SMMR), SSM /T and Special Sensor Microwave Imager/Sounder (SS-
MIS), along with International Arctic Buoy Program (IABP) buoy locations and a National
Centers for Environmental Protection (NCEP)/National Center for Atmospheric Research
(NCAR) wind reanalysis data derived free drift estimate. Each satellite and buoy dataset
are included in the optimal estimation scheme only when available within the life span of
the ice motion product. This means input data sources vary throughout the record. [DeRe-
pentigny et al. (2016|) found the weekly sea ice motion vectors to have a 7% median error

when compared against IABP buoys between 1988 and 2011.
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2.3 Airborne and satellite based sea ice thickness prod-

ucts

CryoSat-2 carries the SAR/Interferometric Radar Altimeter-2 (SIRAL-2) instrument (Wing-
ham et al., 2006; |Laxon et al., 2013]) and was launched by the European Space Agency (ESA)
in 2010. Similar to other satellite altimeters, ice thickness is determined from CryoSat-2 data
by first calculating the thickness of the sea ice above sea level—known as the freeboard—
by determining the distance traveled by the radar signal between the satellite and the ice
surface and subtracting that distance from the satellite orbit altitude above sea level. A
climatological snow loading provides a correction for the reduced propagation speed of the
radar signal through snow. Then, the assumed snow loading and a hydrostatic balance is
used to determine sea ice mass which in turn is converted to thickness using an assumed
density (Laxon et al., 2013). Gridded ice thickness products derived from ESA CryoSat-2
Level 1b data are provided by numerous sources (Tilling et al., 2018; Kurtz et al., [2014a;
Ricker et al., 2014} [Hendricks and Ricker, [2020; Ricker et al., 2017a; Kwok and Cunning-
ham), 2015; [Hendricks et al., 2018; |Guerreiro et al., |2017)). The primary differences between
these datasets relate to averaging period, grid sizing and radar response waveform retracking

procedure.

The ESA Soil Moisture and Ocean Salinity (SMOS) satellite carries the Microwave Imaging
Radiometer using Aperture Synthesis (MIRAS) instrument which measures 1.4 GHz passive

microwave brightness temperatures at 35 to 50+ km resolution (Mecklenburg et al., 2012).
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While originally intended for measuring soil moisture and ocean salinity, the high penetration

depth of the 1.4 GHz channel into sea ice allows for retrieval of an ice temperature that when
incorporated into a radiative transfer model yields a sea ice thickness estimate (Tian-Kunze
et al., 2014)). This approach has associated uncertainties in sea ice below 0.5 m thick that

are lower than those of satellite altimeters.

Sea ice thickness observations from SMOS and CryoSat-2 have complementing uncertainties.
SMOS has high uncertainties when measuring thick ice and CryoSat-2 has high uncertainties
when measuring thin ice (Ricker et al., 2017b)). This creates an opportunity for synergy
between the instruments. The AWI CryoSat-2/SMOS combination product (CS2SMOS)
dataset takes advantage of this synergy. By combining the datasets through a weighted
averaging scheme, root mean squared errors (RMSEs) are reduced from 76 cm with CryoSat-2
alone to 66 cm and the squared correlation coefficient is increased from 0.47 with CryoSat-
2 to 0.61 when compared against NASA Operation Ice Bridge (OIB) data (Ricker et al.)
2017b)). The AWI CS2SMOS dataset is available at a weekly time resolution and on a 25 km
EASE-Grid 2.0 and was used with the method demonstrated here due to the high spatial

coverage.

The NASA OIB mission is an airborne campaign comprising a series of flights covering the
years 2009-2020, bridging the gap between the NASA Ice, Cloud and land Elevation Satellite
(ICESat) and NASA ICESat-2 laser altimeter satellite missions (Kurtz et al., 2013). Among
the instruments aboard each OIB flight, of primary importance to this study are the Airborne

Topographic Mapper (ATM) instrument (Krabill et al.,[1995)) and snow radar (Panzer et al.,
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2013). The ATM is a laser altimeter whose return signal is used along with an aerial

photography based sea ice lead (fracture) discrimination algorithm to retrieve sea ice total
freeboard height—i.e., freeboard plus snow depth—at 40 m spatial resolution. The snow
radar return signal is used to determine snow depth. Sea ice freeboard and snow depth are
used in conjunction with a hydrostatic balance to determine sea ice thickness at the sea
ice freeboard resolution of 40 m. We use OIB sea ice thickness from the IceBridge L4 Sea
Ice Freeboard, Snow Depth, and Thickness, Version 1 and its Quick Look counterpart as
provided by the NSIDC (Kurtz et al., [2015; |[Kurtz et al., 2016). The data from 2014-2019,
covering all of the data used here except those from 2013, are only available in the Quick
Look format and may have increased uncertainties due to a roughly 5 cm underestimation of
snow depths by the snow radar waveform retracking method applied in this version (Kwok
et all [2017). The Quick Look product fits the snow radar response waveform to a model
simulated waveform in order to determine snow depth while the standard product merely
identifies the depth of the first peak waveform response above a designated threshold. Figure

[2.1] shows OIB flight paths used in this study.

2.4 Ice mass balance buoys

In order to statistically characterize the sea ice thickness retrieval method described herein,
ice mass balance buoy (IMB) data served as the reference. The IMBs were deployed and
maintained by the United States Army Corps of Engineers Cold Regions Research and

Engineering Laboratory (CRREL) (Perovich et al., [2021). Undeformed ice floes are chosen
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for buoy sites to ensure the buoy data is representative of the surrounding ice (Polashenski

et al., 2011)).

Data fields used from the buoys were sea ice thickness and geolocation in latitude and
longitude. Ice thickness is observed using two acoustic rangefinder sounders, one positioned
above and one positioned below the ice. Winter sea ice growth is derived from the under-ice
sounder. Each sounder has an accuracy of 0.005 m (Richter-Menge et al., 2006). An Argos
antenna mounted on the buoy transmits the geolocation and other observations at minimum
twice per day (Richter-Menge et al., 2006)). For this study, all data fields were resampled to 1
d resolution by calculating daily mean values. All buoys from the years 2003 to 2016 showing
an entire season of sea ice thickness growth were used for comparison with the exception of
buoys installed in landfast ice and those that show obvious ice deformation effects, which
often damage the instrument and lead to the end of data acquisition. As such, sea ice
thickness growth observed by the buoys is assumed to be caused strictly by thermodynamic
processes. Table provides details pertaining to the buoys used. Buoy 2013F spanned two
winter seasons and as such has been divided into two buoy numbers, 2013F and 2013Fb,
with 2013Fb covering the second winter season during which the buoy was deployed. As
such, a deployment date is not listed for 2013Fb. Drift tracks from 1 November to 1 April
for the buoys are shown in Fig. 2.1 showing that the buoys are concentrated in the Central

Arctic and Beaufort Sea.

Efforts to compare satellite based records of sea ice thickness with ground truth are hampered

by the spatial scale mismatch between satellite and ground observations. Ground truth



FIGURE 2.1: Tracks traveled by a) ice mass balance buoys and b) Operation IceBridge
flights used in this study. Initial buoy location is signified with a plus symbol and all buoy

TABLE 2.1: A listing of United States Army Corps of Engineers Cold Regions Research
and Engineering Laboratory (CRREL) Ice Mass Balance buoys used in this work. All
buoys from 2003 to 2016 containing a full season of sea ice thickness growth are included,

excluding those in landfast ice or showing obvious dynamic effects.

Buoy tracks

a)

2003C
2005F
2006C
2012G
2012H
2012L
2013G
2015F
2013Fb
2013F

OIB flight tracks

tracks are from 1 November to 1 April.
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Deployment Final
Buoy Region Ice Type Acquisition
date
Date
2003C Beaufort Sea Multi-year 2002/8/31 2004/7/12
2005F Central Arctic Multi-year 2005/9/3 2007/3/22
2006C Beaufort Sea Multi-year 2006/9/4 2009/8/22
2012G Central Arctic First year 2012/10/1 2015/5/20
2012H Beaufort Sea First year 2012/9/10 2014/1/16
2012L Beaufort Sea Multi-year 2012/8/27 2013/9/25
2013F Beaufort Sea Multi-year 2013/8/25 -
2013Fb Beaufort Sea Multi-year - 2015/8/27
2013G Beaufort Sea Multi-year 2013/9/4 2014/5/5
2015F Central Arctic Multi-year 2015/8/13 2016/8/2

measurements of sea ice are typically taken from a single point while satellites observe sea

ice thickness on the scale of kilometers. The variability of sea ice conditions across those

kilometers leads to uncertainty in the comparison. It has been shown, however, that while



20
variability in absolute ice thickness may be significant on the spatial scale of a satellite

observation, sea ice growth and melt are relatively uniform on the satellite length scale
(Polashenski et al., 2011)). Therefore, while absolute comparisons of sea ice thickness between
a ground truth and satellite observation may be tenuous, comparisons of growth over a winter

season between single point ground truth and satellite based observations are more robust.

2.5 Sea ice models

The Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS) is a numerical
model reanalysis product that couples the Parallel Ocean Program (POP) model developed
at Los Alamos National Laboratory with a thickness and enthalpy distribution (TED) model
(Zhang and Rothrock, [2003). The TED model includes a viscous—plastic sea ice rheology
(Hibler,|1979) and a sea ice thickness distribution scheme that accounts for redistribution due
to ridging (Thorndike et al., |1975). The model utilizes a generalized orthogonal curvilinear
coordinate (GOCC) grid. The northern grid pole is shifted to be over Greenland where
there is no ocean or sea ice, avoiding the need to deal with converging meridians and grid
cell areas that approach zero. This shift also allows the highest grid resolutions to occur in the
Canadian Archipelago, Baffin Bay and the Greenland Sea where the geography is intricate.
Mean grid resolution over the oceans is roughly 1° and less than this over the Arctic. The
model is driven by daily surface forcing and sea surface temperatures (SSTs) provided by a
NCEP/NCAR reanalysis and NSIDC sea ice concentration in order to produce daily Arctic

sea ice thickness distributions from 1978 to present (Schweiger et al., 2011). Here we use
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the daily effective sea ice thickness output which converts sea ice thickness distribution into

a single effective thickness value for each grid cell.

Additionally, the data output from the sea ice model described in |[Kang et al.| (2021)), hence-
forth K21, was used to provide additional context. K21 nudged a one-dimensional sea ice
thermodynamic model with satellite retrieved snow—ice interface temperatures. The model
itself is based on Maykut and Untersteiner| (1971) and is a multi-layer numerical approxi-
mation for the snow and sea ice system. While the model is driven by European Centre for
Medium-Range Weather Forecasts (ECMWEF) ERA-Interim reanalysis data, temperatures
at the snow-ice interface are nudged using the snow-ice interface temperature retrieval
described by [Lee and Sohn| (2015) in a non-physical correction term. This method was
extrapolated to basin-wide results on the 25 km EASE-Grid 2.0 by Lagrangian tracking of
individual sea ice parcels. The retrieval methodology described here in Chapter 3| is similar

but greatly simplified and driven directly by the snow—ice interface temperature retrieval.

2.6 Global climate models

The NCAR Community Earth System Model Version 1 (CESM1) and Version 2 (CESM2)
are open source, fully coupled Earth system models consisting of biogeochemistry, atmo-
sphere, land, ocean, and sea ice components (Hurrell et al., |2013; Danabasoglu et al., [2020).
They were created in order to facilitate research into how the Earth system works and are

commonly used as tools to predict how a changing climate will affect various aspects of the



22
Earth system (Moore et al., 2013; Wolf and Toon), [2015; Lehner et al., 2017} |Alexander et al.,

2018; Ford et al 2018; Muntjewerf et al., [2020; Dalaiden et al., |2020)).

A single climate model simulation represents one outcome of a multitude of potential natu-
rally occurring possibilities given the forcing in question. As such, it is difficult to distinguish
errors in the model results from the internal climate variability inherent to the Earth system
with only a single model simulation result. In order to address this, a model forcing is often
repeated some number of times with only slight, round-off level differences between model
initial conditions in order to more fully illustrate the range of possible realizations given by
the system’s inherent internal variability. This concept was initially applied to numerical
weather model forecasting (Lorenz, 1963)) and is now applied to climate modelling in the
form of model ensembles. Here we utilize the CESM1-Large Ensemble (CESM1-LE) (Kay

et al., [2015) and the CESM2-LE (Rodgers et al., 2021)).

2.6.1 CESMI1 Large Ensemble

CESML1 is a World Climate Research Programme (WCRP) Community Model Intercompar-
ison Project Phase 5 (CMIP5) (Taylor et all [2012)) era model available with a number of
different configurations consisting of various combinations of Earth system model compo-
nents and forcings scenarios as defined by the CMIP5 protocols (Hurrell et al., |2013). The
CESM1 model was identified as one of the most reliable of the CMIP5 class models based on
a normalized distance from observations metric for temperature and precipitation (Knutti

et al., 2013). Most relevant to the present study is the sea ice model component, the Los

Alamos National Laboratory (LANL) Community Ice Code (CICE) Version 4 (CICE4) sea
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ice model (Hunke and Lipscomb) 2010). CICE 4 includes the thermodynamics described by

Bitz and Lipscomb) (1999)) that conserves brine pocket energy storage into the melt season
and the dynamic component described by Hunke and Dukowicz (2002) which incorporates
an elastic-viscous-plastic sea ice rheology into curvilinear coordinates. The CICE 4 model
uses the same POP model derived, 1° nominal, Greenland Pole, GOCC grid that is used
in PIOMAS. The ice thickness distribution within each grid cell is accounted for using the
scheme described by Thorndike et al.| (1975 and is discretized into four thickness categories.
The fundamental equation solved by the CICE model is found in Thorndike et al.| (1975)
and is very similar to Equation and [4.1] The ocean model underlying the sea ice model

in CESM1 is the Parallel Ocean Program, version 2 (POP2; Smith et al., [2010)).

The CESMI1-LE is a collection of 40 model realizations for the years 1920 to 2100, all using
the same model configuration and forcing (Kay et al., |2015). The model configuration is the
CESM1 model with the Community Atmosphere Model version 5 (CESM1(CAMS5); Hurrell
et al., [2013) and the external forcing is a combination of historical forcing from 1920 to 2005
(Lamarque et al 2010) and representative concentration pathway 8.5 (RCP8.5) forcing from
2005 to 2100 (Meinshausen et al.,2011). Round-off level differences in the initial air tempera-
ture field across the ensemble members produce the ensemble range which replicates the inter-
nal variation that the experiment was designed to capture. Output data for the CESM1-LE
was accessed through the NCAR Climate Data Gateway via the CESM Large Ensemble Com-
munity Project website (https://www.cesm.ucar.edu/projects/community-projects/

LENS/, last access: 6 October 2022).


https://www.cesm.ucar.edu/projects/community-projects/LENS/
https://www.cesm.ucar.edu/projects/community-projects/LENS/
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2.6.2 CESM2 Large Ensemble

The latest version of the NCAR coupled Earth system model is CESM2 which is a WCRP
CMIP Phase 6 (Eyring et al., 2016)) class model (Danabasoglu et al., 2020)). The new model
offers a series of improvements to the atmosphere, ocean, land, land ice, river transport and
coupler components of the model. Additionally, CESM2 utilizes an updated sea ice model
component in CICE Version 5.1.2 (CICE5; Hunke et al| [2015). The CICE5 model includes a
parameterization of multi-phase thermodynamics as described by Turner and Hunke| (2015)).
The parameterization seeks to replicate the phenomenon described by Feltham et al.| (2006])
and discussed in Section whereby local temperature and salinity change the ther-
modynamic properties of the sea ice due to it being a two-phase, saline, porous medium.
The model also includes an updated melt pond parameterization (Hunke et al.,2013) and a
salinity dependent freezing temperature. Once again, the CICE 5.1.2 model uses the same
1° nominal, GOCC grid that is found in both PIOMAS and CICE 4 (CESM1). Finally,
the model vertical resolution has been increased to eight sea ice layers whereas CESM1 and
CICEA4 included only four layers. CESM2 includes the same POP2 ocean model as CESM1

(Smith et al., 2010 but includes several improvements per Danabasoglu et al. (2012).

