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Abstract

Sea ice thickness measuramhés an important parameter aimate systemmodels safety
and efficiency of offshoreperations andnaritime navigationElectromagnetic (EM) induction
instrumentsare commonly used to measuttd@s parameterSea Ice Sensor (SIS) is a new
surfacebased EM instrument that utilizes single frequeagimultiple transmittefreceivercoll
corfigurationsto measure sea ice thickness.

This thesisnvestigates SIS capability to measure sea ice thickness over a variety of sea ice
types. Signal sensitivity, theaccuracyof the inversionalgorithm used andhe pitch and roll
effect on the inversioresults were investigated.

Overall SIS proved to provide accurate sea ice thickness estimates over a variety of sea ice
types. Utilization of 2 m coil spacing and a single EM data component appeared to be
effective and sufficient for most sea itges. Utilization of Pitch and roll measurements

improved results accuracy.
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1 Introduction

1.1 Motivation

Measurements afea ice thickness in the Arctic and Antaréceans is essential for a variety of
scientific studies and operational applications. From a scientific perspective, sea ice thickness is
a key parameter in global climate change. Its variability is considered as an indicator and
amplifier of climate change. Sea ice thickndsas an essentianfluence on climateby
controlling the exchange of energgyassand momentum between the atmosphere and dnean
the polar regiongHaas et al. 1997Strass 1998)Furthermore sea ice thermodynamigs an
important driving force of global thermohaline ocean circulation (Strass 1998).

The interaction between the atmosphere and ocean in the Polar Regjoeatiy affected
by the dynamics and thermodynamics of sea ice. Therefore, in the context of climate change,
accurate measurements of sea ice thickness are vital to improve our understanding of sea ice
dynamic and thermodynamic processes and to corrqutwtify its influence as an input in
general circulation models.

From an operational perspective, knowledge of sea ice thickness is essential for supporting
safe and efficient marine operations (e.g. navigation routes for ships andewvehicles) at
for designing offshore structures (e.g. oil well drilling platfoynbsidge$ in polar regions
(Rossiter and Holladay 1994)

1.2 Thesisobjective

The objective of this thesis is to investigate the capability of a new stréses
electromagnetic (EM) induction instrument, the Sea Ice Sensor (SIS), to determine sea ice
thicknessof different sea icaypes. Of particular interest ithe capability of the SIS to measure
thethickness of ridged saee type andfloodedsea iceypewhereexisting EM instruments have

been shown to provide inaccurate estimates of sea ice thickness. The mesdtdegl in this



thesis will indicatewhether or not the SIS is a superior EM system for collecting accurate

measurements of sea ice thickresss
To achieve this research objective, the following three questions are answered:

1. What is the spatial sensitiyibf the various SIS coil configurations and what is the most
suitable coil configuration for the accurate estimation of sea ice thigdgiess
2. Does SIS inversion software provide reliable estimates of sea ice thickness?

3. How does SIS respond to changes struiment pitch and rdll

1.3 Thesis outline

This thesis is presented isevenchapters. Chapter2 and 3 present the motivation and
background knowledge required for this research. Chaptdreodgh7 answer the questions

posed irthe previoussection.

- In Chapter 2, an overview of sea it@mation and the sea ice thicknegdistribution is
presented. Dynamic and thermodynamic procedsbes affect thesea ice thickness
distribution arebriefly explained through mathematicakans

- In Chapter 3, the need toneasure sea ice thickness is explained. The techsaguemonly
usedto measureea ice thicknesare explained, including a detailed description of the use of
electromagnetic (EM) inductiosoundingof sea ice. Thaew grounebased EM instrument
(SIS),which is the focus of this thesis research, is also introduced.

- In Chapter 4, S|ISbé6s spatial sensitivity is

- In Chapter 5, field observations are discus3dtk quality of acquired SIS data is assessed
through a seriesf graphical and statistical analysis.

- In chapter 6, SIS performance over a variety of sea@acelitionsis investigated. The most
effective coil configuration and suitable layered earth inversion models that generate accurate
sea ice estimates are detémed. The accuracy dlfie inversion resultss evaluatedbasedon

in situ drill-hole measurements.



- In Chapter 7, an investigation is conducted on the reliability of the inverted data for various
instrument pitch and roll measurements. The aim is to sdheifinversion algorithm

effectively utilizes the recorded instrument pitch and roll in estimating sea ice thiekness



2 Sea icgormation and distribution

2.1 Sea ceformation and thickness distribution

The formation of sea ice andits thidkness distribution are governedby dynamic and
thermodynamicmechanismsSea iceformation and growthare initiated by thermodynamic
processedce crystals form and grow at sea surfadeen cold air bringseawater temperature
to -1.8 degreeelsius (Wadhams 2000)Under calm sea statethin ice sheet (i.e. nilas)
continue to grow through congelation ice growth (thermodynanéas}hin ice sheets develop,
thermodynamics are coupled with dynamic processes, ghrathich wind and ocean current
fracture and break the newly formed thin ice sheets into fragnleatfagments may raft over
or under eachtber forming thicker ice sheets (floeahfd areas of open watdead9. When
thick ice floes collide, pressurédges form.The thickness of pressure ridgesmuch greater
than the thickness of ththermodynamially grown level seace from which ridges form
Pressure ridges can form-80% of the total ice volume of an ice fli¢daas 201Q)

The continuous combined effect of dynamic and thermodynamic mechanisms involved in sea
ice formation and decay generates substantial spatial and temporal variability in the sea ice
thickness distribution, leading tocamplex syem ofvarioussea icdormationsintersected with
a complex network of open water lead®d polynyagWadhams 2000).eads and?olynyasare
open water areas where sea ice cover is expected. Leadbyfthmdivergent motion of thesea
ice while Polynyadorm from either upwelling warm ocean water or persistent winds pushing

sea ice away from a fixed point such as coastlines.