As the name implies, CESM2-LE is an update to CESM1-LE using the CESM2 model
(Rodgers et al., 2021). In contrast to the 40 members of CESM1-LE, CESM2-LE includes
100 ensemble members and includes the updated Community Atmosphere Model version
(CAMG6) (Danabasoglu et al., 2020). The model forcing is also updated. Half of the 100

members are forced by the historical and future Shared Socioeconomic Pathway (SSP) 3-7.0
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as outlined by the CMIP6 protocol (Eyring et al., 2016|), while the remaining half are forced

by the same forcing but with biomass burning emissions smoothed by an 11-year running
mean due to highly time-variable emissions during the 1990-2020 period caused by the in-
clusion of certain observations. A key difference between CESM1-LE and CESM2-LE lies in
the initialization scheme. Whereas CESM1-LE used only round-off level differences across
ensemble members, CESM2-LE includes differing Atlantic Meridional Overturning Circula-
tion (AMOC) states, in what is termed macro-ensembles, in addition to the round-off level
differences, which are termed micro-ensembles. While the memory of these differences be-
tween the macro-ensemble members does expire in time, it does not do so until the year
1960. As such, any variation in results between the macro-ensemble members during the
time period of this analysis can be considered due to internal variability. The Northern
Hemisphere ocean and sea ice data from the CESM2-LE is on the same Greenland Pole
grid as CESM1-LE and was accessed via the CESM2 Large Ensemble Community Project
website (https://www.cesm.ucar.edu/projects/community-projects/LENS2/, last ac-

cess: 13 October 2022).

2.6.3 Forced ocean sea ice

In order to isolate the ocean and sea ice components of the CESM2 model, an additional
simulation called the Forced Ocean Sea Ice (FOSI) was utilized. The ocean and sea ice only
model run served as the NCAR contribution to phase 2 of the Ocean Model Intercomparison
Project (OMIP-2) which was endorsed as part of CMIP6 (Tsujino et al., [2020; [Eyring et al.,

2016). The model consists of the POP2 ocean component and CICE5 sea ice component


https://www.cesm.ucar.edu/projects/community-projects/LENS2/
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and is forced by an adapted version of the Japanese 55-year atmospheric reanalysis product

(JRA-55; |[Kobayashi et al., 2015) that was purpose-built for driving ocean-sea ice models and
is called JRA55-driving ocean (JRABH5-do; [Tsujino et all 2018). For this reason, the results
of the FOSI CESM2 simulation are expected to more closely mimic observed conditions
during the historical period than the large ensemble datasets. The single FOSI simulation
covers 61 years covering the years 1958 to 2018 and is spun up by repeating the 61 year
forcing cycle five times prior to the sixth cycle, which serves as the analysis period. The
output variables from the FOSI simulation are on the same nominal 1° Greenland Pole grid
as the sea ice outputs from CESM1 and CESM2. Data from this simulation was accessed
via the Earth System Grid Federation (https://esgf.1llnl.gov/index.html, last access:

10 October 2022).


https://esgf.llnl.gov/index.html
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Chapter 3

A simple model for daily basin-wide
thermodynamic sea ice thickness

growth retrieval

3.1 Background

Simple models have been used in the past to investigate various aspects of the sea ice systems.
Semtner| (1976) proposed a 0-layer model driven by snow—ice interface temperature designed
to reduce the computational expense of more complex numerical modelling schemes like that
of Maykut and Untersteiner| (1971) for use with global climate scale modelling. The model
performs similar the the Maykut and Untersteiner| (1971) model and a 3-layer model also

proposed in [Semtner| (1976)), albeit with a slightly skewed seasonal cycle. The 0-layer model
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is similar to SLICE in that it defines the sea ice vertical temperature profile and growth

rate using a singular temperature at the snow-ice interface. Thorndike| (1992) introduced
the concept of a “toy” model which uses simplified physics to investigate the fundamental
physical relationships within the sea ice system. Bjork and Soderkvist| (2002) used a slightly
more sophisticated “toy” model to investigate the effects of poleward energy flux on sea ice
thickness. Eisenman and Wettlaufer| (2009) and Eisenman| (2012) utilized a simple single
column model predicated on tracking an internal energy quantity in order to determine
whether certain non-linear threshold sea ice behaviors predicted to occur in a changing

climate have any basis in the fundamental physics of the system.

Recent efforts to retrieve temperature at the boundary between snow and sea ice, referred to
as the snow—ice interface temperature, have opened a new door in polar climate observation
(Kilic et al., 2019; |Lee and Sohn|, 2015; [Lee et al. 2018). These methods take advantage
of radiances from AMSR, AMSR2, SSM/I and SSMIS passive microwave instruments using
channels whose wavelengths carry information from the snow—ice interface. |Kang et al.
(2021)) demonstrated the utility of these snow-ice interface temperature data by using them
to nudge a sea ice model, improving the model’s results. By coupling this newly available
snow—ice interface temperature data with Stefan’s Law governing the thermodynamics of
sea ice growth (Stefan, [1891; [Lepparantal 1993)), I introduce a new method of retrieving

thermodynamic sea ice thickness growth called Stefan’s Law Integrated Conducted Energy

(SLICE).

As sea ice accretes on the underside of the ice layer, the latent heat of fusion conducts up
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through the ice to the snow-ice interface. In Stefan’s Law, that conducted heat and therefore

rate of accretion is calculated using a heat conduction equation with the snow—ice interface
temperature as the upper boundary condition and the local freezing temperature of sea
water set as the lower boundary condition (Stefan, [1891; Lepparanta, 1993)). By inserting
the satellite retrieved snow—ice interface temperature into this relationship, SLICE retrieves
daily rates of ice accretion and model sea ice thickness on a basin-wide scale during the sea
ice growth season by integrating these retrieved growth rates from an initial sea ice thickness

condition.

3.2 Methodology

Sea ice grows thicker through two primary physical mechanisms: thermodynamic phase
change and dynamic changes due to the relative motion of the ice pack. The governing
equation for an Eulerian sea ice thickness field can be written as
0OH

where H is plane slab sea ice thickness; ¢ is time; f is a function of time, thickness and
position vector x describing thermodynamic sea ice thickness increase; and u is the ice
motion vector and is itself a function of time and position. This equation is analogous to
Eq. (3) in [Thorndike et al.| (1975), but does not include the redistribution term because

here a plane slab thickness H was used rather than a thickness distribution. The second

term on the right hand side of Eq. (3.1]) captures dynamic thickness changes, including both
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advection and deformation of sea ice. Through the following methodology called Stefan’s
Law Integrated Conducted Energy (SLICE), the first term on the right hand side of Eq. (3.1)
is retrieved and a parcel tracking approach approximates the sea ice advection component

of the second term on the right in order to model basin-wide thickness.

3.2.1 Snow-ice interface temperature

In order to retrieve snow—ice interface temperature from passive microwave brightness tem-
peratures, a multi-linear regression algorithm described by [Kilic et al.| (2019)) was used. The
algorithm was developed on the premise that low frequency passive microwave brightness
temperatures are well correlated with snow—ice interface temperature as demonstrated using

a radiative transfer model by [Tonboe et al.| (2011)).

The algorithm first determines an estimated snow depth with an algorithm developed using
multi-linear regression of ground truth snow depth to AMSR2 passive microwave brightness
temperatures in vertical polarization at 6.9 GHz, 18.7 GHz, and 36.5 GHz (6V, 18V, and
36V). The ground truth snow depth training dataset is taken from the 2012G, 2012H, 2012J,
and 2012L CRREL IMBs. Another multi-linear regression was performed between ground
truth snow—ice interface temperature from the same CRREL IMBs, the estimated snow
depth and AMSR2 passive microwave brightness temperatures from the 6.9 GHz vertical

polarization channel, which was found to have the highest correlation to the buoy snow-ice
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interface temperature. The resulting algorithm for T}; in K is as follows:

DS - 17701 —|— 0'0175TB,6V - 0'0280TB,18V —|— 0'0041TB,36V (32)

Ty = 1.086Tp., + 3.98log(D,) — 10.70, (3.3)

where D, is snow depth in m and Tz gy, T sy, and Tpsey are the observed 6V, 18V and
36V channel brightness temperatures in K, respectively. When evaluated against a set of
IMBs consisting of 2013F, 2013G, 2014F and 20141, the regression shows an RMSE of 2.9

K.
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FIGURE 3.1: Snow-ice interface temperatures on 1 January 2013 derived from AMSR2
radiances.

Liquid water at the emitting layer in the form of open ocean or melt ponds interferes with the
snow—ice interface temperature algorithm. As such, the snow-ice interface is only calculated
here in grid cells with greater than 95% sea ice concentration. While the algorithm was

developed for use with AMSR2, it was applied to brightness temperatures from both AMSR2
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and AMSR-E using the continuous and intercalibrated dataset provided by NSIDC (Markus

et al} 2018). Figure shows snow-ice interface temperatures on January 1, 2013 derived

from AMSR2 data.

3.2.2 Thermodynamic sea ice thickness growth

A simple model of one-dimensional thermodynamic sea ice thickness growth is a balance of
heat fluxes where phase change is occurring, i.e., at the interface between the solid sea ice
and liquid sea. These heat fluxes are latent heat released during the phase change of liquid
sea water to solid sea ice, Fj; basal sensible heat flux from the liquid sea to the solid ice, F,,;
and heat conducted through the ice and away from the phase change interface, F.. These

three fluxes are balanced at the phase change interface as follows:

Fi+F,=F.. (3.4)

When the snow—ice interface temperature drops below the temperature at the bottom of
the ice, heat provided by basal sensible flux and the latent heat of freezing is pulled to
the snow—ice interface. In the method described here, a satellite observation of snow-ice
interface temperature (Kilic et al., [2019) drives this energy balance in order to determine

sea ice thickness growth.
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3.2.2.1 Stefan’s Law

By balancing the conductive heat equation with a latent heat of freezing and basal sensible
heat flux term, Stefan’s Law relates the rate of thermodynamic sea ice thickness increase
to the temperature difference between the snow—ice interface and bottom of the ice layer,
the latter of which is at or very near to the freezing temperature of sea ice (Stefan), 1891;

Lepparanta, [1993).

Conduction is the transfer of heat across a solid medium and is always accompanied by a
temperature difference across that medium. The equation governing one-dimensional, steady

state conduction through sea ice is

/ieff
H ( f ) ( )

where kss is the thermal conductivity of sea ice, H is sea ice thickness, T is the freezing

point of sea water and T,; is the snow—ice interface temperature.

A change in the phase of a material must either release or accept energy as the molecular
bonds and motion within the material change. In the case of a phase change from liquid
to solid, energy is released as the molecular motion is reduced with the introduction of

molecular bonds. The equation describing the one-dimensional, latent heat release as sea
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water changes phase from liquid to solid is:

dH

F=pL—,
1= p dt

(3.6)

where p; is the density of the solid phase of the material, L is the latent heat of fusion and

%—If is the change in sea ice thickness per unit time.

In Stefan’s Law, Eqgs. (3.5)) and (3.6 are substituted into Eq. (3.4) to form

0H k.
piLE = [;f (T —Ty) — Fy . (3.7)

Isolating for sea ice thermodynamic growth rate,

8[’] . /ieff

Fy
5 = oi (Tf — Ty) — —2. (3.8)

pilL

Equation defines the thermodynamic growth function, f, found in Eq. and is
equivalent to Eq. when dynamic growth is neglected. There are three assumptions
inherent to this relationship (Lepparanta;, 1993)). First, heat conduction in the horizontal
direction is assumed to be negligible. Second, it is assumed that there is no thermal inertia
present in the ice. This means that the local derivative of temperature with respect to sea ice
depth is constant throughout the sea ice layer—i.e., the temperature profile is linear—and
the system is in equilibrium. The spatial derivative of temperature found in a typical heat

equation reduces to the temperature difference between the snow—ice interface temperature
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and the freezing point of water due to these first two assumptions. Third, it is assumed that
there is no internal heat source, such as the absorption of short wave radiation. The second
and third assumptions are only valid during polar winter and times of the year when solar

incidence angles are very shallow.

Egs. (3.7) and (3.8)) can be integrated to give:

2%, F,
H = \/Hg + 6t (T, —T,,) - ot (3.9)

pil pil’

where H, is the initial sea ice thickness. The time interval dt chosen for the results shown
herein is one day based on the daily availability of snow—ice interface temperature and both
snow—ice interface temperature and basal sensible flux are assumed to be constant during

each day.

At each time step, SLICE determines sea ice thickness by solving Eq. for H given an
Hj using the snow—ice interface temperature calculated at the nearest AMSR-E or AMSR2
grid cell. The change in sea ice thickness at each time step is dependent on initial sea ice
thickness. This necessitates SLICE be applied in a Lagrangian sense as the sea ice thickness
must be tracked and stored in order to accurately calculate the change at the next time step.
In Eq. , thicker sea ice grows slower than thinner sea ice with a given snow—ice interface
temperature. This means that in the presence of only thermodynamic effects, a SLICE sea
ice thickness profile that is biased relative to ground truth will correct towards the unbiased

SLICE thickness profile. This relationship replicates the phenomenon described in Bitz and
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Roe (2004)), whereby thick ice recovers from climate related perturbations slower than thin

ice and has experienced greater thinning on a decadal time scale.

3.2.2.2 Basal heat flux

Observation of basal sensible heat flux from liquid sea water to solid sea ice is inherently
difficult. Typically, basal sensible heat flux is calculated as a residual of other more readily
observed quantities in the heat budget of a one-dimensional sea ice profile, typically from a
drifting station or buoy. Using this methodology, McPhee and Untersteiner| (1982) observed
March through May basal sensible heat fluxes of less than 2 W m™2 using data from the
FRAM I drift station in the Arctic Ocean, Perovich and Elder| (2002) report oceanic sensible
heat flux values of just a few W m~2 from November to May during the Surface HEat
Budget of the Arctic Ocean (SHEBA) field experiment and Lei et al.| (2014) examined
Chinese National Arctic Research Expedition (CHINARE) buoy data to discover relatively
high basal sensible heat fluxes of greater than 10 W m~2 through December that gradually

decreased to near 0 by mid-February.

Maykut and Untersteiner| (1971)) completed a sensitivity analysis using their thermodynamic
sea ice model, investigating the equilibrium mean annual sea ice thickness corresponding to

basal sensible heat flux values ranging from 0 to 8 W m~2.

Realistic mean annual sea ice
thickness resulted when basal sensible heat flux was set between 1.3 W m~2 and 2.6 W m—2.

They chose a constant basal sensible heat flux value of 2 W m~2 for their model based on

this analysis and available observational data. The coupled ocean—sea ice model PIOMAS
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supplies oceanic sensible heat fluxes to the sea ice model component as modeled by the
ocean model component. Zhang and Rothrock| (2003) show these modeled ocean sensible
heat fluxes in most of the Arctic basin to be near 2 W m~2. K21 also employed a constant

basal sensible heat flux of 2 W m~2.

In keeping with these studies, a constant basal sensible heat flux F,, = 2 W m~? was
applied in the SLICE methodology. The effect of basal sensible heat flux on thermodynamic
sea ice growth is independent of thickness and can be easily quantified as the last term of
Eq. . For a given snow—ice interface temperature, the reduction of sea ice thickness
growth by inclusion of a basal sensible flux is linearly related to the flux value by a factor
of 1/p;L. With a density of 917 kg m~2 and a latent heat of fusion of 3.32 x 10° J kg™,
each 1 W m~2 of basal sensible heat flux from the liquid sea water to solid sea ice decreases
sea ice thickness growth by 2.84 x 107 m d~!. Removal of the 2 W m~2 basal sensible heat
flux would increase sea ice growth by 5.67 x 107% m d~! and an increase from 2 W m~2 to
10 W m~2 would decrease thermodynamic sea ice thickness growth by 2.27 x 1073 m d.
This corresponds to a 0.0857 m increase and a 0.343 m decrease, respectively, when summed

from 1 November to 1 April.

3.2.2.3 Multi-phase properties of sea ice

Sea ice is best described not as a homogeneous solid medium but rather as a heterogeneous,
multi-phase material including solid ice and pockets of liquid brine whose size and salinity

change with varying ice temperatures. In turn, these brine pocket changes significantly affect
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the bulk thermodynamic properties of the ice layer (Feltham et al., 2006). Equation (3.9)

includes effective thermal conductivity, kefs, a property that is subject to this effect. As
such, the parameterization of effective conductivity described in Feltham et al. (2006]) was

adopted.

First, a constant ocean salinity, S, of 33 ppt is assumed. Next, it is assumed that the ice
is in thermal equilibrium relative to phase change between liquid brine and solid ice and
calculate freezing point temperature (in °C), T}, as a function of salinity (in ppt) per Notz
(2005)):

T7(S) = —0.05925 — 9.37 x 10798% — 5.33 x 107 "S> (3.10)

The latent heat of fusion for liquid to solid phase change is defined as the difference between
the enthalpies of the two states. In this case, a latent heat of fusion (in J kg™'), L, as

calculated as a function of temperature (in °C) by Notz (2005)) is used:

L(Ty) = 333700 + 762.7T — 7.929T%. (3.11)

Next, Eq. (15) from Feltham et al.| (2006) defines the effective thermal conductivity (in W

m~! K1) as function of sea ice temperature, T; and sea ice salinity, S;:

(T7(0) = T;(5%))

I{eff = Kp; — (libi — Iib) s (312)

where ky; is the thermal conductivity of bubbly ice and x; is the thermal conductivity of

liquid brine and are defined per Schwerdtfeger (1963), Batrak et al. (2018)) and Bailey et al.
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(2010)) (all in W m~t K~1):

Kb = Ki (265 4 Ko — 2Va(Ki — Ka))/ (26 + K + Va(ki — Ka)) (3.13)
Ky = 1.162(0.45 — 1.08 x 107>T + 5.04 x 107°T?) (3.14)
i = 1.162(1.905 — 8.66 x 107°T + 2.97 x 10~°7T%) (3.15)
ke = 0.03 (3.16)
V, = 0.025, (3.17)

where k; is the thermal conductivity of pure ice, x, is the thermal conductivity of air and V,

is the fractional volume of air in the sea ice. Effective conductivity calculated with surface

conditions was used for SLICE which is similar to the approach adopted by |Cox and Weeks|

(1988)) who also used conductivity calculated from the surface to determine conductive flux

through the ice layer.

A first-year sea ice (FYTI) density of 917 kg m™3 and multi-year sea ice (MYI) density of

882 kg m~* was reported by |Alexandrov et al.| (2010) and these values have seen use in the

sea ice thickness calculations from CryoSat-2 data (Laxon et al., 2013} Tilling et al., 2018;

Hendricks and Ricker} 2020; Kwok and Cunningham, 2015). A sea ice density of 915 kg

m~? is also in use with altimeter data (Kurtz et al., 2014b; [Petty et al., [2020) and a sea ice

density of 925 kg m~3 has been used with IceSat data (Kwok and Rothrock, [2009)). Choice

of sea ice density is a significant source of uncertainty in altimeter-based estimates of sea ice

thickness. Kurtz et al. (2014b)) report that the range of densities from 882 kg m~ to 925 kg
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m~? yields a 1.1 m range in sea ice thickness estimates from a 60 cm snow—ice freeboard

with 35 cm of snow. The SLICE system of equations uses a FYI sea ice density of 917

-3

kg m™. For a given snow—ice interface temperature, basal sensible heat flux and sea ice

thickness, a change to 915 kg m™3

would increase sea ice thickness growth rate by at most
only 0.2% and a change to 925 kg m~2 would decrease sea ice thickness growth by at most

only 0.8%.

3.2.3 Parcel tracking of advection

The divergence term on the right hand side of Eq. (3.1) represents sea ice dynamics and
includes the effects of both advection and deformation on local sea ice thickness. Advection
moves sea ice parcels horizontally and deformation redistributes sea ice volume vertically

through ridging or lead formation.

The advection effects contained within the divergence term can be approximated using a par-
cel tracking approach, allowing for the modelling of basin-wide results. This parcel tracking
methodology is initialized with the CS2SMOS data from the first week of November and
each 25 km x 25 km grid cell is divided into 5 km x 5 km parcels, which are advected daily
throughout the winter using the Polar Pathfinder motion vectors interpolated to their po-
sition. This parcel tracking methodology is similar to the Sea Ice Tracking Utility (SITU,
http://icemotion.labs.nsidc.org/SITU/) described by DeRepentigny et al.| (2016). Each par-
cel adds sea ice thickness thermodynamically using the SLICE thermodynamic model. At
any given time step, the parcels can be gridded to the EASE-Grid 2.0 by taking the mean

thickness of parcels within each grid cell. This approach leaves out deformation effects.
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While taking the sum of all parcel volume within each grid cell and dividing by grid cell area

would be a more physically sound methodology for this regridding, the results from such a
method proved unrealistic. Figure found in the Appendix shows a comparison between
the chosen method using grid cell mean and the method using grid cell sum. New parcels
are initiated at any grid cell not containing a sea ice parcel but showing 95% or greater
sea ice concentration. New ice parcels are initialized at a thickness of 0.05 m. Any parcel
that is located in a region with less than 95% sea ice concentration at any time step is re-
moved. The result is a daily gridded Arctic basin-wide sea ice thickness dataset representing

thermodynamic sea ice growth in the 95% sea ice concentration ice pack.

3.3 Results

The SLICE sea ice thickness retrieval methodology can be applied on a single one-dimensional,
vertical profile basis or across a large area. Here, results comparing one-dimensional SLICE

data to ice mass balance buoy thicknesses and Arctic basin-wide results to OIB and AWI

CS2SMOS data are presented.

3.3.1 Ice mass balance buoy comparison

The SLICE retrieval method results were compared to data from ice mass balance buoys.
First, the SLICE results and buoy data were compared from an instantaneous perspective.
The input snow—ice interface temperature retrieval results were compared to buoy snow—ice

interface temperature in Fig. [3.2h. The snow—ice interface temperature retrieval shows a
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FIGURE 3.2: An instantaneous comparison of (a) AMSR-E/AMSR2 retrieved snow-ice

interface temperature to buoy snow-ice interface temperature and (b) SLICE retrieved

thermodynamic growth rate using buoy thickness to buoy thermodynamic growth rate.
Linear correlations are 0.70 and 0.71, respectively.

mean bias of 0.05 K with a standard deviation of 3.80 K. The linear correlation value be-
tween retrieved snow—ice interface temperature and buoy snow-ice interface temperature is
0.70. This analysis does include the 2012G, 2012H, and 2012L buoys that were also included
in the training dataset used in creation of the multilinear regression snow-ice interface tem-
perature retrieval algorithm, because the intention is not to validate this retrieval, rather
to investigate sources of error in the SLICE results. Figure shows daily instantaneous
SLICE thermodynamic growth rate retrieved via Eq. using buoy thickness versus buoy
provided daily thermodynamic growth rate. Because the CRREL IMB thickness data is pro-
vided to only the hundredths of a meter and daily variations in thickness are typically much
small than this, a 14 day rolling average is applied to the buoy data. The linear correlation
of this comparison is 0.71 and SLICE shows a mean bias of 4 x 10~* md~! with a standard

deviation of 2.2 x 1073 md~!.
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FIGURE 3.3: Ice thickness observations from ice mass balance buoys (blue) and SLICE
(red) for buoys (a) 2003C, (b) 2005F, (c) 2006C, (d) 2012G, (e) 2012H, (f) 2012L, (g)
2013F, (h) 2013Fb, (i) 2013G and (j) 2015F. Linear correlation (r) and bias values are
listed. Across all buoys, the r values have a mean of 0.89 and the biases have a mean of
0.06 m.

Next, SLICE was compared one-dimensionally to buoy data from a seasonal perspective. The

retrieval method was initialized with the buoy observed sea ice thickness on 1 November and

integrated through 1 April using Eq. The results here are dependent only on the

satellite based snow—ice interface temperature. The snow-ice interface temperature used on
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a given day is taken from the nearest AMSR-E or AMSR2 grid cell to the buoy location.

The resultant sea ice thickness time series are plotted with buoy sea ice thickness in Fig.
It is clear from Fig. that the SLICE profiles agree well with the buoy sea ice thickness
when initialized with an accurate initial ice thickness. The correlation coefficients ranges
from 0.45 to 0.999 with a mean of 0.89 and standard deviation of 0.21 across all buoys. The
bias, calculated by taking the mean over the entire profile length of the retrieval method
result minus the buoy thickness, ranges from -0.04 m to 0.17 m with a mean of 0.06 m and

standard deviation of 0.07 m across the buoys.

3.3.2 Arctic basin-wide comparisons

2012-11-01 2012-12-01 2013-01-01

(= 5
Ice Thickness [m]

»n

FIGURE 3.4: Sea ice thickness on a) 2 November 2012, b) 1 December 2012, ¢) 1 January

2013, d) 1 February 2012, d) 1 March 2013, e) 1 April 2013, f) 30 April 2013 created using

SLICE with the 1 November 2012 AWI CS2SMOS as an initial state. The changes from
month to month represent thermodynamic growth and advection.
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Next, the SLICE retrieval method was utilized to model sea ice thickness on an Arctic basin-

wide scale. Using the AWI CS2SMOS data for the first week of November as the initial state,
the retrieval method was applied daily to the entire Arctic basin from 1 November to 1 April
for the growth seasons beginning in 2012 through 2019. November 1 was chosen to ensure
most ice was below the freezing point and there were limited melt ponds to interfere with
the snow ice interface temperature observation. At each time step, the parcel tracking
methodology described in Sect. is applied. The 1 April results are regridded to the 25
km EASE-Grid 2.0 using the procedure also described in Sect. [3.2.3] Monthly basin-wide sea
ice thickness plots for the sea ice growth season beginning in fall 2012 using AWI CS2SMOS
as the initial state are shown in Fig. |3.4] The sea ice thickness data from SLICE is available
daily but only the first of every month is plotted. The sea ice thickness is increasing and

advection is relocating the volume horizontally throughout the Arctic basin.

To assess SLICE skill relative to PIOMAS and K21 data, all three datasets were compared
with OIB sea ice thickness observations. OIB data from the month of March for the years
2013 through 2018 (including NSIDC OIB Quick Look data) was first binned by 25 km
EASE-Grid 2.0 cell and averaged across each bin to create an OIB dataset collocated with
SLICE. Both PIOMAS and the K21 data were also interpolated to the 25 km EASE 2.0 grid.
A comparison between SLICE, PIOMAS and K21 is shown in Fig. Linear correlation
and bias statistics were calculated from this data. All three datasets show very similar
linear correlations of 0.64, 0.67 and 0.68 for SLICE, PIOMAS and K21, respectively. The

best mean bias is PIOMAS at 0.10 m, followed closely by SLICE at -0.12 and K21 at -0.24
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m. The standard deviation of the bias is 0.70 for SLICE, 0.68 for PIOMAS and 0.69 for

K21.
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FIGURE 3.5: OIB thickness versus a) SLICE, b) PIOMAS and c) Kang et al., 2021 data
including number of data points, linear correlations and bias (standard deviation). All
three have similar linear correlations.

SLICE was also compared to PIOMAS using AWI CS2SMOS as the reference dataset. Figure
[3.6] shows the differences in sea ice thickness between SLICE and AWI CS2SMOS and the
differences between PIOMAS and AWI CS2SMOS on 1 April for the years 2013 through
2020. Figure in the Appendix shows plots of sea ice thickness used in this comparison
from all three datasets. The differences are almost all between -1.5 m and 1.5 m and in most
cases are near zero. The difference plots for SLICE and PIOMAS show similar patterns,
though PIOMAS overestimates thickness in more areas than SLICE, which underestimates
sea ice thickness in the central Arctic in almost all cases. The differences between SLICE and
CS2SMOS are likely to be due to a lack of deformation effects. Figure shows a scatter
plot of AWI CS2SMOS sea ice thickness to sea ice thickness from SLICE and from PIOMAS.
Both AWI CS2SMOS and SLICE are on a 25 km EASE-Grid 2.0 but in order to compare

the AWI CS2SMOS data to PIOMAS, it is interpolated to each PIOMAS grid point. Linear
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correlation and bias statistics were calculated from this data. SLICE and PIOMAS have

similar linear correlations with AWI CS2SMOS of 0.76 and 0.77, respectively. SLICE shows
a lower mean bias at 0.09 m compared to PIOMAS at 0.10 m. SLICE standard deviation
of the difference is 0.63 m compared to 0.67 m for PIOMAS. Figure shows total daily
Arctic sea ice volume from SLICE, PIOMAS and AWI CS2SMOS during the winters from
late 2012 to early 2020. The AWI CS2SMOS is taken from the the weekly data centered
on each day. Both SLICE and PIOMAS follow the AWI CS2SMOS volume profile well.
PIOMAS overestimates end of season volume in all years and underestimates initial volume
in all cases except 2012-2013 and 2016-2017 leading to an overestimation of sea ice volume
growth in all years. SLICE begins each season at the same volume as AWI CS2SMOS
and ends all seasons closer than PIOMAS to the AWI CS2SMOS volume except 2014-2015
and 2015-2016. While there are not enough data points for a strong statistical comparison,

SLICE is certainly a viable indicator of sea ice volume growth.

3.4 Discussion

SLICE uses a retrieval of snow—ice interface temperature (Kilic et al., [2019)) to drive a very
simple one-dimensional model of sea ice thermodynamics in order to retrieve thermodynamic
sea ice thickness growth. By applying SLICE to individual parcels whose location throughout
the Arctic basin is determined using a sea ice motion product (T'schudi et al., 2020)), SLICE
captures sea ice advection and produce basin-wide results. In doing so, SLICE functions
similarly to much more intricate sea ice models such as PIOMAS (Zhang and Rothrock,

2003) and a sea ice model that is nudged with retrieved snow-ice interface temperature
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FIGURE 3.6: For the sea ice growth seasons ending in a-b) 2013, c—d) 2014, e-f) 2015,

g-h) 2016, i) 2017, k-1) 2018, m—n) 2019 and o—p) 2020, a, c, e, g, i, k, m, o) SLICE

sea ice thickness - AWI CS2SMOS sea ice thickness from 1 April and b, d, f, h, j, 1, n, p)

PIOMAS sea ice thickness - AWI CS2SMOS sea ice thickness from 1 April. The SLICE
and PIOMAS differences show similarities in their overall pattern.