Based on sea ice age and thickness, ice is generallglassifiedinto four majorcategoies
first-year ice ice that has not yet survived a summer melt seaseapneyear sea icgice that
has survived one summer melt seasonjlti-year sea ice (ice that hasrvived at least two

summer melt cyclegnd open watgiWwadhams 2000)
2.2 Statistical characterization of the sa icethicknessdistribution

The sea ice thickness distribution can be expressed by a probability density functio(PDF)

Consider a finite region R within an ice pack, centreé @oint x. LetQ 6" Q 'QQ be an area



in region R aggregated with ice thickness betw€andQ 'QQ Then the probability density
function Q" @RSORY at time t is defined bgThorndike et al. 1975)

QAPPRY Q'Q QOWQ QQTY (2.2

Since the sea ice thickness distribution is commonly acquired along linear acisd'Y are
modified todL andL to represent a linear track. The dimension unit along a linear sadk in
any given regiorR, the thickness distribution is dominated by level sea deerefoe, modal
thicknesges)in the sea ice thickness distributiampresenthe thickness of thermodynamically
grown level sea ice. The tail of the thickness dlsttion represents the ice thickness of the
multi-year ice and deformed ridged i@'adhams 2000)

A set of examples of the sea ice thickness distribution from three different regions prepared
by Haas (2010) is psented in Figure 2.1 to visually and statistically demonstrate the spatial and
temporal variability of the sea ice thickness distributieigure 2.1 showsoblique aerial photos
of three different ice covers and their associated ice thickness distribugignee 2.1lashows
first-year ice in the Weddl Seg an ara dominated by uniformly level firgtear ice. Itslog-
normal distribution shows a sharp modal thickness of aboutvhmh represents the thickness
of the prominent level firstyear ice coverwhile the decaying tail represents deformed ice
Figure 2.1bshows deformed muliearice in the Lincoln Seaan area that consists of a mixture
of different iceformationsthat have accumulated over the years. The corresponding distribution
shows more tan a few less distinct modes. The first three modes in the distributiom (@,
and 2m) reflect the thickness of the newly formed @&l firstyear icein leads and polynyas
while thicker modesepresent the thickness of mujear ice andidged i®. Figure 2. shows
summe seconeyear ice in the North &e, where secongear ice is intersected with complex
network of open water leadslhe presence ofpen water (zero thickness) introduces a sharp

mode in the thickness distribution.
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Fig. 2.1: Obliqgue aerial photographs of a variety of ice covers (left) and their
near the North Pole in summgtaas 201Q)
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corresponding ice thickness distributions (right). (a):-fpesdr ice in the Weddell Sea, (b):
deformed multiyear ice in the Lincoln Sea, and (c): secemdrice and open water leads

2.3 Theoretical evolution of the saice thicknesddistribution

The sea ice thickness distributiog(h) is controlled by thermodynamic andynamic
80 Q —

continuous deterministic partial differential equation giverfThorndike et al. 1975)
— QQ .

mechanisms The evolution ofg(h) in response to these mechanisms is determined by a
6

(2.2



wherev is the drift velocity of the ice packvhich is a function of wind and ocean currers,
is the icethickness distribution functior,is the growth or melt rate that is dependent on time
and positiorx of the ice thicknesh andcan be written aQGofd ~ 'AGFQ & In otherwords, f
is the thermodynamic rate of change of the ice thickness. The finalserim the redistribution
function which determines how ice ridges under strain. Equatibis the backbone of many sea
ice models.

The first term of Equation 2.2accounts dr the ice motion caused by idévergence amh
advection creating open water areas (i.e. leads and polyiasynal forces caused by wind
and ocean currents cause the ice to drift. The direerh velocityof the drift of ice floes
mainly depend on the counterbalance force (geostrophic wind) resulting from the Coriolis effect
and atmospheric pressure gradightsaas 2010Wadhams 2000)In the Arctic, drift is 1% of
the mean wid speedat 18 to the right of the wind direction (Colony & Thorndike, 1984).
contrast, ea ice drift inthe Wedcell Sea(Antarctic)is 1.6% of the mean wind speed and1B)
degrees to the left of the geostrophic wiKdttmeier et al. 1992)

The second terrof Equation 2.2 representise thermodynamic proce=ss which governthe
ice thickness from the lower and upper boundaries of thiénioaghthe freezing and melting of
the ice packFig. 2.2) Generally thin ice grows faster compared to thick idee to greater
temperature gradien{$laas 201Q)As illustratedin Fig. 2.2, the ice growth rate significantly
decreases ondbeice thickness reaches 1 m. Whéeice reaches thermodynamic equilibrium
thickness theocean heat flux equals the conductive heat flux through theéAke result, no
more ice forms. If the ice thickness overtakes the thermodynamic equilibriumebscka.gas
is the case for ridged it¢hen the ocean heat flux may melt thettom of the sea iceven in
winter (Haas 201Q)
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Fig. 22: Sea ice gowth rate inthe central Arcic. The ®a ice growth rate is strongly
dependent on ice thickness (Thorndike et al., 1975).

Aside from the ice thickness, snow depth is also critical in ice growth and melt. Snow acts as
an insulator, slowing the heat flow from the ocean throughctht® the atmosphere. Thereéor
snow slowsthe bottomice growth rate during the winter icl®rmation season(Haas 201Q)
Studies have shown that snow depth hasmmense effect on ice melt durirthe spring
summermelt seasoras geater snow dep#hlead to more melt pond&Kwok and Untersteiner
2011) According toFig 2.3, snow depth of 45 cm can double tlesultingared coverage of
melt ponds during summandincreasethe ice melt rateby a factor of2.5 times relative to a

snowfree icecover(Kwok and Untersteiner 2011)
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Fig. 23: (a) July 1972 photograph of Arctic ice covered with melt ponds during summer. The
natural depressi@on the ice surface are filled wittater derived from snomvelt (b) Shows the
strong relationship between the waegivalent of snow (3 cm snow is equivalent~tbcm
water) to the pond covera@éwok and Untersteiner 2011)

The last term ifEquation 2.2s the redistribution functigrwhich describes the transformation
of thin ice into thicker ice through convergence and deformation such that gecoss ice
volume within areeR. The edistribution function is considered to be the most important and
difficult term in this equation to estimate. A more accurate estimdteoédistribution function
relies on a more adequate understanding of the anéxhand physics of the ridgermation
procesgWadhams 2000)The effect of the three terms Eguation2.2 on the evolution of ice

thickness distribution is shown schematicaflyig. 2.4.
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Fig. 24: Evolution of sea ice thickness distribution due to the theemsin
equation2.2 (Haas 201Q)