(Kang et al., 2021). While SLICE is capable of capturing thermodynamic sea ice growth

and advection, it is unable to detect deformation effects—i.e., thickness changes due ridging

or lead formation.

Figure demonstrates SLICE’s utility as a thermodynamic growth retrieval. The compar-

ison between the input snow—ice interface retrieval and buoy snow-ice interface temperature
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FIGURE 3.7: AWI CS2SMOS sea ice thickness versus a) SLICE sea ice thickness and

b) PIOMAS sea ice thickness including number of data points, linear correlations and

bias (standard deviation). SLICE and PIOMAS have nearly equal mean bias and linear
correlation values.

shows that the retrieval is effective. The instantaneous SLICE thermodynamic growth rate
calculated using buoy thickness shows a linear correlation of 0.71. The mean bias is 4 x
10~* md~! which is roughly 10% of the mean growth during the period. This bias is likely
influenced by portions of the time series from buoys 2006C, 2012L and 2013G during which

SLICE overestimates growth.

Figure[3.3shows a comparison between ice mass balance buoy sea ice thickness measurements
and the retrieval method initialized with the buoy data and integrated along an entire season
for 10 buoys within the years 2003-2016. The mean correlation coefficient of 0.89 between
the buoy measurements and the method is high. The bias values are also very encouraging
with a mean of 0.06 m. Buoys 2006C, 2012L and 2013G show a SLICE profile that produces

greater sea ice thickness than the buoys. There are likely two mechanisms causing this error.
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FiGUurRE 3.8: Wintertime sea ice volume versus time for SLICE, PIOMAS and AWI
CS2SMOS.

For buoys 2006C and 2012L, the initial thicknesses are the two highest of the set and are near
3 m. In these cases, the cold atmospheric temperatures of the growth season have not yet
reached the base of the ice, which must be below the freezing point in order for thickness to
increase. In other words, the heat stored in the ice from summer has not yet escaped due to
the higher thickness and greater heat storing capacity. This means the ice does not yet have a
linear temperature profile with the sea ice base at the freezing point, a condition that SLICE
assumes but is not met in reality by buoys 2006C and 2012L until after 1 November. In the
case of 2013@G, a melt event, which SLICE is unable to capture, occurs in December. Both
of these phenomena cause SLICE to overestimate sea ice thickness. When sea ice is indeed
increasing via thermodynamics, SLICE captures the growth well. Additionally, SLICE has
a self-correcting quality by nature of Eq. whereby sea ice thicknesses that are biased

in either direction approach the unbiased SLICE sea ice thickness over time. These points
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suggest the retrieval method is viable as a basis for modelling sea ice thickness but is highly

dependent on an initial condition, as it calculates thermodynamic sea ice thickness increase

rather than absolute thickness.

There are a number of assumptions inherent to Stefan’s Law (Lepparanta, [1993)) that must
be considered in relation to SLICE as introduced in Sect. 3.2.2] In order to characterize con-
duction through the ice layer with only the snow—ice interface temperature and an assumed
freezing point temperature at the bottom of the ice layer, it must be assumed that heat
conduction in the horizontal is negligible and that the local vertical derivative of tempera-
ture throughout the ice layer is constant. These assumptions are reasonable. The remaining
two assumptions are more salient. The first is that there is no internal heat source. This is
untrue when there is significant short wave radiation absorbed within the sea ice. The final
assumption is that heat exchange between the sea ice and the ocean is constant in space and

time, which is likely to be invalid in some regions. Impacts of this assumption on the sea ice

growth are investigated in Sect. |3.2.2.2]

Another source of uncertainty in SLICE ice thickness is the constraint that it is limited
to areas with sea ice concentration greater than 95%. There is significant growth in areas
where the sea ice concentration is low, such as the marginal ice zone (MIZ). This constraint
would likely cause underestimated sea ice growth over those areas. Further validation of
SLICE, particularly in regions other than the Beaufort Sea and Central Arctic, where all

buoys and OIB flights used here were located and where the snow-ice interface temperature
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retrieval multi-linear regression was performed, as well as investigation of the impacts of

these assumptions and full characterization of uncertainties is warranted.

The Stefan’s Law energy balance relationship and attendant assumptions amount to a simpli-
fication of the multi-layer thermodynamic model based on Maykut and Untersteiner| (1971)
that makes up the foundations of PIOMAS and K21. These assumptions remove the need for
multiple layers. Additionally, whereas the thermodynamics in PIOMAS and K21 are driven
by an atmospheric reanalysis product and nudged by snow—ice interface temperature in the
case of K21, SLICE is driven by satellite observed snow—ice interface temperature and not
reliant on an atmospheric reanalysis product. These factors allow for the retrieval of instan-
taneous thermodynamic thickness growth rate. Whereas PIOMAS models sea ice motion
again using atmospheric reanalysis, SLICE uses a sea ice motion satellite product when used
to model basin-wide sea ice thickness. This sea ice motion product and the snow—ice interface
temperature product mean SLICE is heavily observationally constrained. The comparison
between SLICE, PIOMAS and K21 shows that these assumptions and simplifications do not
significantly degrade resultant sea ice thickness values when SLICE thermodynamic growth
rate is used to model absolute thickness on a basin-wide scale. Indeed, thermodynamic
growth rate calculated using average thickness over a 25 km x 25 km grid cell likely does
not completely accurately describe thermodynamic growth rate over the entirety of that
grid cell. Additionally, SLICE does not include the effects of deformation processes, which
recently were shown to have contributed roughly 30% of total thickness growth during the

Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIiC; Nicolaus
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et al., [2022)) field campaign (von Albedyll et al., [2022; Koo et al., [2021)).

Figure [3.8] is encouraging for the capability of SLICE to capture volumetric sea ice changes
on a basin-wide scale. Per the model described by Eq. , sea ice volume is only added
through thermodynamic processes—dynamic processes only serve to rearrange the volume
already present. Though this statement does invoke the false assumption that dynamic
processes do not change the density of the ice, it seems to be a factor in explaining the
volumetric results. Though dynamic processes do not directly change sea ice volume within
a given time step, their changing of the thickness of ice at a given location does impact
thermodynamic processes at later time steps by virtue of f being a function of thickness,
H, in Eq. . Inspection of Eq. indeed shows that H impacts %—Iti. In regions where
deformation increases sea ice thickness, SLICE will overestimate sea ice thickness increase
and in regions where deformation decreases sea ice thickness, it will underestimate sea ice
thickness increase. These phenomena, along with any phenomena inherent to either reference
dataset, may explain volumetric differences between SLICE and the reference datasets. The
95% or greater criteria for SLICE may also contribute to differences, as the other datasets

are not limited by this threshold.

3.5 Summary

New methods for observing snow-ice interface temperature (Kilic et al., 2019) have made
possible a new strategy for observing thermodynamic sea ice thickness growth from space

during the winter growth season: Stefan’s Law Integrated Conducted Energy (SLICE). The
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new strategy involves linking observed satellite retrieved snow—ice interface temperature
with Stefan’s Law (Stefan, [1891; |Lepparantal [1993). In the Stefan’s Law relationship, latent
heat of fusion is conducted from the bottom of the ice layer where new ice forms to the
snow—ice interface and this rate of conduction and accretion is calculated using the snow—
ice interface temperature and a parameterized freezing point temperature at the bottom
of the ice layer. The snow—ice interface temperature retrieval algorithm used to drive the
sea ice thickness growth equation uses passive microwave brightness temperatures from the
AMSR-E and AMSR2 instruments (Kilic et al., 2019). Gridded brightness temperature
data from these instruments are available at daily temporal resolution in the polar regions
(Cavalieri et al., |2014; Markus et al.,|2018), meaning modelled daily sea ice thickness growth
is available basin-wide. Lee et al.| (2018) provides a method for retrieving snow—ice interface
temperatures using passive microwave brightness temperatures from the SSM /I and SSMIS
instruments, allowing for the application of SLICE to sea ice growth seasons beginning in
1987. SLICE requires an initial sea ice thickness value is required and does not capture

melting.

When compared from an instantaneous perspective, SLICE is an effective retrieval of ther-
modynamic growth rate with a bias of 4 x 107* m d~! relative to an ice mass balance buoy
dataset when buoy thickness is used a priori at each time step. When SLICE is initial-
ized with the ice mass balance buoy thickness on 1 November and integrated for an entire
growth season, the retrieval method compares well with the buoy observed sea ice thick-

ness growth. Using ten buoys from 2003 to 2016, the mean linear correlation value is 0.89
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and the mean bias is 0.06 m. SLICE can model basin-wide sea ice thickness by applying

the thermodynamic growth retrieval to individual sea ice parcels and advecting the parcels
across the basin using a sea ice motion product. This basin-wide methodology was applied
to the winters between late 2012 and early 2020 using AWI CS2SMOS basin-wide sea ice
thickness as the initial state. Results show that SLICE performs comparably to PIOMAS
and K21, despite the assumptions and simplification that allow for the direct retrieval of

instantaneous thermodynamic growth rate.

Current state of the art sea ice thickness observations from space, though capable of observ-
ing sea ice growth whether from thermodynamic or dynamic effects, are not capable of this
spatial and temporal coverage. They also do not discriminate between dynamic and ther-
modynamic effects. For these reasons, a sea ice thickness dataset based on SLICE will be
especially useful for investigating thermodynamic and dynamic sea ice phenomena that are
small scale in space and time. SLICE need not be initialized at the beginning of the growth
season and applied for an entire growth season but can be initialized at any time during the
growth season and applied to any interval of time, allowing for use with case studies or other
small time and space scale events. Additionally, the high temporal resolution retrieval of
thermodynamic effects will allow for creation of useful datasets of surface energy flux from

latent heat of fusion.
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3.6 Code and data availability

Data used in creation of all figures within this chapter is available at https://doi.org/10.
5281/zenodo.6985505. Code for creation of data and figures wihtin this chapter is available

at https://doi.org/10.5281/zenodo.7143799 and https://github.com/janheuser/SLICE/
releases/tag/3.0.0. The following auxilliary datasets were used and are available at

these locations: AMSR-E and AMSR2 brightness temperatures, https://doi.org/10.
5067/AMSR-E/AE_SI125.003 and https://doi.org/10.5067/TRUIAL3WPAUP; AMSR-E and
AMSR2 SIC, https://doi.org/10.5067/AMSR-E/AE_SI25.003 and https://doi.org/10.
5067/TRUIAL3WPAUP; AWI CS2SMOS, https://www.meereisportal.de; sea ice motion
vectors, https://doi.org/10.5067/INAWUWO7QH7B; OIB, https://doi.org/10.5067/G519SHCKWQVE
andhttps://doi.org/10.5067/GRIXZ91DEOL9; CRREL IMB, http://imb-crrel-dartmouth.
org; PIOMAS, http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly;

Kang et al., 2021, https://doi.org/10.1029/2020MS0024438.
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Chapter 4

A climatology of thermodynamic vs.
dynamic Arctic wintertime sea ice
thickness effects during the CryoSat-2

era

4.1 Background

Per Egs. and [3.1] total sea ice thickness changes are the sum of thermodynamic and
dynamic changes. Large temporal and spatial scale observations of these processes, inde-

pendent from one another, are lacking, however recent in-situ sea ice studies and satellite
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scale observations of related processes like sea ice motion do offer a glimpse into the sign

and magnitudes of these processes.

The Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC; Nico-
laus et al., [2022) presented an opportunity for partitioning thermodynamic and dynamic
growth from a Lagrangian perspective along the Transpolar Drift over a full year from Oc-
tober 2019 to September 2020. von Albedyll et al. (2022) analyzed data from airborne
electromagnetic (AEM) surveys and an ice mass balance buoy network to characterize the
annual cycle of both dynamic and thermodynamic sea ice thickness contributions experi-
enced by the ice pack surrounding the MOSAIC drift station. Thermodynamic growth was
modeled using ice mass balance buoy temperature profiles and subtracted from overall ice
growth captured by the airborne electromagnetic survey data in order to calculate dynamic
sea ice effects as a residual. Overall, the dynamics contribution of 0.1 m out of the 1.1
m growth amounts to 10%. Offering a potential window into basin-wide partitioning of
thermodynamics versus dynamics, Koo et al. (2021) NASA ICESat-2 data collected over
the MOSAIC drift station to ice mass balance buoy thicknesses collected during the field
experiment. They found that the mode of ICESat-2 derived sea ice thickness over this region
represented level ice under the effects of thermodynamics only while mean and median sea
ice thickness included sporadic deformation events which increased sea ice thickness under
the effects of sea ice dynamics. Comparing the mean and median observations against the
mode observations, the authors conclude that dynamics accounted for 35.6% of the mean

sea ice thickness increase and 42.6% of the median sea ice thickness increase over a region



99

enclosed by a 50 km radius around the research vessel.

Other studies used estimates of sea ice drift vectors to relate dynamics to sea ice thickness
growth, again from a Lagrangian perspective. |[Kwok and Cunningham| (2016)) calculated
shear and divergence terms averaged over a region north of the Canadian Arctic Archipelago
using estimated ice motion vectors during winter from 2011 through 2015. These terms and
a constant thermodynamic growth term were linearly regressed to overall sea ice thickness
change from ESA CryoSat-2. This analysis showed that divergence and shear led to 42% to
56% of overall thickness change averaged across the region in question during those winters,
with the remaining change due to thermodynamic effects. The sea ice deformation effects of
a 2015 winter storm in the Transpolar Drift north of Svalbard were examined by [Itkin et al.
(2018), who analyzed AEM measurements of freeboard before and after the storm during
the Norwegian Young Sea ICE (N-ICE2015) expedition. By tracking individual features in
the measured sea ice distribution, they were able to relate divergence and shear to changes
in sea ice deformation. In multiplying the effects of this single storm by the climatological
average of ten to twenty storms per winter, the authors predict 5% to 10% volume increases
due to deformation in the region. von Albedyll et al. (2021)) also took advantage of AEM
freeboard measurements and satellite synthetic aperture radar observations of an unusually
large polynya north of Greenland in 2018 to determine a relationship between deformation
and thickness changes. Over the 65,000 km? polynya and over the 1 month of analysis,
deformation of ice was found to account for an average of 50% of the thickness increase and

in some cases as much as 90% of the thickness increase.
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Kwok! (2006) analyzed RADARSAT Geophysical Processor System (RGPS) sea ice motion

vector derived Eulerian estimates of deformation from 1996 to 2000 over a much larger area
than the aforementioned studies, though independent of any sea ice thickness measurements.
They report that seasonal ice experiences more deformation than multi-year ice, possibly due
to its decreased thickness and strength. They also report a decrease in sea ice divergence
as the winter growth season progresses, potentially via the same mechanism of increasing
thickness and strength. Even without a link to sea ice thickness, the findings of this study
allow for the extrapolation of more localized, short term thickness effect results to a larger

spatial scale.

While a number of localized and short term studies have yielded a partitioning of thermo-
dynamic and dynamic growth, a large scale and longer term dataset is lacking—especially
from a Eulerian perspective for easier comparison to model outputs. In this study, this
knowledge gap is filled by presenting the first long-term, sub-seasonal temporal resolution,
basin-wide and Eulerian estimation of dynamic effects on sea ice thickness, thermodynamic
sea ice thickness growth, advection effect on sea ice thickness and deformation effect on sea
ice thickness. A difficulty inherent to large scale partitioning of thermodynamic and dynamic
effects has been large scale characterization of basal thermodynamic growth. The Stefan’s
Law Integrated Conducted Energy (SLICE) retrieval methodology, described in Chapter
B, allows for daily and basin-wide retrieval of wintertime thermodynamic sea ice growth
rate using passive microwave brightness temperatures. Here, the retrieved thermodynamic

growth rate is used in conjunction with overall sea ice thickness changes from the radar
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altimeter aboard the ESA CryoSat-2 satellite (Laxon et al., 2013) to estimate dynamic sea

ice effects during the CryoSat-2 era beginning in 2010. With overall sea ice thickness growth
provided by a CryoSat-2 thickness product and thermodynamic growth provided by SLICE,
Arctic basin-wide sea ice thickness changes due to dynamics are calculated as the residual
difference between the two. The effects of advection are also estimated using a sea ice motion
vector dataset allowing for the calculation of deformation thickness as a residual of overall

dynamic thickness effects and advection thickness effects.

4.2 Methods

Sea ice thickness is affected by thermodynamic processes and dynamic processes. Thermo-
dynamic processes serve to change sea ice thickness through molecular phase change and
dynamic processes serve to change sea ice thickness through the mechanical processes of
advection and deformation (ridging or lead formation). An Eulerian governing equation for

sea ice thickness sums thermodynamic and dynamic processes:

oH

oy = [ H.x) =V - (u), (4.1)

where H is plane slab sea ice thickness; t is time; f is a function of time, thickness and
position vector x describing thermodynamic sea ice thickness increase; and u is the ice
motion vector. The second term on the right hand side represents dynamic sea ice thickness

processes.
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The aim is to partition basin-wide observations of overall changes to the sea ice thickness

field, %—?, into component parts of thermodynamic growth, f(¢, H,x), and dynamic effects,

—V - (uH). The result is basin-wide observations of thermodynamic and dynamic process

effects on sea ice thickness. At each weekly time step, %—If was calculated as the difference
between the CS2SMOS sea ice thickness field from the current time step and that from the

following time step. Dynamic effect, —V - (uH), was estimated as the difference between

o0H

total growth, %, and expected thermodynamic growth, f(t, H,x), retrieved using the SLICE

methodology using the CS2SMOS sea ice thickness as the initial thickness.

The dynamics term within Eq. can be further decomposed to form:

V:-(uH)=(VH) -u+ H(V-u), (4.2)

where the first term on the right now represents changes to local sea ice thickness due to
advection, i.e., the movement of ice transporting ice of a new thickness into a grid cell,
and the second term on the right represents sea ice thickness changes due to deformation
processes caused by the divergence or convergence of the ice motion. Deformation effect
does not include advection and therefore can be considered Lagrangian dynamics—i.e., the
dynamic effect as observed by a Lagrangian drifter. Estimates of dynamic effects were
further partitioned into advection effects and deformation effects using the sea ice motion
vector product. At every time step, the first term on the right hand side of Eq. is
calculated using the spatial derivatives of the CS2SMOS ice thickness field calculated with

central finite differencing and sea ice motion vectors and is taken to be advection effect. The
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deformation effect is in turn taken to be the residual difference of the dynamic effect and this
advection effect. This approach was taken over calculating the deformation effect using the
motion vectors and advection effect as a residual because the motion vectors themselves were
found to be more reliable than the divergence of these motion vectors. As motion vectors
are not available within the Canadian Arctic Archipelago, advection effects and deformation

effect estimates are not available in this region either.

In summary, the governing equation expressed in Eq. is conceptually reconstructed as

follows:

9(C'S2SMOS)
ot

= SLICFE + dynamic ef fect , (4.3)

and the dynamic effect is further decomposed into advection and deformation effects with

Eq. conceptually reconstructed as follows:

dynamic ef fect = (VCS2SMOS;) - ice motion vector + deformation ef fect.  (4.4)

The results shown here are weekly integrations of the terms within Egs. and [£.4] The
dataset covers 1 November through 1 April, due to SLICE assumptions described in Section
and availability of CS2SMOS data, spanning the ten winters beginning in the years 2010
and 2012-2020. The 2010 data begins on 15 November rather than 1 November along with
the availability of CryoSat-2 data and the winter beginning in 2011 is not included due to a
gap between availability of passive microwave data from the earlier AMSR-E and the latter

AMSR2. At each weekly time step, ¢, the following steps were completed at each point on
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the 25 km EASE-Grid 2.0:

1, AESBMOD) — 0S2SMOS;4, — CS2SMOS;

2. thermodynamic growth = SLICE

. _ 9(CS25MOS)
3. dynamic ef fect = =—%5— — SLICE

4. advection ef fect = (VCS2SMOS;) - ice motion vector

5. deformation ef fect = dynamic ef fect — advection ef fect

4.3 Results

Figure [4.1] shows the wintertime mean dynamic effect, thermodynamic effect, advection
effect and deformation effect on sea ice thickness across the entire 10 year analysis period.
The magnitude and sign of these terms varies across the Northern Hemisphere sea ice. As
expected, thermodynamic thickness growth is highest in the seasonal ice zones, often greater
than 0.08 m d~!, and inversely proportional to the climatological sea ice thickness, leading
to less than 0.04 m wk! of thermodynamic growth in much of the Central Arctic. Dynamic
effects increase sea ice thickness over 29% of the area exhibiting ice during the study period
and decrease sea ice thickness over the remaining area. An increase in sea ice thickness
due to dynamics occurs off the Siberian Coast in the Chukchi Sea where the Beaufort Gyre
tends to deposit advected ice and similarly north of the Canadian Arctic Archipelago where

both the Beaufort Gyre and Transpolar Drift tend to deposit advected ice. The highest
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positive dynamic effect of greater than 0.04 m wk™! are located just north of the central
Canadian Arctic Archipelago. A decrease in sea ice thickness due to dynamics, often with
magnitude greater than 0.08 m wk™!, occurs in the coastal regions of the Kara and Laptev
Seas from where the transpolar drift tends to remove ice, and similarly in the coastal regions
of the Beaufort Sea due to a similar effect of the Beaufort Gyre. The negative advection effect
dominates the Arctic sea ice, covering 66% of the study area. The exception primarily occurs
where the Beaufort Gyre advects thick ice from north of the Canadian Arctic Archipelago
to the Beaufort Sea. Here, advection effects greater than 0.04 m wk=! are found. The most
significant negative advection effects, less than 0.04 m wk™!, occur in coastal Laptev Sea.
Similar to advection effects, deformation effects are negative over most of the Arctic, covering
62% of the study area. The largest deformation effects of greater than 0.04 m wk~! occur
where the ice motion tends to deposit and form ice ridges, north of the central Canadian
Arctic Archipelago, in the Chukchi Sea and north of Greenland. The Barents and Kara
Seas are dominated by strong negative deformation effects, often times with magnitudes
greater than 0.08 m wk~!. Coupled with the positive advection effects in the Beaufort Sea

are negative deformation effects in this region.

In the Fram Strait and Baffin Bay, dynamics serve to deposit ice on the east coast of Baffin
Island and Greenland. Thermodynamic growth is high in Baffin Bay as ice is produced and
exported by the prevailing ice drift. Advection in Baffin Bay clearly reduces thickness in
the northern portions of the region as the current transports ice from the northern to the

southern portion, where advection increases ice thickness. Deformation shows that some
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ice is deposited and ridged on the east coast of Baffin Island. A very high advection effect

is shown in the East Greenland Sea where ice export is substantial. Deformation effects
are strongly negative here as the ice likely experiences lead formation throughout its export

through the Fram Strait.
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FIGURE 4.1: Wintertime mean from late 2010 through early 2021 (except the winter of
2011-2012) sea ice thickness changes due to a) dynamic effects, b) thermodynamic effects,

c) advection effects and d) deformation effects. Mean sea ice motion vectors from the same
period are also plotted with a), ¢) and d). The dynamic effect, advection and deformation
follow spatial patterns evident in the ice motion vectors.

Uncertainty in the climatological mean is characterized using standard error of the mean
and shown in Fig. [£.2] Standard error is calculated as the standard deviation of all dynamic
effect measurements at a given grid cell divided by the square root of the number of data

points at that grid cell:

O = —F— (4.5)

where o is the standard deviation of the effect in question and N is the number of data
points. Generally, standard error increases with a decrease in latitude for all four thickness
effects. With regard to the dynamics and deformation plots, this is likely due to a decrease in
CryoSat-2 satellite overpasses and increase in thickness variability and coastal interference in

the lower latitudes leading to higher uncertainties in the CS2SMOS sea ice thickness product.
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Thermodynamic effect standard error is lowest in the central Arctic where thermodynamic
growth rates themselves are also quite low. Advection effects standard error is highest in the
East Greenland, Barents and Kara Seas, where motion vectors are largest and most variable.
In general, uncertainty is significant in the Kara, Barents and East Greenland Seas as well

as most coastal regions.
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FIGURE 4.2: Uncertainty calculated as standard error for each grid cell during wintertime

from late 2010 through early 2021 (except the winter of 2011-2012) sea ice thickness changes

due to a) dynamic effects, b) thermodynamic effect, ¢) advection effect and d) deformation

effect. Uncertainty increases with a decrease in latitude as the number of weeks with ice
cover decreases.

Regional mean values across the analysis period for each effect are summarized in Table
4.1l Regional extent and location are shown in Fig. [4.3] and are defined per Meier et al|
. Thermodynamic growth is highest in regions with the lowest mean thickness, as
expected by Eq. B.8 The regional mean values of the dynamics, advection and deformation
effects are all skewed downward by small, coastal sub-regions that exhibit very large negative
thickness effects. In order to remove these effects, regional mean values excluding all grid
cells within 200 km of a coast are shown in parenthesis. The strongest dynamic effect is
exhibited in the Barents Sea, where the mean dynamic effect is -0.269 m wk~! and -0.222
m wk~! with coastal regions excluded, the bulk of which is made up of the deformation

effect at -0.289 m wk=! and -0.263 m wk~! with coastal regions excluded. This region
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also has the thinnest ice at 0.259 m and greatest thermodynamic growth of 0.257 m wk™1.

Mean dynamic effects are negative for every region except the central Arctic, where mean
dynamic effects across the region are negligible. Notably, removal of coastal areas from the
Laptev Sea decreases the magnitude of negative dynamic effect from 0.060 m wk=* to 0.029
m wk~! and in the Chukchi Sea, where both strong negative and strong positive dynamic
effects are present, from 0.024 m wk™! to 0.008 m wk=!. Advection effects are small in all
regions, all less than 0.021 m wk~! in magnitude except in the East Greenland Sea where
advection via ice export through the Fram Strait increases mean thickness by 0.113 m wk~!.
The advection effect is negative in all other regions except Baffin Bay and the Barents and
Beaufort Seas which exhibit mean advection effects of 0.010 m wk~!, 0.013 m wk~* and 0.014
m wk~!, respectively. The deformation effect magnitude is largest in Baffin Bay and the
East Greenland and Barents Seas by a significant margin, at -0.251 m wk=*!, -0.247 m wk~!
and -0.289 m wk !, respectively. The remaining regions experience mean deformation effects
that are at most 0.090 m wk~! in magnitude and all negative, with the notable exception of
the Central Arctic with a mean deformation effect of 0.008 m wk~!. As with total dynamic
effect, removal of coastal areas reduced the magnitude of negative deformation effect in the

Laptev Sea, from 0.038 m wk=! to 0.007 m wk™*.

The mean advection and deformation fields show interesting patterns relative to the Beaufort
Gyre and Transpolar Drift. North of the western portion of the Canadian Arctic Archipelago,
the Beaufort Gyre advects thicker ice into the Beaufort Sea, leading to an increase in sea ice

thickness in the region. As this ice is advected further west by the gyre in the Beaufort Sea, it
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FI1GURE 4.3: Location, extent and corresponding name of regions used in Table 1.

experiences a decrease in thickness due to deformation via lead formation by divergence in the
flow. This ice continues to be advected through the Chukchi Sea and into the East Siberian
Sea. The positive advection effect decreases in these regions however, as deformation has
reduced the mean thickness of this ice, resulting in advection of thinner ice. The deformation
effect in these regions is, however, positive, as the flow pattern deposits ice and leads to
ridging, increasing the over sea ice thickness. The poleward leg of the Beaufort Gyre and
Transpolar Drift are characterized by negative advection effects and positive deformation.
In contrast to the westward leg of the Beaufort Gyre, the flow pattern in these regions is
from thin ice towards thicker ice. This leads to a negative advection effect accompanied by
a positive deformation effect due to ridging. The advection and deformation effects sum to
a slightly positive dynamic effect here. The coastal regions of the Kara and Laptev Seas
experience negative effects from both advection and deformation. These broad patterns are
reinforced by the yearly data show in Fig. illustrating the effects that the location and

strength of the Beaufort Gyre have on the advection and deformation fields on a yearly basis.
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TABLE 4.1: Regional mean thickness, dynamic effect, thermodynamic effect, advection
effect and deformation effect on thickness. Regional mean with 200 km from coastlines
removed is shown in parenthesis. The Canadian Islands do not have advection effect or
deformation effect results because ice motion vectors are not available in this region and
do not have results for coastal regions removed because almost the entire region is coastal.

Region Thickness  Dynamics Thermo. Advection Def.
[m] [m wk™!] [m wk™!] [m wk™!] [m wk™!]

Baffin Bay 0.383 -0.237 0.240 0.010 -0.251
(0.308)  (-0.263)  (0.264) (0.025)  (-0.290)

East Greenland 0.905 -0.121 0.140 0.113 -0.247
Sea (0.863) (-0.145) (0.145) (0.145) (-0.316)
Barents Sea 0.259 -0.269 0.257 0.013 -0.289
(0.292) (-0.222) (0.234) (0.027) (-0.263)

Kara Sea 0.664 -0.104 0.130 -0.013 -0.090
(0.698) (-0.090) (0.122) (0.014)  (-0.077)

Laptev Sea 0.992 -0.060 0.095 -0.021 -0.038
(1.123)  (-0.029)  (0.074)  (-0.022)  (-0.007)

East Siberian Sea 1.192 -0.018 0.070 -0.008 -0.010
(1244)  (-0.011)  (0.064)  (-0.008)  (-0.003)

. 1.051 -0.024 0.086 -0.007 -0.015
Chukehi Sea (1.132) (-0.008) (0.074) (-0.003) (-0.005)
Beaufort Sea 1.424 -0.009 0.061 0.014 -0.022
(1.468) (0.000) (0.051) (0.019)  (-0.019)

Canadian 1.452 -0.027 0.075
Islands

Central Arctic 2.105 -0.000 0.034 -0.009 0.008
(2.063) (0.001) (0.031) (-0.012) (0.012)

Entire Arctic 1.356 -0.032 0.072 -0.003 -0.028
(1.380) (-0.040) (0.076) (0.003) (-0.045)

Fig. shows mean dynamics and mean deformation in relative terms as ratios to thermo-
dynamic growth. These plots look similar to those in in Fig. as the scaling quantity,
thermodynamic growth, is fairly uniform across most of the Arctic. Nevertheless, the rela-
tive importance of dynamics to thermodynamic growth is an important result. Much of the
Arctic shows a slightly negative impact of total dynamics relative to thermodynamic growth.

The areas north of the Canadian Arctic Archipelago and Greenland show the highest relative
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FIGURE 4.4: Wintertime mean from late 2010 through early 2021 (except the winter of

2011-2012) relative impact of a) dynamic effects over thermodynamic sea ice thickness

growth and b) deformation (excluding advection) over thermodynamic sea ice thickness

growth. Alternatively, the figure can be viewed as a) Eulerian dynamics and b) Lagrangian
dynamics.

impact of dynamics, with some regions showing dynamics with twice the impact relative to
thermodynamics. The coastal regions of the Kara and Laptev Seas show significant nega-
tive impacts of dynamics, with magnitudes nearly equal to thermodynamics. The greatest
relative importance of deformation is also found in the regions north of the Canadian Arctic
Archipelago and Greenland, though skewing more towards the central Arctic. In these re-
gions deformation effects can be twice that of thermodynamics. The largest positive relative
impact of deformation is found between Svalbard and Greenland where the Transpolar Drift

causes ridging in thick ice that isn’t experiencing large thermodynamic growth.