The thermodynamic term causes the thinner ice to grow thicker and the thickmed. tdhe
divergence term introduces a delta signal at h = 0 in the thickness distributioasast of the
formationof leads. Thaleformationterm simultaneously creates open water and compresses ice
to form pressure ridges. It is constantly producingk#icce from thinner ice and creating

regions ofopen water.
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3 Electromagnetic (EM) induction sounding of sea ice thickness

3.1 Sea icahicknessmeasurement

The need to measure sea ice thickness for scientific and engineering studies has motivated
researchex to investigate and develop a variety of techniqgues and instrumeatucately
measure sea ice thicknesBhe most precise method to measure sea ice thickness is the
traditional direct method of drihole measurementHaas 201Q) To this date most of ice
thickness data from Antarctica is from drilling techniqiiicken 2009) The accuracy ofhe
drilling method decrease for sea ice 0¥8 m deep, but this is not of a concern as sea ice in the
polar regions are typically below 16 thick (Eicken 2009) Ridged sea ice thickness can reach
as high as 10m while flat ice cdbarely make it to 3m thickness. Drilling technique is tedious,
slow and not suitable for wiggcale surveys of the Polar Regions where the climate conditions
are extreme. The hostile climate conditions of the Polar Regions and its remo&znsses
remote sensinggechniques to measure sea ice thicknessecially for widescale surveys.

Submarine and moored upwdabking sonar (ULS)Strass 1998; Rothrock et al. 1999; Haas
2010) satellite altimetry, ground penetrating radar (GRR)vacs and Morey 1986; Rossiter et
al. 1977)and electromagnetic (EM) inductiofHaas 2010; Haas et al. 1997; Haykin 1994;
Rossiter and Holladay 1994re effective indirect techniquesommonly used in sea ice
thickness measurement. The precision, accuraog feasibility of most of the mentioned
techniques are compromised by different factors.

Upward looking sonar (ULS) kancreasingly been used sinttee mid-1980s(Strass 1998)
Factors like uncertainties in sound velocity profiles generated by temperature and pressure and
changes in air pressure and tides tfégct the ULS depth undermines the accuracy of ULS
technique(Strass 1998; Haas 2010jurthermore operational difficulties of using submarine
mounted ULS and moored ULS is an obstacle to conveniently use this tecfiRapsiter and
Holladay 1994)

11



Satellite laser and radar altimetry is the most effective method to monitor sea ice seasonal and
spatialcoverage and concentratiomowever sea ice thickness measurements driven from this
method show significant uncertainty. This uncertainty can originate from the ambiguity in the
actual density values of snow and ice used in the equations, the penetegth of signals
which varies depending on snow and ice condgior by assumptions that rein the presence
of open water regions within ice pack and being able to frequently detect(itteam 201Q)

Open water elevation in ice packed areas is usedraterence for sea ice thickness retrieval
calculations. Furthermoyéhe presence of inhomogeneous sea ice leads to large sea ice thickness
errors(Liu and Becker 1990)

Ground penetrating radar (GPR) for sea ice thicknesslipgpfias been practiced sintiee
mid-1970s. This technique has been very successful in accurately measuring freshwater sea ice
thickness, but only partly successful for sea ice thickness. Presence of brine volume in the sea
ice cause scattering and ah@mn of GPR signal and consequently decreases penetration depth
of GPR transmitted signal to accurately detect the seavater interface. This results in
underestimated ice thickness measurem@ussiter and Holladay 1994)

To this day, electromagnetic (EM)duction is the mosffective, contacfree method widely
used for measuringrecise and accurate sea thigkness in the Polar Regiofildaas 201Q)EM

is norrinvasive, provides high accuracy with rapid sea ice thickness estimation.

3.2 Electromagneticinduction (EMI) sounding background

Electromagnetic induction (EMI) is one of the most popular geophysical methods widely used
for a variety of nearsurface applications. HistoricalllEMI methods were developefbr
mappingconductive mineral deposits and geological struct(iResssiter and Holladay 1994)
Initial test studies conducted the late 70s and in th&80s proved very low frequency (VLF)

EMI to be an effective method in remote sensing of sea ice thickikesacs and Morey 1986;
Sinha 1976) Since then numerous airborne, shqgrne and grountbased EMI surveys have
been conducted in many Arctic regiofiovacs and Holladay 1990; Haas et al. 1997; Liu and
Becker 1990; Rossiter and Holladay 1994; Haas 1998; Pfaffling 2006; Haas et al. 1997)
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Airborne EMI (Kovacs et al. 1987; Haas et al. 2009; Kovacs and Holladay 1i890)
considered to benost powerfulwhen deployed from helicopters. An examplf such airborne
EMI systems isthe Alfred Wegener Institute (AWI) helicoptégowed EMbirds (Haas et al.
2009) The accuracy otea ice thicknesseasuremes over flat sea ice is withih T m of
drill-holeice thicknesgPfaffling 2006 ) However EM thickness measurements over deformed
and ridged sea ice are significantly underestimbyedp to 50 to 60%Pfaffling 2006)

Ship-borne EM surveys (Haas 1998)are most adequate when quiskaice thickness
assessments are needed for icebreakers and ships navigatingaveced watersThis type of
survey is restricted by ice thickness itself as ships and icebreakers navigate only through thin ice
and avoid thicker ice zondRossiter and Holladay 1994 ence shigborne results arenore
likely a biased presentation of the regional ice thickness distribution.

Surfacebased EM surveys(Kovacs and Morey 1991; Haas et 8997)utilize lightweight,
marntportable instruments which can also be easily toweshloyvvehicles. It can produce quick
and accurateresults A variety of commercially available surfabased EMN instruments are
modified and calibrated to measure $e& thickness (e.gEM31, EMP andGEM). The most
widely usedsurfacebased EM sensor is GeorHE$/131 (Kovacs and Morey 1991)

Regardless of the platform used in Edlunding of sea ice thicknegshe typical operating
frequency of VLF EMI systems range between 10 Hz and 10Q(RHgsiter ad Holladay 1994)
and are designed to operate under low induction number condititmideill, 1980) In general
EMI systems can operate using a single or multiple frequencies and are mainly comprised of one
or multiple sets of transmitter and receiverlsthat may be arranged in different configurations.
The theoretical principle of EMdoundingis explained in later sections. The focus of this thesis

is onevaluating the capabilities afnew surfacéased EMI sensor called Sea Ice Sensor (SIS).