Fig. [4.5/ shows the monthly mean overall dynamic effect, thermodynamic growth, deforma-
tion effect and advection effect across the ten winters of data. The monthly deformation fields

depict a negative deformation effect in the westward leg of the Beaufort Gyre that peaks
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FIGURE 4.5: Monthly mean a-e) dynamic effect, f-j) thermodynamic effect, k-o) deforma-
tion effect, and p-t) advection effect over the analysis period. Dynamic and deformation
effects increase through the growth season.

in December, decreases in January and is nearly absent in February and March. February
and March do, however, depict deformation maxima north of Svalbard and Eastern Siberia.
Positive advection of ice thickness by the Beaufort Gyre similarly peaks in the early winter,
though the broad pattern of the advection field remains consistent throughout the winter.
The deformation and advection fields sum to an overall dynamic effect that increases with
time in winter, dominated by the deformation effect. The thermodynamic growth field, in-
versely proportional to sea ice thickness, remains consistently low across the Central Arctic
through most of the winter and higher in the perennial ice zones, though growth decreases

as thickness increases with time in these areas.
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FIGURE 4.6: Cumulative dynamic effects (blue), thermodynamic (orange) and total

(green) sea ice thickness growth (primary vertical axis) and cumulative dynamic effects

over cumulative total sea ice thickness growth (secondary vertical axis) along the MO-

SAIC drift track. The red triangle represents cumulative dynamics over cumulative total

growth over a similar area reported by Koo et al. (2021)) who used ICESat-2 to determine

dynamics vs. thermodynamics along the MOSAIC drift track. Dynamics accounts for
nearly half of all thickness growth by 1 April 2020.

Fig. the cumulative effects of deformation, i.e., Lagrangian dynamics, thermodynamics
and their sum and relative magnitudes as experienced by the grid cell nearest to the MOSAiC

drift station at each time step in order to compare these results with those reported by

‘Albedyll et al.|(2022) and Koo et al.| (2021]). The analysis period is 1 November 2019 through

1 April 2020. Thermodynamic growth during the period is steady and consistent, ranging
between 3.0x1072 m d™! and 6.0x1072 m d~!. Cumulative thermodynamic growth at the
end of the period is 0.71 m. As expected, dynamic effects were much more variable, ranging
from -2.1x1072 m d~! to 3.9x1072 m d~!'. Dynamic effect maxima occurred in November

and February and has a cumulative total of 0.63 m at the end of the period. Total growth
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steadily rises due to the thermodynamic component and follows the shape of the dynamics
component, with local peaks in November and February. The highest cumulative growth of
1.34 m is found at the end of the period. As a percentage of total growth, dynamics ends
the season at 47.2% of the total growth. Over a similar study area, Koo et al.| (2021) found

dynamics to account for 42.6% of mean total growth.

4.4 Discussion

The climatology of ice motion during the CryoSat-2 era as plotted in Fig. suggests the
patterns of dynamic effect demonstrated here are sound. The Beaufort Gyre and Transpo-
lar Drift both transport ice towards the Canadian Arctic Archipelago, where ridging causes
both high positive dynamic effect and high positive deformation effect. Where the Trans-
polar Drift originates, in the coastal region of the Laptev Sea, strong negative dynamic and
deformation effects dominate. Between these regions and the Canadian Arctic Archipelago,
a couplet of negative advection effect and positive deformation effect characterizes a region
where the Transpolar Drift tends to move thinner ice towards thicker ice, all the while ex-
periencing ridging and other effects that increase thickness. Where the motion vectors show
the Beaufort Gyre transporting ice westward from north of the Canadian Arctic Archipelago,
a similar but reversed couplet of high positive advection effect and strong negative defor-
mation effect is found. The ice is transported from a region of climatologically thicker ice
north of the Canadian Arctic Archipelago to a region of climatologically thinner ice in the
Beaufort Sea, leading to a positive advection effect. In this same region, the Beaufort Gyre

flow pattern is diverging and accelerating westward. This divergence leads to lead formation
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and a reduction in mean overall thickness, as reflected by negative deformation effects in
this region. This matches previous work suggesting high divergence and lead formation in
this region (Kwok, 2006; Willmes and Heinemann, 2016; Hoffman et al., 2019). As this
ice is further advected westward around the Beaufort Gyre, the advection and deformation
effects return to near zero and some ice is deposited north of Eastern Siberia where ridging
leads to positive dynamic and deformation effects. The location and magnitude of these

patterns varies year to year with sea ice flow patterns and likely atmospheric conditions as

demonstrated in Fig. [B.1]

Kwok! (2006)) reported on the spatial and seasonal characteristics of Arctic sea ice deformation
in the ice motion vector fields using high resolution RGPS data from 1997-2000. Though
the years in question do not overlap with the analysis period shown here, their results offer
context for understanding dynamic sea ice effects. Their analysis showed divergence in the
Beaufort Sea and convergence north of eastern Siberia, a pattern reflected here by negative
deformation effects and positive deformation effects in those same regions, respectively. They
show that the fraction of deformed ice in these regions decreases over the course of the growth
season, a phenomenon also shown by a lessening of the negative deformation effects from
November through March in Fig. [4.5 The ice motion vectors used here are not suited for
vector calculus calculations of deformation terms as results from attempts at such calculation
were unstable. A future comparison between concurrent observations of vector deformation

fields and dynamics would be fruitful for model improvement.
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The mean relative dynamic effect over total growth shown in Fig. [£.4] is useful for under-
standing the relative importance of dynamics and deformation and is useful for eventual
comparison across time periods. The highest relative impact of dynamics is found north
of the Canadian Arctic Archipelago where the Beaufort Gyre and Transpolar Drift both
deposit ice and thermodynamic growth is limited due to the high thickness of the ice. The
relative deformation plot tells a different story. With advection removed, this plot shows
that a drifting observer would experience strong negative deformation effects due to fractur-
ing relative to thermodynamic growth in the Beaufort Sea and increasingly strong positive
deformation effects relative to thermodynamics in the Transpolar Drift and eastward leg
of the Beaufort Gyre. Whereas many regions experience less than 25% relative impact of
overall dynamics, few areas experience such a low impact of deformation. In the areas of low
relative dynamic impact, advection nearly cancels this deformation. In the areas north of the
Canadian Arctic Archipelago, both dynamics and deformation make up between 25% and
75% of total growth, consistent with Kwok and Cunningham (2016) who report 42%-56% of

mean thickness change is due to deformation.

Within the methodology used here, the dynamic effects term represents Eulerian dynamics—
i.e., a spatially stationary observer of sea ice thickness would observe changes due to ther-
modynamics and changes captured by the dynamics term, which includes advection. A
Lagrangian observer, whom is advecting along a sea ice motion vector, would not experience
changes due to this advection. The Lagrangian observer would only experience changes due

to the deformation in the framework here. In this way, the Eulerian deformation term can
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be considered Lagrangian dynamics. Two Lagrangian studies of dynamics observed along
the MOSAIC drift track offer useful context for validating the Eulerian results (von Albedyll
et al., 2022; |[Koo et al. 2021). The comparison is necessarily between the weekly Eule-
rian deformation term—i.e., Lagrangian dynamics—from closest in space and time to the

MOSAIC drift track and dynamics as described within those studies.

von Albedyll et al. (2022) reported 10% dynamic sea ice thickness growth relative to total
growth along the MOSAIC drift, lower than the lower than the 48.7% reported here and
the 42.6% reported by Koo et al.| (2021)). A likely primary cause of this discrepancy is
related to temporal resolution. von Albedyll et al. (2022)) analyzed AEM sea ice thickness
distributions across the 50 km buoy network at the beginning of the growth season and
at the end of the growth season, estimating a cumulative thermodynamic growth during
the season using buoy thicknesses. Through a phenomenon acknowledged by the authors,
this does not account for dynamics affecting thermodynamic growth throughout the growth
season. If dynamics were to increase thickness, as these results and those reported by Koo
et al. (2021) show did indeed occur along the MOSAiIC drift track, thermodynamic growth
rate would decrease as shown in Eq. [3.§f Without accounting for this effect, thermodynamic
growth is overestimated and dynamically driven growth is underestimated, due to the latter
being calculated as a residual. The higher temporal resolutions in this work and Koo et al.
(2021)) greatly improve—though do not eliminate—this issue. Indeed, von Albedyll et al.
(2022) report a cumulative thermodynamic growth of 1 m, whereas here thermodynamic

growth of 0.7 m is reported. This is significant, especially given von Albedyll et al. (2022)
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measured growth between 14 October and 17 April, whereas the analysis period here is from

1 November to 1 April (this time discrepancy alone may cause differences as well).

Another potential reason for discrepancy between the results reported here and those of [von
Albedyll et al.| (2022) is the higher overall thickness growth measured by CryoSat-2 relative
to the AEM measurements. A total mean growth along the MOSAiIC drift track of 1.3 m is
reported here relative to 1.1 m from the AEM survey. Indeed, CS2SMOS shows a mean sea
ice thickness of 2.52 m on 1 April 2020 at the MOSAIC location relative to 2.2 m from the
AEM surveys. This would manifest as an increase in dynamic effect in the analysis shown
here, as dynamics is calculated as a residual when thermodynamics are subtracted from
total growth. That there are differences here is not surprising. The satellite measurements
are gridded and taken from the nearest grid cell to MOSAiC, while the AEM surveys are
centered on the MOSAiIC buoy array. On the other hand, though the AEM has higher
spatial resolution, the coverage over the 50 km buoy network is not complete. The satellite
samples a larger area, although not centered exactly on the MOSAiC buoy array. That the
results reported here agree better with Koo et al.| (2021)) is not surprising, given both studies
have used satellite sea ice thickness as the primary dataset. Given that this study aims at a
temporally and spatially larger scale while these studies are more focused on singular drift
track, differences in results are expected while using these more localized studies to provide

context for this larger scale study.

The calculations and analyses carried out here are all performed using satellite data on a 25

km EASE-Grid 2.0. Whereas sea ice processes can occur on much smaller scales, the results
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on satellite scale are useful for deciphering patterns and trends on an Arctic basin-wide basis.
The CS2SMOS sea ice thickness dataset represents mean sea ice thickness within each grid
cell. In actuality, thickness over the grid cell is defined by a distribution rather than a single
value. However, without having observed local thickness distributions available at each time
step, thickness distributions were omitted and the SLICE retrieval applied using the mean
thickness provided by CS2SMOS. It is likely that implementing thickness distributions would
augment these results. Given the non-linear and inverse relationship between thickness
and thermodynamic growth rate present in Eq. [3.8 a distribution favoring ice thinner
than the mean thickness over that thicker than the mean within a grid cell would increase
thermodynamic growth and decrease dynamic effects (and vice versa). Though snow—ice
interface temperature is not expected to vary as greatly as sea ice thickness across a 25
km grid cell, passive microwave snow—ice interface temperature retrieval also represents the
mean across each grid cell. The dynamic, thermodynamic, advection and deformation effects
then necessarily represent mean effects over the grid cell area. While few areas within a grid
cell will have experienced exactly the effects described by these results, the cell will have

experienced these effects on the mean.

The largest source of uncertainty is that from the AWI CS2SMOS sea ice thickness product.
The AWI CS2SMOS product merges sea ice thickness retrievals from CryoSat-2 and SMOS
into a product that contains reduced uncertainties relative to each instrument’s products

independently (Ricker et al., 2017b)). CryoSat-2 uncertainties are highest over thin ice while
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SMOS uncertainties are highest over thick ice, creating the opportunity for synergy. CryoSat-

2 uncertainties are made up of observational uncertainties or noise and systemic uncertainties
or bias (Ricker et al., 2014)). Observational uncertainties are reduced through spatial averag-
ing on the grid and optimal estimation methodology used to create the CS2SMOS product.
While systemic uncertainties effect estimates of absolute thickness, differencing of thickness
between time steps removes them from the estimations of various thickness effects calculated
in this work. SMOS uncertainties are caused by uncertainties in the input parameters to the
energy budget used to estimate sea ice thickness and are especially high over MYI, results
from which are removed from the optimal interpolation. The AWI CS2SMOS product pro-
vides an uncertainty value including these effects for each individual estimate at each time
step and grid cell. Figure shows a standard error and relative standard error calculated
using a mean of these uncertainties and mean ice thickness across the study time period and
area. The magnitudes of this mean uncertainty range from 0.005 m to 0.01 m and increases
with a decrease in latitude, with some regions experiencing a mean uncertainty of 0.015 m
and greater. Relative uncertainty is below 5% across most of the study area. The overall
CS2SMOS sea ice thickness observational uncertainty effects uncertainty in all four calcu-
lated effects. The thermodynamic effect is affected via the presence of sea ice thickness, H,
in Eq. 3.8/ Relative uncertainty due to this term is equal to the relative uncertainty of this
term itself and mostly less than 5%, as shown in Fig. [£.7b. The thermodynamic component
is also affected by any systemic bias present in the CS2SMOS product. The dynamic effect
is calculated as a residual of thermodynamics and overall thickness change. The mean un-

certainty shown in Fig. [£.7h is very similar to the uncertainty of the dynamic effect as shown
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in Fig. lending credibility to these uncertainty estimates. The ratio of mean dynamic

effect over thermodynamic growth, shown in Fig. [£.4], is particularly sensitive to uncertainty
or bias in the CS2SMOS product. An underestimation of sea ice thickness would lead to
overestimation of thermodynamic growth and underestimation of dynamic effect, altering
both the numerator and denominator of the ratio of the two. The advection term is also
affected by the CS2SMOS thickness uncertainty as it is calculated using a spatial gradient
of the thickness field. The deformation term is affected by the CS2SMOS uncertainty as it

is calculated as the difference between overall dynamics and advection.
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Uncertainty Uncertainty
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FIGURE 4.7: Mean AWI CS2SMOS (a) absolute uncertainty and (b) relative uncertainty
during wintertime from late 2010 through early 2021 (except the winter of 2011-2012) as
provided by the data product. This uncertainty is very similar in magnitude and pattern
to uncertainty in dynamic effect and is mostly far below 5%.
Chapter [3| reports SLICE to have a thermodynamic growth mean bias of 4x107% m d~! and
standard deviation bias of 2.2x1073 m d~! when compared against buoy data. Calculating

a standard error from this standard deviation using a total number of samples of 227 leads

to an uncertainty contribution of 0.001 m wk=!. The assumption of 2 Wm~2 of basal flux
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from liquid water to solid sea ice leads to additional uncertainty from SLICE. Assuming a

density of 917 kg m~2 and a latent heat of fusion of 3.32 x 10° J kg™!, each 1 W m~2 of
basal sensible heat flux from the liquid sea water to solid sea ice is equivalent to a sea ice
thermodynamic growth rate of 2.84x107% m d~!. If the assumed 2 W m~2 basal sensible
heat flux were removed, sea ice growth would increase by 5.67x107% m d~! and an increase
from 2 W m~2 to 10 W m™2 would decrease thermodynamic sea ice thickness growth by
2.27x1072 m d~!. The SLICE thermodynamic growth retrieval also does not account for

lateral melt and freeze processes.

A potential mechanism for error occurs in the relationship between lead frequency and the
snow—ice interface retrieval results. Leads and areas of lower sea ice concentrations nec-
essarily contain open sea water exposed at the surface. Sea water has significantly lower
emissivity in the microwave band than sea ice, therefore reducing passive microwave bright-
ness temperatures in these regions. To the extent that leads of open water covers a grid cell,
these lower brightness temperature would then artificially reduce the retrieved snow—ice in-
terface temperature and cause erroneously large thermodynamic growth rates. Via Eq. [4.3]
erroneously high thermodynamic growth without a change to the CS2SMOS estimates leads
to erroneously lower dynamic effects. This phenomenon is difficult to spot because negative
dynamic effects are indeed expected in regions with high lead frequency. This analysis is
restricted to sea ice concentrations of greater than 95% as retrieved by established passive
microwave methods. As such, the highest possible open water fraction within a grid cell is

5%. Assuming emissivity of a satellite field of view is a linear sum of scene type emissivities
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weighted by area fraction, the effect of 5% open water by area on satellite retrieved snow-ice
interface temperature can be approximated. Using an approximate open water emmissivity
at 6.9 GHz of 0.56 and sea ice emmissivity of 0.98, the emissivity of a 95% sea ice concentra-
tion is 0.959. This reduction in emissivity from 0.98 for a 100% sea ice concentration scene
equates to a 5.25 K reduction in brightness temperatures for a 250 K snow—ice interface tem-
perature. Propagating this difference through the retrieval algorithm per Kilic et al.| (2019)
leads to a reduction of retrieved snow—ice interface temperature of 6 K. In a scenario with

thin ice and a small temperature gradient across the ice, this difference could be significant.

Motion vector uncertainty adds to the uncertainty in advection effect and the deformation
effect calculated as a residual between dynamic effect and advection effect. [T'schudi et al.

! which corresponds to 605 m d—*.

(2020) lists a maximum ice motion error of 0.7 cm s~
The contribution of this error to advection effect and deformation effect error is reduced
by spatial gradients in the sea ice thickness fields being small. The highest uncertainties

in advection effect are found in the Greenland and Barents Seas where motion vectors and

thickness gradients are largest.

4.5 Summary

Sea ice models, including those contained within global climate models, account for sea
ice thickness and volume through separate thermodynamic and dynamic processes. These
processes are affected by different mechanisms in a changing climate, meaning independent

observations of each are essential for comparison with model results to ensure each process
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is correct independently, regardless of whether overall thickness is correct. In this study,
I present the first basin-wide, Eulerian, sub-seasonal temporal resolution, and long-term
estimation of dynamics effect on sea ice thickness, thermodynamic sea ice thickness growth,
advection effect on sea ice thickness and deformation effect on sea ice thickness. By retrieving
thermodynamic sea ice thickness growth by driving a simple model with passive microwave
based snow—ice interface temperature observations and differencing this growth on a weekly
basis from overall sea ice thickness growth calculated from a satellite altimeter and passive
microwave combination sea ice thickness product (Ricker et al. 2017b)), wintertime, basin-
wide sea ice dynamic effects on a spatial and temporal scale beyond the localized and seasonal
studies available to date are presented. Using a sea ice motion product (Tschudi et al., [2020),
the overall dynamic effect was separated into its Eulerian, independent component effects of

advection and deformation.

Thermodynamic growth is lowest in the central Arctic, lower than 0.04 m wk™!, and highest
in the seasonal ice zones, often greater than 0.08 m wk=!. The highest positive dynamic
effects of greater than 0.04 m wk! are found north of the Canadian Arctic Archipelago,
where the Transpolar Drift and Beaufort Gyre deposit ice. Strong negative dynamic effects
of greater than 0.08 m wk~! are found where the Transpolar Drift originates. The deforma-
tion and advection effect fields are dominated by couplets with opposite sign between the
two. The Beaufort Sea is characterized by positive advection effects of 0.04 m wk~! and
negative deformation effects of similar magnitude, while most other regions are characterized

by negative advection effects, sometimes as low as -0.04 m wk™! and positive deformation
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effects, often times greater than 0.04 m wk—!. The highest dynamic effect relative to thermo-
dynamic effect is found north of the Canadian Arctic Archipelago, where dynamics account
for twice the sea ice thickness growth as thermodynamics. Similarly, deformation is highest
relative to thermodynamics in these regions as well, with deformation more than doubling
thermodynamics here and slightly farther north, near the North Pole. A seasonal cycle is
also shown for all thickness effects effects, the most prominent feature of which is an increas-
ing positive deformation thickness effect and overall dynamic thickness effect as the winter
season progresses. A potential mechanism for this is increasing ice thickness resisting lead

formation and making more ice volume available for ridging.

Yearly results compare well with a recent study of the Lagrangian dynamic and thermody-
namic effects on sea ice thickness along the Multidisciplinary drifting Observatory for the
Study of Arctic Climate (MOSAIC) drift track during the winter of 2019-2020. Where these
data shows Lagrangian dynamics accounting for 48.7 % of growth in the grid cells nearest
the drifting study area during this time period, Koo et al| (2021) found similar results of
42.6 % over a similar spatial scale. This lends confidence in these larger spatial and temporal

scale results.

The most significant source of uncertainty in all four effects, thermodynamics, dynamics,
advection, and deformation, is the uncertainty in the AWI CS2SMOS sea ice thickness prod-
uct. The mean uncertainty in this product over the study period is similar to the standard

error in the dynamics and deformation fields. Both AWI CS2SMOS sea ice thickness and
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the standard error in the results reported here have similar magnitudes and are potentially

significant in the Kara, Barents and East Greenland Seas as well as most coastal regions.

Next steps for this data include further interrogation of trends and patterns. There may be
a relation to atmospheric conditions or patterns like the Arctic Oscillation or trends related
to the changing climate. An additional step will be comparison of these results to those

given by sea ice and global climate models.

4.6 Code and data availability

Data used in creation of all figures within this chapter is available at https://doi.org/10.
5281/zenodo.7278280. Code for creation of data and figures within this chapter is available

at https://doi.org/10.5281/zenodo.7292123 and https://github.com/janheuser/thmdyn.
The following auxiliary datasets were used and are available at these locations: AMSR-

E and AMSR2 brightness temperatures, https://doi.org/10.5067/AMSR-E/AE_SI25.003
and https://doi.org/10.5067/TRUIAL3WPAUP; AMSR-E and AMSR2 SIC, https://doi.
org/10.5067/AMSR-E/AE_SI125.003 and https://doi.org/10.5067/TRUIAL3WPAUP; AWI
CS2SMOS, https://www.meereisportal.de; sea ice motion vectors, https://doi.org/
10.5067/INAWUWO7QH7B; MOSAIC drift track, https://doi.pangaea.de/10.1594/PANGAEA.

937193;
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Chapter 5

Sea ice dynamic and thermodynamic

thickness effects in climate models

5.1 Background

Global climate model simulation results are often used to project future Arctic sea ice con-
ditions (Flato and Participating CMIP Modelling Groups, [2004}; Arzel et al., 2006, Smith.
and Stephenson) 2013; Wang and Overland, |2015; Lebrun et al.l 2019; Notz et al., 2020;
Arthun et al,|2021). Comparison between observations and models of historical and present
conditions is essential to building confidence in these projections. Processes that contribute

to key outputs must also be compared against observations, lest the model be "right for
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the wrong reasons”. This is especially important given that the individual processes con-
tributing to a key variable may be affected by differing mechanisms in a changing climate,

an understanding of which is necessary for improved future projections.

Sea ice conditions as modelled by global climate models and PIOMAS have been extensively
compared against available observations (e.g., [Stroeve et al., [2007; Boe et al. 2009; Mas-
sonnet et al., 2012; Shu et al.| |2015; |Shu et al., [2020). While the mass budget of sea ice
categorized by process has been explored (Holland et al. |2010; Keen et al., [2021), absent
from this body of literature is any comparison of models’ representation of thermodynamic
sea ice thickness growth and dynamic sea ice thickness effects against observations of these
independent processes. The primary reason for this is the lack of such observations. In
Chapter [4] T presented the first basin-wide, Eulerian, sub-seasonal temporal resolution, and
long-term observational estimation of these effects, making such a comparison possible for
the first time. Here overall ice thickness, overall ice thickness growth, thermodynamic sea ice
thickness time tendency and dynamics sea ice thickness time tendency from the CESM1-LE,
the CESM2-LE, CESM2 OMIP2 and PIOMAS are compared to the observations presented

in Chapter

5.2 Methods

Each of the three climate models, CESM1-LE, CESM2-LE, and CESM2 OMIP2 and PI-

OMAS output a thermodynamic sea ice time tendency term and a dynamic sea ice time
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tendency term that mirror the first and second terms in Eq. and [3.1] and likewise the

observational estimates shown in Chapter [f

In order to compare each of these model datasets to one another and to the observational
estimates from Chapter [4] the thickness datasets were converted to m and tendency datasets
tom d~!. Of note is the conversion from the sea ice mass tendencies output by the CESM?2
OMIP2 to the sea ice thickness tendencies in m d=!. While the output in mass units is use-
ful for energy calculations and perhaps a more consistent metric through not requiring an
assumed density (which varies across observations and models), results are reported in thick-
ness tendencies here in keeping with literature and previous results. In keeping with Section
and [Alexandrov et al.|(2010)), a density of 917 kg m— was used for this conversion in
order to maintain consistency. The datasets were also interpolated from their native Green-
land Pole grids to the 25km EASE-Grid 2.0. All datasets span November through March
from the years 2010 through 2021 (except November 2011 through March 2012) except the
CESM2 OMIP2 simulation which only covers through 2018. For comparisons with CESM?2
OMIP2, the observation time steps after 2018 have been removed. Mean fields shown for

both large ensembles are both time mean and ensemble mean.

5.3 Results

Figure |5.1| shows a summary of mean sea ice thickness, sea ice thickness change, dynamic

sea ice effect and thermodynamic sea ice growth from the observations described in Chapter
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[ These results are described in depth in Chapter [4] and provided here for reference along

with the remaining figures.
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FIGURE 5.1: Mean a) sea ice thickness, b) daily sea ice thickness growth rate, c¢) daily

dynamic sea ice thickness effect, and d) daily thermodynamic sea ice thickness growth

rate observational estimates in the Northern Hemisphere during winters from 2010 to 2021

(excluding 2011-2012).

Mean dynamic sea ice changes and their differences with observations are shown in Fig.
5.2 Mean dynamic effects from all four models are very similar, with dynamics leading to
sea ice thickness increases in the Beaufort, Chukchi and East Siberian Sea and decreases in
much of the remainder of the Arctic sea ice pack. The exception is PIOMAS which exhibits
a region of dynamic sea ice thickness increases north of the Canadian Arctic Archipelago.
Sea ice thickness is also increased due to dynamics for all models in the East Greenland
Sea, where sea ice drift advects ice. Baffin Bay has areas of both thickness increase due

to dynamics and thickness decrease due to dynamics in each model dataset, with slightly

different orientations.

The dynamics fields look similar for each model, as do the differences between the dynamics
and the observations. The central Arctic does not have enough sea ice thickness increase

due to dynamics in all four models. On the other hand, the models overestimate sea ice
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thickness increase due to dynamics in the coastal regions of Arctic other than the Cana-

dian Arctic Archipelago where the Transpolar Drift and Beaufort Gyre deposit ice. A large
prominent region of overestimated sea ice thickness increase due to dynamics is also shown
in the Chukchi Sea. The CESM1-LE and CESM2-LE model ranges encompass the observa-
tions of dynamic effect in only some regions, typically where regions of overestimated and

underestimated dynamic effect meet.
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FIGURE 5.2: Mean (a-d) model dynamic sea ice thickness effect in the Northern Hemi-

sphere during the winters from 2010 to 2021 (excluding (2011-12) and (e-h) differences

between model and observational estimates of mean dynamics during the same time pe-

riod. Black dots signify areas where the observational estimate lies within the model large

ensemble range. Dynamic sea ice thickness effects are underestimated in the central Arctic
and overestimated in most other regions.

The thermodynamic growth fields from all for models, shown in Fig. also look similar,
with fairly consistent growth rates across the Arctic. The two large ensemble means are
especially similar to one another as are the CESM OMIP2 and PIOMAS results. The latter
two model simulations contain slightly more variation of growth rate across the Arctic with

more growth exhibited in coastal regions and regions where climatology would expect thinner

ice.
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The differences between the models and observations suggest the models are far too consis-

tent in growth rate across the Arctic, with two much thermodynamic growth exhibited in
the Central Arctic and north of the Canadian Arctic Archipelago and two little thermody-
namic growth exhibited in the Chukchi, Kara and Barents Seas. Again, the large ensemble
range includes the observations in very few areas and typically in areas where regions of

overestimated and underestimated thermodynamic sea ice growth meet.
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FIGURE 5.3: Mean (a-d) model thermodynamic sea ice thickness growth rate in the North-

ern Hemisphere during the winters from 2010 to 2021 (excluding (2011-12) and (e-h) dif-

ferences between model and observational estimates of mean thermodynamic growth rate

during the same time period. Black dots signify areas where the observational estimate

lies within the model large ensemble range. Thermodynamic growth is overestimated in

the central Arctic and underestimated in most other regions.

Mean total sea ice changes including both thermodynamic and dynamic sea ice thickness
changes are shown in Fig. [5.4. The models are less consistent with one another here.
CESM2-LE shows very consistent sea ice thickness growth across the entire Arctic, while
the other three model datasets show significantly more variation. These other three model

datasets show higher mean total sea ice thickness growth in the seasonal ice zones where the

ice is typically thinner.
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In contrast to the comparisons of dynamic and thermodynamic effects individually that are
shown in Figs. and [.3] the total growth comparison depicted in Fig. [5.4] shows that
models produce a total growth that is more consistent with observations. In particular,
the CESM1-LE encompasses the observations over a much larger portion of the Arctic,
nearly all, than it does for each growth component independently. The CESM2-LE range
encompasses the observations over less Arctic area than the CESM1-LE, though more than
it does for thermodynamic and dynamic effects individually. All four model differences
with observations are less than the individual growth components. PIOMAS overestimates

growth over nearly the entire Arctic, while the other three models underestimate growth in

the Chukchi Sea.
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- ~ = N =
Model Tot. \ b [ _ \ . ‘ 0.010
Change Vo | b) o)y |

0.005

0.000 ©
£

—0.005

-0.010

-0.015

FIGURE 5.4: Mean (a-d) total sea ice thickness growth rate in the Northern Hemisphere

during the winters from 2010 to 2021 (excluding 2011-12) and (e-h) differences between

model and observational estimates of mean total growth rate during the same time pe-

riod. Black dots signify areas where the observational estimate lies within the model large

ensemble range. Models perform better modeling total growth than they do modelling
thermodynamic or dynamic effects independently.

Adding context is the mean overall thickness plotted in Fig. CESM2-LE has noticeably

lower sea ice thickness than the other three model simulations. All models show the thickest
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ice north of the Canadian Arctic Archipelago, with the CESM model simulations showing

localized thick ice in a linear shape in this region and PIOMAS showing a larger pattern of

thicker ice extending towards the North Pole and Central Arctic.