3.3 Sea l@ Sensor (SIS)nstrument specifications

The Sea Ice Sensor (SIS3dosensors IncCanada)s an advanced grountlased geophysical
system that is exclusively designed to measure sea ice thicKies$ISis a modified version
of theDualEM-421 senso(Dualem Inc., Canadahat is commonly used for agricultural aswil

studies (Figure 3.1)
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Fig. 31: The SIS mounted on a woodendsleefore a surveyQikigtarjuag, NunavutThe
photowastaken by Marzena Wantuch.

The magnitudeof EM response sensed by the instrument over the sea ice is composed of a
real (inphase) and an imaginary (quadrature) signal componenis $i§le to simultaneously
recordboth in-phase and quadrature response$wo coil orientations for tiee diffeent coil
separations.

Additionally, a pitch and roll sensor, a GPS receiver and aimalprocessor unit (RTP) that
provides reatime estimates of sea ice thickness and bulk conductivity are integrated into the

system.
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Fig. 32: Schematic othe SIS coil configurations.
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The SIS can measure level ice thickness with accuracy better than 5 cm or 1% under
conditions of 0.2n level sea ice to B level sea ice over normal seawater (~2.5 $Ho)laday,

2016) Over level thtk sea ice (8.0 m) estimated accuracy is between5P6 (Holladay, 2016)

What makes this instrument unique among otlilézrnative stfacebasedEM ice thickness

Sensors is

1. Its capability to simultaneously recottie response of two coil orientatioras three
different transmittereceiver coil separationsThis multiconfiguration capability
enhances the spatial sensitivity of the SIS compared to other EM sensors.

2. Its capability to measure the sensor pitch and roll, which is utilized in the inversion
calculations. Mossurfacebased instruments are assumed to be held in a level position
during operation. Therefore, the effect
considered in the results for sensors other than the SIS.

3. Its capability to snultaneously estimate sea ice thickness and bulk conductivity

3.4 Theoretical principles of dectromagnetic (EM) induction

The propagation adinelectromagnetic field in any medium is governed by Maavelijuations.
The differential form of Maxwell £quaions in the time domain are four vector functions
described aéTelford et al. 1990)

n (€] — 3.1
2]

n @] p — 3.2

ngpg " 3.3

ngp T 3.4

where Qis the electric field intensity (V/Im)®is the magnetic field intensity (A/m) pis the

electrical current density (A/f), @is the electric flux desity (C/nf), &is the magnetic flux
density(T), " is the electric charge densit@/(m°).
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In a homogenous isotropic medium the constitutive relations deswibean electromagnetic

field interactswith the medium through whiahis propagang (Telford et al. 199Q)

® 0 @ 70 ® ,0 3.5

where' is the relative magnetic permeability of the medium (Hfm, the relative dielectric
permittivity of the medium (F/m) ang is the conductivity of the medium (S/miRelative
dielectric permittivity is the ratio ofheme d i u md s digdebtsc permittivigy to free space
(vacuum) dielectric permittivity. In other words the constituve relations relate Maxwead s
eguations to the electromagnetic properties of thevieMe as it pppagates through medium.

In the above equationghe electrical properties are assumed to be independent of time,
temperature or pressure and the magnetic permeability is the s#mae @f$ree space.

By utilizing Maxwelld squations together with netitutive relations and through a series of
mathematical manipulations, Maxw&lkequations are simplified to the following frequency
domain wave equations referred totlas Helmholtz wave equatiofHaykin 1994; Rossiter and
Holladay 1994)

ne 1 ‘7 Q9 T 3.6
n® 1 '] QYO m 3.7

where| is the angular velocity andd 1 p.Theterms ‘ fand * ,are associated with
conduction and displacement currents respectively.

Given therelative magnetic permeability, the relative dielectric permittivity and the
relative conductivity o homogenous isotropimedium, , Equations 3.&nd3.7 can ke used to
determine the propagation of the EM field vecttweugh thamedium.

According tothe quasistatic approximation assumptitime displacement currents (* j) are
much smaller than conduction currents‘( ), for frequencies less than 5881z (Rossiter and
Holladay 1994) Hence the Helmholtz wave equations are simplified ddfusion equations

which are a special casetbeHelmholtz equationgRossiter andHolladay 1994)
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Half-space models are used to simulate the response of EM induction sensors in propagating
media. Layered hapace models consist of a series of zmmtally stratified homogenous and
isotropic layers with known thicknesses and conductivities.

In sea ice EM sounding, sea ice is characterized as a horizontal resistive layer over very
conductive sea watefypical electricalconductivities of sea ice afeto 0.05S/m and2.4 to 2.7
S/m for seawatgiHaas 201Q)The alternating current ithe transmitter coil generates a very low
frequency quasistatic primary magnetic field whpgnetrates the sea ice. Tpr@nary magnetic
field induces eddy currents in the conductive madgtdch is theseawatebelow the sea ice. The
eddy currentsin turn, generate a secondary magnetic field that propagates towards the sea ice
surface.The magnitude of the secondary mefyn field is several orders smaller than the
primary magnetic fieldThe receivecoil detects bothhe primary and secondary magnetic fields
at the surface. The magnitude of the secondary field is a complex number composed of two
orthogonal componentsthe in-phase (redl component and the quadrature (imaginary)
component EM instruments commonly measure the relative secondary magneti¢irigidrts
per million), which is the ratio of the secondary magnetic field strength to the primary magnetic
field strength.

This measured coupling ratio is strongly related to the distance between the EM instrument
and theseawateror subsequently to the sea ice thickness plus instrument height taAk®ea

ice.
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Fig. 33: Sketch of baic EMinductionsounding of sea ice showig EM instrumenbn
the sea ice surfacelhe gimary magnetic field (red) is created by thansmitter coil.
The eddy currents (green) induced by the primary magnetic field induce a secondary
magnetic field (hle) more dominantly at the sea ice boundary which is then sensed by

the receiver coils.