Again, the CESM1-LE performs better than the CESM2-LE, with much of the CESM1-LE
Arctic sea ice thickness ensemble range range encompassing the observations. The CESM2-
LE significantly underestimates sea ice thickness over much of the Arctic, especially the
central Arctic, and encompasses the observations in fewer locations than CESM1-LE. The
CESM2 OMIP2 also significantly underestimates sea ice thickness in the Central Arctic
while CESM1-LE and PIOMAS underestimate ice thickness here as well, though to a lesser
degree. Sea ice thickness is overestimated by CESM1-LE, CESM2 OMIP and PIOMAS over

a broad general region encompassed by the Beaufort, Chukchi, Kara, and Barents Seas.
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FIGURE 5.5: Mean (a-d) model sea ice thickness in the Northern Hemisphere during the
winters from 2010 to 2021 (excluding 2011-12) and (e-h) differences between model and
observational estimates of mean sea ice thickness during the same time period. Black dots
signify areas where the observational estimate lies within the model large ensemble range.
The pattern of difference between models and observational estimates may contribute to
the difference in thermodynamic growth between models and observational estimates.
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5.4 Discussion

All four model datasets show significantly more accurate total sea ice thickness growth during
the 2010-2021 study period than the constituent processes of thermodynamic and dynamic
growth. This is shown by smaller differences between the models and observations of total
growth than that for each individual process. Crucially, the CESM1 and CESM2 model
ensembles also encompass observations of total growth and overall thickness over much more
area than for each individual process. This result is also supported by the compensating
differences between observations and thermodynamic effects having a similar pattern but
opposite sign to the differences with dynamic effects. When summed, these resultant total
growth difference patterns are closer to zero and more consistent. Given that observational
estimates of thermodynamics and dynamics separately have not yet been available until this
work, these results are not unexpected. The only thickness metric available to date, albeit

with some uncertainty, has been overall thickness and its time differences.

That all four models show very similar results is also not unexpected. All four of these
models rely upon the same canonical literature and model strategies and utilize the same
POP ocean model, though differing versions between PIOMAS (version 1) and the CESM
datasets (version 2). CESM2 OMIP2 and PIOMAS include reanalysis forcings and as such
should more closely match observations. That they do not suggests the model deficiencies are
of greater scale in the model results than the forcing. All four model datasets, and likewise
even the observational estimates in Chapter [4] use a governing sea ice thickness equation as

described by [Thorndike et al. (1975)). This governing equation accounts for sub-grid scale
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thicknesses by discretizing thickness across each grid cell into thickness bins and accounting
for the changes in area coverage of each thickness bin and accounting for bin-to-bin transport
via sea ice thermodynamic growth and melt. A ridging term in the equation accounts for bin-
to-bin transport through dynamics. Thermodynamics is accounted for via one-dimensional
numerical modelling as first described by Maykut and Untersteiner| (1971)), progress beyond
which amounts mostly to refinements of and additions to their fundamental concepts. A
momentum balance accounts for the various forces acting on sea ice and determines the ice
motion field. Essential to this component of the models is a rheology relationship of stress to
strain within the ice pack. Various rheological relationships have been employed, including
viscous-plastic (Hibler| |1979) in PIOMAS and elastic-viscous-plastic (Hunke and Dukowicz,
2002) in CESM/CICE. The rheology and ridging relationships are what determine what
results when a local stress is applied to a parcel of ice. Does the ice move? Does the ice
ridge upon nearby ice? Does the ice break free of surrounding ice and form a lead? Does
the ice remain in place and compress? It is likely in these relationships that adjustments
must be made in order for the models to more accurately reflect observational estimates of
thermodynamic effects and dynamic effects. The models do not exhibit enough dynamic
increase in western hemisphere and too much in eastern hemisphere. They need to account
for more redistribution of thickness by the Transpolar Drift and Beaufort Gyres both. It
is also possible that the underlying ocean circulation needs to be adjusted to achieve these
dynamic effects as well, especially given that the CESM models and PIOMAS all use versions
of the POP ocean model. A detailed study of what adjustments are necessary to achieve

this result is beyond this scope of this work.
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In a changing climate, the thermodynamic growth of sea ice is affected by changes to ice,
ocean and atmosphere temperatures while dynamic effects are affected by changes to ocean
and atmospheric circulations as well as ice strength. Though these two mechanisms are
certainly related, they are distinctly unique from one another to first order. Additionally,
their interactions are not well understood. Without correctly partitioning thermodynamics
and dynamics in today’s climate, models may not accurately predict sea ice conditions in a
future climate. Additionally, incorrect patterns of thermodynamic growth within a model
will thermally feed back upon the surface energy balance atmospheric conditions. Per Section
, latent heat of fusion for sea ice at 33 ppt salinity is 332156 J kg=!. At a density of
917 kg m~3, a typical thermodynamic sea ice growth rate of 0.005 m d~! conducts 18 W m~2
through the ice layer to the snow and atmosphere. This heat flux is equal to the Arctic mean
surface energy exchange between the atmosphere and snow—ice column in September and
April during seasonal changes and one third of the surface energy exchange during winter
months (Serreze et all [2007). This is particularly important given that the seasonal cycle

of the Arctic energy budget is largely modulated by net surface flux (Serreze et al., [2007)).

Interestingly, CESM1 seems to exhibit sea ice thickness processes more accurately than
CESM2 when compared against the results of Chapter [} The CESMI-LE contains the
observations in more regions for sea ice thickness shown in Fig. |5.5, This figure also shows the
CESM2-LE significantly underestimates sea ice thickness over large portions of the Arctic,
particularly in the Central Arctic where differences with observations are as high as or

greater than 1 m. CESM2 OMIP2 also underestimates sea ice thickness in that region and
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to the same degree, indicating that the atmospheric forcing is not the source of the model
deficiency. The underestimation of sea ice thickness in CESM2 is a documented phenomenon
(DuVivier et al., 2020). Figures and Figures show that the CESM1-LE encompasses
total growth and thermodynamic growth observations in more regions than the CESM2-LE.
CESM1-LE and CESM2-LE perform similarly regarding dynamically driven sea ice thickness
changes (Fig. . DeRepentigny et al.| (2020)) notes that CESM?2 sea ice biases are driven
primarily by low-biased summer sea ice thicknesses. This may be why these results show
that even though CESM2 underestimates overall mean state sea ice thickness in the Central
Arctic, it still overestimates total growth in this region as it begins the growth season with
significantly underestimated sea ice thickness that is not remedied by the overestimated

growth.

This study is a first step towards understanding how climate models represent the processes
that influence sea ice thickness and how these processes compare with current real world
conditions in observational estimates. A next step is understanding how these processes
change over time. It is not yet clear how sea ice dynamic effects have changed over time as
global temperatures increase and Arctic sea ice extent and concentrations decline. As such,
there is not yet a way to determine if trends in these processes exhibited by climate models
reflect reality. With an eventual extended dataset of sea ice dynamics observations in hand,

a comparison with climate model trends will be investigated in the future.
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5.5 Summary

Observations of thermodynamic sea ice thickness growth and dynamic sea ice thickness
effects presented in Chapter 4| made possible the first examination of these processes as
represented by global climate models and a sea ice model reanalysis product. All four
models, CESM1-LE, CESM2-LE, CESM2 OMIP2 and PIOMAS, exhibit a similar pattern
of underestimated dynamic sea ice thickness increase and overestimated thermodynamic sea
ice thickness growth in the central Arctic, and vice versa in the regions where the Transpolar
Drift originates and the Chukchi, Barents and Kara Seas. These patterns of thermodynamic
growth and dynamic effect sum to and overall sea ice thickness change and overall sea
ice thickness patterns that more closely match observations than the individual processes

themselves.

That all four model datasets show similar results is not surprising, given that the sea ice
model components within each are built upon the same fundamental studies and ocean
model. PIOMAS and CESM2 OMIP2 don’t perform significantly better than CESM1-LE or
CESM2-LE, though both include reanalysis data as forcing. This suggests the process level
deficiencies are inherent to the model itself rather than forcings. CESM2 performs worse
than CESM1 in these comparisons. The CESM2-LE model ensemble range encompasses the
observations over less area than the CESMI1-LE for all four model outputs of overall sea
ice thickness, overall sea ice thickness change, thermodynamic sea ice thickness growth and

dynamic sea ice thickness effects.
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It is unclear how the process level deficiencies affect future sea ice conditions projected by

the three climate model datasets, but it is likely that adjustments to the parameterization
of the dynamic component of the sea ice models is required. Further work investigating
the causes of these deficiencies and investigation of the trends in thermodynamic sea ice

thickness growth and dynamic sea ice thickness effects is warranted.



101

Chapter 6

Conclusion

Sea ice thickness is changed through two primary mechanisms. Sea ice can change in thick-
ness due to phase change, either from liquid to solid via freezing or solid to liquid via
melting, in what are considered thermodynamic processes. Likewise, sea ice thickness can
change when parcels move or their relative motion converges or divergences, altering the
thickness at a given location. A governing equation that includes both of these processes is:

0OH

E:f(t,H,x)—V(uH), (6.1)
where H is plane slab sea ice thickness, t is time, f is a function of time, thickness and position
vector x describing thermodynamic sea ice thickness increase, and u is the ice motion vector.

The second term on the right hand side of Eq. captures dynamic thickness changes,

including both advection and deformation of sea ice. In other words, sea ice thickness
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change at a given time is the sum of thermodynamic sea ice thickness change and dynamic

sea ice thickness effects. A similar equation, applied to a sea ice thickness distribution rather
than slab thickness, is found in [Thorndike et al.| (1975]) and forms the basis for contemporary
sea ice modelling. These two terms and affects are affected by differing mechanisms in a
changing climate so independent observations of the two terms are required for accurate
validation of models. Datasets of these observations and likewise any comparison between
them and models are lacking. In this work, I present the first set of large scale observational
estimates of these terms utilizing a novel retrieval of thermodynamic sea ice thickness growth

and a comparison between these observations and models.

The novel sea ice thermodynamic thickness growth retrieval is called Stefan’s Law Integrated
Conducted Energy (SLICE) and it is made possible by new methods for observing snow—ice
interface temperature using passive microwave brightness temperatures from the AMSR-E
and AMSR?2 instruments (Kilic et al., 2019). SLICE links observed satellite retrieved snow—
ice interface temperatures to a simple model for sea ice thermodynamics called Stefan’s
Law (Stefan, |1891; Lepparanta, (1993)). Stefan’s Law relates latent heat of fusion conducted
through the ice, calculated using the retrieved snow—ice interface temperature and a param-
eterized sea water freezing temperature, to a rate of sea ice accretion. SLICE is an effective
retrieval of thermodynamic growth rate with a bias of 4 x 107* md~! when compared with

an ice mass balance buoy dataset.

The SLICE thermodynamic sea ice growth retrieval methodology was then utilized to present

the first basin-wide, Fulerian, sub-seasonal temporal resolution, and long-term estimation
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of dynamics effect on sea ice thickness, thermodynamic sea ice thickness growth, advection

effect on sea ice thickness and deformation effect on sea ice thickness. Per Eq. the dif-
ference between thermodynamic growth and overall sea ice thickness growth calculated from
a satellite altimeter and passive microwave combination sea ice thickness product (Ricker
et al., 2017b)) was determined in order to estimate wintertime, basin-wide weekly sea ice
dynamic effects as their residual difference on a spatial and temporal scale beyond the lo-
calized and seasonal studies available to date. We also separated the overall dynamic effect
into its Eulerian, independent component effects of advection and deformation using a sea

ice motion product (Tschudi et al., 2020).

Following the expected pattern of growth rate inversely related to sea ice thickness per Eq.
3.8 thermodynamic growth is lowest in the central Arctic where the thickest ice is found
and highest in the seasonal ice zones where the thinnest ice is found. The highest positive
dynamic effects are found where the Transpolar Drift and Beaufort Gyre deposit ice, north
of the Canadian Arctic Archipelago. Where the Transpolar Drift originates, dynamic effects
on sea ice thickness are negative. Couplets of opposite sign deformation and advection effect
fields are common across the Arctic: positive advection effects and negative deformation
effects of similar magnitude are found in the Beaufort Sea, while most other regions exhibit
negative advection effects and positive deformation effects. The seasonal cycle of the various
sea ice thickness processes shows an increasing positive deformation thickness effect and
overall dynamic thickness effect as the winter season progresses, likely due to increasing ice

thickness resisting lead formation and making more ice volume available for ridging. Results
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from the winter of 2019-2020 compare well with Lagrangian dynamic and thermodynamic

effects on sea ice thickness along the Multidisciplinary drifting Observatory for the Study of
Arctic Climate (MOSAIC) drift track. The results show Lagrangian dynamics accounting
for 47.2 % of growth in the grid cells nearest the drifting study area during this time period,

while (Koo et al., 2021) found results of 42.6 % over a similar spatial scale.

These observational estimates of thermodynamic sea ice thickness growth and dynamic sea
ice thickness effects were then compared to global climate models and a sea ice model
reanalysis product. The model datasets, CESM1-LE, CESM2-LE, CESM2 OMIP2 and
PIOMAS, all show a similar pattern of differences to the observations, characterized by
underestimated dynamic sea ice thickness increase and overestimated thermodynamic sea
ice thickness growth in the central Arctic, and vice versa in the regions where the Transpolar
Drift originates and the Chukchi, Barents and Kara Seas. As these patterns are opposite
phase, mirror images of one another, they sum to an overall sea ice thickness change and
overall sea ice thickness that more closely match observations than the thermodynamic
and dynamic processes themselves. All four model simulations are built upon the same
fundamental principals and Eq. [6.1], so the similarity in results across them is not surprising.
It is likely that the dynamic components and parameterizations within these models will need
adjustments to account for these differences we have shown. Adjustment of these models
to more closely match observations will improve accuracy of future projections of sea ice

conditions.

There are many potential next steps to take in order to continue this line of inquiry. With



105
the observational datasets, further interrogation of the patterns for any connections to at-

mospheric and oceanic conditions comes to mind. In particular, it is reasonable to consider
whether the dynamic patterns show any relation to the Arctic Oscillation or other climate
modes. Additionally, identification of any trends over time in the observed dynamic effects
would be worthwhile for projecting future climate. A longer dataset, perhaps utilizing a
longer term overall sea ice thickness dataset constructed using passive microwave observed
brightness temperatures, would be instrumental for this investigation and is in consideration.
The model comparison work begun herein has myriad potential science leads. From an obser-
vational perspective, the sea ice motion with the models could be compared to that observed
in the ice motion vector dataset utilized here in order to determine what role ice motion
plays in the model differences from observations. From a modelling perspective, there are
likely a number of parameterizations within the dynamic and thermodynamic components
of the sea ice models and within the underlying ocean models that could be adjusted and
the resultant changes to the observational comparisons reported. If a longer term dataset of
thermodynamic and dynamic effects were to be successfully created, comparison of trends
within this dataset to those found in the model would also be a very valuable exercise. All
of these next steps are towards to goal of improving the sea ice components of global climate

models and therefore the projections from global climate models at large.
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Appendix A

Chapter 3| supplemental material
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FIGURE A.1: SLICE parcels on March 31, 2013 (a) regridded using total parcel volume

per grid cell divided by grid area, (b) counts within grid cell and (c) regridded mean

parcel thickness within each grid cell. The volume per grid cell approach is unrealistic and
dominated by erroneous convergence and divergence of parcels within grid cells.
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FIGURE A.2: For the sea ice growth seasons ending in a—c) 2013, d—f) 2014, g-i) 2015,

j-1) 2016, m—o) 2017, p—r) 2018, s—u) 2019 and v—x) 2020, a, d, g, j, m, p, s, v) SLICE sea

ice thickness for 1 April, ¢, f, i, 1, o, r, u, x) AWI CS2SMOS sea ice thickness from 1 April
and b, e, h, k, n, q, t, w) PIOMAS sea ice thickness from 1 April.
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Appendix B

Chapter {4 supplemental material
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