For a layered halépace model in cylindrical coordinates and under the quasistatic assumption
(Larsson 2007)the coupling ratios for horizontal coplanar (HCOP) and perpendicular RPR
coil orientationscan be expressed by Hankel transforfHaykin 1994; Telford et al. 1990;

Anderson 1979; Rossiter and Holladay 1994)

— a. Y =i® Q 0 _&Q_ 3.10
— a. Y = Q O _ & Q_ 3.11

wheredis the transmittefreceivercoil separations=is a vector of the model parameters such as

layer conductivities and thicknes8is the transmittedrequency, 'Y is the complex reflection
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coefficient that is determined recursively for ataper model,b and U are the zero and first

order Bessel function®QandQ are the distance of the transmitter and receteds abovethe

sea ice surface arsd thesvavenumber (integration constant or Harntkahsformation number).
The oscillating nature of the Bessel function and tligite limit of the integrals makéhe

numerical evaluation of the Hankel transforms difficult. However, linear digital filters are

utilized to overcome this issuA n d e r s o ndiggal filtar is esed to solv8.10 and 3.11

Hankel transform integral@\nderson 1979).

3.5 Electromagneticproperties of sea ice and seawater

Sea ice is a highly dynamic and extremely complex material composed of iceahdregr.The
electrical conductivityf sea icalepends oiits salinity, porosity,temperaturgand aggMorey et
al. 1984) The complex dynamic and thermodynamic processesivied in sea icdormation
lead to nonuniform variatiors in electrical conductivity distribution both in sea ice ahd
underlyingseawatr (Rossiter and Holladay 1994)

Forlevel sea ice, both firgtear and multyear sa ice show a strong verticgtadient in
electrical conductivitywhichgenerally increases with degiiiu and Becker 1990Sea ice
brine volume is very low above sea level but rapidly increases with depth below sdhilevel
and Becker 1990)This rapid increase of brine volume combined with increasimgéeature
createghevertical dectrical conductivity gradie(itiu and Becker 1990)he vertical profile of
electrical conductivity becomes highly erratic under ridged sea ice and flooded sea ice
conditions.

In general, younger, firgtear ice is more conductive than older, myd#ar ice. Firsiyear sea
ice contains higher volume obrine inclusions left fronthe iceformationprocess which leads
to higher electrical conductivity. In mulylear sea ice, brine is drained by gravity drainage or
replaced with freshwater flusheg burface melting processes in summer, hence leading to lower
electrical conductivities compared to figtar sea ice. During the makasonsaline sea water
may penetrate the complex network of drainage channels and mix with freshwater, thus

increasinghe conductivity of sea ice matrix.
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Seawater electrical conductivity is a function of salinity and temper@tirend Becker
1990) The electrical conductivity ofemwater is typically two orders of magnitugteaterthan
that ofsea ice
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4 Spatial Sensitivity Analysis

4.1 SIS coil configurations

At constant | eveled instrument height, SI S06s
depth of measurement, depends on transmigsgiver coil separations and their respective
orientations.

A horizontally oriented transntér coil generates a vertical primary magnetic field that
couples well with horizontal layers (conducto(Kpvacs et al. 1987)Receiver coils are only
sensitive to EM fields that cross their plane perpendicu(&dyacs et al. 1987)Receiver coils
that have the same orientation as the transmitter coil are more sensitive to horizontal layers
(Nabighian 1991)Receiver coils that are oriented perpendicular to the transmitter coil are more
sensitive to vertical layers (conducto(®abighian 1991)Increasing transmitteeceiver coil
separation increases the effective penetration ddpte secondary field near transmitter is
oriented horizontally. With distance thsecondaryield becomes vertical. Therefqra receiver
plane at gyreatettransmittesreceiverseparatiomecords stronger signals

A detailed theoretical analysis of EM pesse for different coil orientations is explored by
(Keller and Frischknecht 1966Y hereis an infinite number of possible coil orientations and
separations thatan be utilized for EM profiling. SIS incorporates only two coil orientations
(HCOP and PRP) with three different coil separations, Figuire

Tx Rx ®Rx Rx ®Rx Rx ®Rx
L L 1 1 L 1 l
L L} L} L) L) L) 1
Om im 1.1m 2m 2.1m 4m 4.1m
S
A A A
o o o -
Tx Rx Tx Rx
| | —t—q
Horizontal Coplaner Coils (HCOP) Perpendicular Coils (PRP)

Fig. 41: Schematic diagram of SIS coil configurations
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Most EMI ingruments only use quadrature compondatgstimate depth values. However,
SIS considers both quadrature anepimase measurements to estimate sea ice thickBgss.
varying coil orientations and separations, the sensitivity of thphase and quadrature
components to depth also changes. The response behavior of each of these components is
different from each other for different coil configuratiod$herefore,it is also important to
understand the behaviour of each component to changes in the coil catidiggr

On theoretical bases, utilization of both quadrature arghase components for two coil
orientatiors and three coil separations yields twelve different depth response sensitivities. The
additional data provided is very valuable to carry out mprehensive depth analysis and to
reduce uncertainty and improthee quality of sea ice thickness inversion results.

The objective of this chapter is to investigate the spatial sensitivity of SIS coil conbgsrat
through theoretical models.

4.2 Responsdheoretical models

The depth sensitivity of EM response for different coil configuration can be analyzed based on
mathematical functions proposed by McNeill (1980) and Wait (1962). These analytical functions
determine the relative and cumulative contributof the material at any given depth z to EM
response (secondary magnetic field) measured at the receiver. They are based on the assumption
that the instrument is placed leveledtbasurface and induction numbers are small.

In the presence of a singiefinitesimal thin horizontal homogenous layer, the relative
guadrature component response function of that layer for HCOP and PRP coil orientations at any
given depth z is given by the following expriess (McNeill 1980, Wait 1962):

. T Ofi
'Y "06 G — T 4.1
TQoLS p
Y & Y - 4.2
TGiI S p

whereR is relative response,is depth andg is transmitterreceiver coil spacing.
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The quadrature componénselative response of HCOP aRiRP coil orientations for three
different coilspacing { m, 2 m and 4 m for HCOP and 1.1 m, 2.1 m and 4.1 m for PRP) as a
function of normalized depth (z/s) is shown in Figdt8a As illustrated in Figuret.2g the
relative response of HCOP and PRP mta¢ion follow two different patterns. MPRcoil
orientation is relatively sensitive to nearrface layer depths. Depending on the coil spacing, the
sensitivity decreases exponentially with layer depth. In contrast, HCOP coil orientation is
insensitive ® nearsurface layer depths but it slowly peaks to a maximum relative sensitivity
where response begins to rapidly decrease with decreasing layer depth. The maximum relative
sensitivity depth reached for HCOP orientation varies for each coil spacing(Q.4nf;, 0.7 for 2
m and 1.4 for 4 m coil spacing).

In case of a muliayer earth model where the relative response is influenced by multiple
layers, the cumulative sum of all relative contributions fot all y deptesielow a given depth
z, is expressd as the integration afl of the relative response functions betwéessurface to a
given depth z. Thesso-calledcumulative response functions for the quadrature phase of HCOP
and PRP orientations are expressed as (McNeill 1980, Wait 1962):

& "06 O 0 P - 43

TOIS p

Gai

6 0 'YIoh —
TogLS p

prC 4.4

where C is cumulative response.

Fig. 4.2shows cumulative response as a function of normalized depth of HCOP BncbPR
configurations. The cumulative response curves can be used to determine the depth of
exploration (DOE) of EM response. Depth of exploration is conventionally defined as the depth
at which 70% of cumulative response is attributed to. This is thd d&t response is most

sensitive to.
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The relative iaphase response functions of HCOP and PRP coil orientations were
approximated by Keller & Frischknecht (1966):

p
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Fig. 4.2 illustrates the relative and cumulativepinase response curves of HCOP and PRP
coil orientations for all three SIS coil spacings. A basic visual compariséigo#.3ato Fig.
4.3 revealsthat despite the fact that relativephase and quadrature respanseé HCOP coil
orientation havea similar appearance ithe pattern; the relative #phase responses are more
sensitive to shallower layer depths. On the other hand, relative PBtRse response curves
perform very differently compared to relative HCO#3ponse curves. PRP-phase response
sensitivity increases with depth till it reaches a maximum and then slowly decreases with layer
depth.

The cumulative irphase response of HCOP and PRP coil orientations kKebel( &
Frischknecht, 1966):
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The inphase cumulative respsa curves of HCOP and PRP (Fig.)4d&have differently
compared to quadrae cumulative response curve$ig. 4.3. The DOEs of HCOP
configurations are significantly smaller when compared to DOEs of respective quadrature
cumulative response$-if. 4.2. Furthermore, the cumulative responses of PRP configuration
(Fig. 4.3 do notpresent definite DOESs, but rather a range of DOEs at which the EM response is
most sensitive to. Overall, assessment of HCOP and PRP cumulative theoretical models reveals
that the quadrature configuration is significantly more sensitive to deeper deptpared to in

phase configuration cumulative responses.
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5 SIS Field Data Analysis

The objective of this chapter is to investigate the spatial sensitivity of SIS coil configurations
through evaluation adictual field measurements. The specific research questions to be answered
in this chapter are:

1. Do theorettal models correlate with experimental field results?
2. How does SIS measured EM resporseisave in different sea itgpes
3. What EM signal component and coil configuration yielth® highest gality EM

responses fasea iceghickness inversions?

In thisresearch, sea ice is categorized into five different setypesbased on the physical
properties of the sea ice surveyed. Level sea ice,-slwgtred sea ice, melt pordvered sea
ice, rafted sea ice and ridged sea ice are the five ségpesstudied in this research.

Table 51: A short description oeachsea icaypesstudied in this research

Sea icaype Description

Level sea ice Relatively flat sea ice that has not gone through deformation

Slush covered sea ic| Sea ice that is covered with wataturated snow cover. The saturat
level varies from low to high from site to site depending orsthece of]
water(snowmelt or seeping ocean water)

Melt pond Are formed bythe accumulation ofsnow meltwater in thees ice
surfacedepressionduring sea ice melt season.
Rafted sea ice Sea ice structusethat are formed by overridingsea icefloes. In this

study, afted sea ice is fourlgy the shorelins. Oceanand wind currergt
pushice floes against the shorelirusingice floes to override on
another.

Ridged sea ice Ridge structures thatreformed bycolliding ice floes. Wind and ocea
driven currents cause ice floes to collidevith each otherand the
compression athe colliding ice floes creatgdged sea ice
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5.1 Observations anddata description

SIS EM Data used for this study was acquiredwo separate field surveys from two distinct
regionsof first-year sea ice coverhe first was collected from a series of EM surveys conducted
during Polarstern (icebaker) cruisesn September of 2015 over the Arctic Ocean, North Pole
(above 88 latitude North), Fig. 5.1 The second was collected thme Canadian Arctic
Archipelago, in the vicinity of Qikigtarjuaq Island (approximately @titude North), Nunavut
onApril 2016, Fig. 5.1 A summary of the surveys conducted is presentdaime5.1.

Barents Sea N
Greenland Sea
Q-144
Greenland Q-10 Qikigtarjuaq
g P-11 Broughton
A P-05 Island
Laptev S A Baffin Island
aptev Sea ‘ |
Qe Davis Strait
Arctic Ocean Kingnelling Fiord
Q-13a
East Siberian Sea
-11A
Beaufort Sea Canada Q
0 1,050 2‘1.%)" p 5 10 o0 3?("1

Fig. 51: Left: Qikigtarjuaqsurvey location map. Right: Polamtesurvey bcation map. The
blacktriangles show the location tie EM surveytransects.

Polarstern SIS EM surveys were conductedirstryearsea ice floes in the Arctic Ocean. The
data set consists of 50 m long survey transects. Each transect was established to cover all sea ice
typespresenton the ice floe the survewas conducted on. A commaea ice conditioshared
between Polarstern transects is-weapressure ridgewith relatively level sea ice on both sides
of the ridge. Transect-B5 contains melpond zones that are only particular to this transect. To
ensue all sea icaypeswithin eachice floe are effectively surveyed, SIS EM measurements were
taken at 1 m spaced intervals. To validate the EM measurements, a detadeodlelslirvey was
also conducted at 1 m spaced intervals.

The Qikigtarjuaq data setonsists of multiple survey profiles with varying lengths, acquired
at different locations within the proximity of Qikigtarjuaq Island. Qikigtarjuag sea ice is

classified as landlst sea ice. An attempt was made to survey all setypespresent in the
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study region. Sea ice thickness drill measureméhisken 2009)were also taken at each
transect but were less comprehensive compared to Polarstern drill surveys.
A general comparisorbased on visual observations and drill measurements reveal the
following main differences between Polarstern amkldarjuag sea icéormations
- Qikigtarjuaq transects were performed on a relatively level sea ice surface; whereas
Polarstern transects imncled ridged sea ice structures in the middle of the profiles, (Fig.
5.2).
- Polarstern sites consisted of significantly thicker sea ice and no, or signifitantier,
snow cover. In contrasQikigtarjuaq contained thinner sea ice but significatiigker
snow cover. Fig5.2 is a graphical illustration of the differences between the two study
regions sea iclormations
- Qikigtarjuaq was dominantly covered with significantly saturated snow cover (slush)
however; the degree of the snow saturation amgbitsce differed region to region.

Table 52: General information of SIS EM surveys conducted.

Surveys Transect | Date Length & Drill Description
Acquired | Sampling
Interval
Polarstern P-5 05.09.2015| 50 m, 1 m | Complete | Ridged ice structure ithe
at every | middle of the profile, Mek
station ponds either side of ridged ice,
no snow cover
P-11 11.09.2015 Ridged ice structure ithe
middle of the profile
Qikigtarjuaq Q-10 10.04.2016| 100, 2 m Partial at 2| Level sedce surface, Snow

m interval | cover moderately saturated
Q-11 11.04.2016| 100, 2 m Partial Slush sites
Q-12 12.04.2016| 100, 2 m Partial Rafted sea ickype near

shoreline
Q-13 13.04.2016| 100, 5 m Partial Site flooded with sea water
Q-14 14.04.2016| 160, 10 m | Partial Contain slush, flat sea ice and

rafted sea ice
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Fig. 52: Graphical presentation of sea ice thickness and its structure along two surveyed
profiles. Top: Transect -B (Polarstern) with no snow cover. Bottom:amsect QL0
(Qikigtarjuaq) with relatively even and thinner sea ice. Note, for better comparison and to
keep the figures in scale, only 50m oflQ transect is presented in the figure.
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5.2 Methodology

Signal strength, depth sensitivity and signal quaditySIS coil configurations are primarily
evaluated based on statistical and graphical analysis of experimental field data. In this analysis,
field data are depicted in a series of plots to clearly illustrate signals behaviour in terms of
different coil smcings (1 m, 2 m and 4 m coil spacing), coil orientation (HCOP and PRP
orientation) and EM signal component-ffhase and quadrature component). The correlation
between EM signal components and their dependency on sea ice thickness is investigated
throughgraphical observations and by statistical means. Statistical tools and indices used for this
investigation are mean, standard deviatiodcoefficient of determination @

Coil configurationsthat display strongr quadrature to iphase signal correlatis (high R
values) and stronger signal to dii-hole seaice thicknessmeasuremestare considered tbe
more reliable for sea ice thickness inversions.

Since field data were collected from two entirely distinct regions in the Arctic Ocean, the
resuts are analyzed and discussed in two separate sections followed by an overall asséssment o
the entire EM data collectedinreliable data readings (negative values and outliers) were

removed from all data sets prior to analysis.

5.3 Polarstern data

5.3.1 Generalsignal observations

Visual observation along with drllole measurement results indicate that Polarstern transects
contain a ridge sea ice structure in the middle of transects and young level sea ice on either side
of the ridge sea ice zone. Accorditigdrill measurements, transectOB has a mean sea ice
thickness of 1.76 m with a standard deviation (SD) of 0.63. Mean sea ice thickness and standard
deviation of transect-R1 are 2.21 m and 0.94 respectively. These values indicate that transect P
11 has thicker sea ice and larger variability in sea ice thickness.5Rggives a visual
representation of general differences in sea ice thickness variability between tra@SesmdPP

11. The ridged sea idgpe makesa significant contribution tthemean sea ice thickness of both

transectsTransect PL1 contains shalloirozenmelt pond zones that are unique to this transect.
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These melponds have a mean depth@®24 m and are covered with a thin layer of ice with a
mean thickness @f.13 m

Elevation (m)

LI e e s e e . S s s s S Sy S B B B DO B B B B B B B S B B s S S e

Station (m)
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Fig. 53: Schematic presentation of sea ice thickness along trans@&tsafd P11. Sea ice
thickness measurements are from évdle surveys performed at 1 m spaced intervals- Mid
sections of the profiles are ridged sea icecstme on the surface and keel at the bottom. The

red coloured areas arefreezingmeltpond zones. The size and shape are approximate and
not to scale.

o

Fig. 5.4 shows SIS signal readings for all possible coil configurations along trans@éts P
and P11. A common trend observed in Figd is decreasing signal strength (lower ppm values)
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for all coil configurations as SIS moves towards the center of transects. This decreasing trend in
signals is related to the sea ice thickness and sea ice strdongeransects. Both-B5 and P

11 contain pressure ridge sea ice structure in the middle sections and relatively level sea ice on
either side of the ridges. Ridged seasteicture is characterizday lower EM signal strength.

As SIS moves away from thiglged sea ice structures towards either end of the line tranbects,

ice thickness decreasdeading to stronger EM signal readings. All coil configurations follow

the same signal strength pattern for both transects.

Transect FO5 shows an interestingignal anomaly from station 4 to 19 (Fig4). All coil
configurations show a spike in the signal strength that begins at diadimhends at statiorB1
Quadrature signalsomponent appear to be more influenced than IP signals component. The
reason fo this spike in signal readings may be explained by the presence of thpomeithat
extends from station 7 to 16.

The salinity of the melt pond should not differ from the surrounding sea ice ddwarever,
the ridging process in the middle of thensact may haveontaminated the melt pond with brine
contens. An increase in the salinity of the h@ord increass the bulk sea ice conductivityf
the sea ice covered by melt poaad henceausingelevated EM signalsetative to surrounding
sea ice coer.

Interestingly a second but smaller mgibnd extends from station 40 to 43owever,the
signals over this smaller pond are not influenced with the same intensity as the larger pond. In
fact, the only configurations that appear to be influenced dgnaller melt pond are quadrature
responses of 1 m and 2 m PRR coil configuration. None of the 4 m coil spacing configurations
show any apparent influence from the smaller melt pond. This can be explained due to the small
length of the melpond and largéootprint size of the 4 m coil spacing. Although, it appears that
even with smaller footprints of 1 m coil spacing and 2 m coil spacing, only the quadrature signal
of PRP orientation is influenced and all other configurations are unaffected. Another ttegtso
may have contributed to smaller signal anomalies of the smaller melt pond may be explained by

possible lower salinity of the smaller melbnd compared to the larger mptind.
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Fig. 5.4: Field SIS EM Signals plottedlong transecP-05 (top) and PL1 (bottom) asa
function of coil spacing. Signals are strongest (higher ppm) on either side of transects where
sea ice is thinner and lowest in middle sections where ridged sea ice structure exists. The
missing signalpoints were noisy unreliable data that were removethépre-processing

stage.
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5.3.2 Signalsensitivity of Polarstern data

Performing a general analysis tnansects 5 and P11 field data reveals that regardless of
what EM signal component @phase orquadrature) or coil orientation (HCOP or PRP) is
utilized, 4m coil spacing configuration is the most sensitive coil spacing configuration towards
the variability in sea ice thickness, followed by 2 m and 1 m coil spacing configurations (Fig.
5.5 at the tserved sedce thickness rangeThis is indicated by stronger -phase and
guadrature signal readings on botB%and P11 transects (Fig.5).

Within 4 m coil spacing configurations, quadrature PRP configuration retioedsrongest
EM responses ftdwed by inphase HCOP, quadrature HCOP, andplase PRP coil
configuration. Howeverthe quadrature PRP response is no longer the dominant signal recorded
once sea ice thickness exceeds a 1.8 m limit &#). The inphase HCOP signal gradually
overlaps and bypasses quadrature PRP signal strength, reaching its maximum divergence over
the peak of the ridged sea ice zone. This transition in signal components can be observed on
statiors 21 to 39in transect ®5 and on stati®il2 to 35in transect AL1.

For 2 m and 1 m coil configurations, quadrature HCOP response readings domirhee for
most part of the transect. However, this changes whehase HCOP readings overlap or even
exceed, quadrature HCOP signal readings as soon as sea ice thicknessaettaiadimits near
the peak of the ridged zone. The limit of the ice thickness at which this change occurs is roughly
around 3 mThis is due to the change in sensitivity of different coil orientations as shown in

chapter 4.
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and R11 transectsFor transect A1 the 1 m PRP data were unreliable to be
used in this analysis.
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To determine which coil configuration yields the higheginal quality, the correlation
between ipphase and quadrature response readings and their distribution on plots are examined.
Theoretically inphase and quadrature data components should generally have a good linear
correlation.A statistical analysis wasased to investigate the correlation betweephase and
guadrature components of measured EM response for both transects.-phHaseanresponse
values were plotted against quadrature response values m@#nd5.7. A visual inspection of
transect FO5 0 s correlation pl ot s shows a | ens I
distribution is more obvious in 1 m HCOP and PRP coil configuration, 2 m PRP configuration
and 4m HCOP configuratioin in-depth examinationf the data indicates that one sifethe
lens patternis associated with the signals acquired over the-pweitl. These data points are

circled in red in Fig5.6.
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Fig. 56: HCOP and PRP,updraturevs. in-phase signals for 1 m coil spacing (left), 2 m ¢
spacing (middle) and 4 m coil spacing (right) for transe@bP

Visual inspection ofransect PL1 correlations (Fig. 3) shows particularly noisy data points
for 1 m coil spacing configurations and 2 m PRP coil configuration. Surprisinglyribessedata
points do notcorrespondo any specific sea icg/pe along the transect as it was the case for

transect F05. These data points belong to level sea ice zones on either side of the ridged sea ice
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type where eventhe subsurface sea ice zone aggeto be relatively uniform. There is not

enough information available to explain what might have caused the noisy data points.
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Fig. 57: HCOP and PRP, quadraturs.in-phase signals for 1 m coil spacing (left), 2 m coil
spacing (middle) and 4 m coil spacing (right) for transe&tLPL m coil spacingPRP data
were noisy and unreliable to be used in this analysis.

Linear regression was applied to the data and coefficient of determination vautes Rth
transects we calculated (Tabl&.2). According to table 2, the’Ralues indicate that the
majority of the coil configurations show a strong correlation between thghase and
guadrature responses. However, the objective is to determine what configurations cmmmon

both transects, yields the highest data quality that can be used for seekivesthinversions.

Table 53: Calculated Rsquared valuedor the regression ofin-phase and quadrature EM
responses Fig. 56 and Fig. 5.7

Profile P-05 P-11

Configuration HCOP PRP HCOP PRP
1 m spacing 0.93 0.02 0.77 -

2 m spacing 0.99 0.90 0.99 0.89
4 m spacing 0.78 0.98 0.97 0.98

According to the Rvalues, in 4 m coil spacing category, P&ientation yields the highest
quality datafor both transects. HCOP orientationtafnsect-11 also yield high Rvalue but in
transectP-11, R coefficient is not equally strong. With the 2 m coil spacing, the HCOP coil
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configuration showthe highest data quality with respect toyRlues. PRRonfigurations also
show a reasonably high’Ralue but compared tthe HCOP configuration, HCOP performs
better by 10%Due to the presence of noisy data in 1 m spacing configurations, no reliable
conclusion can be made as to which configuration offerdighest quality data common to both
transects.

EM responses collected on transeci3sPand P11 were plotted collectively as a function of
drill-hole sea ice thickness for all coil configurations (Fi8). Transect FO5 shove a good
correlation betwen signal readings and sea ice thickness measurements for all coill
configurations except for 2 m and 1 mphase PRP configurations. Inm coil spacing
category, it is evident that PRP configuration yields the highest quality data featuring both strong
signals and great signal to sea ice thickness correlations. In this catagpBRP quadrature
signal is outstanding. This component records both the strongest and widest signal range,
making it the most reliable signal reading within this coil spategory.

In the 2 m coil spacing categoryfACOP configuration shows very good signal to sea ice
thickness correlationsfhe HCOP quadrature response component appears to be the strongest
signal in this category. Arguably PRP quadrature response may alsonbelered a good
candidate in this category as it also possesses the same signal streragthiderdsignal range
than HCOP quadrature response. However, the signal to sea ice thickness correlation of PRP
guadrature response is not equally as strong.

For 1 m coil spacing category, HCOP coil configuration yields reasonably good signal to sea
ice thickness correlation. HCOP quadrature response is the winner in this category as it captures
the strongest responses and has a wide signal range relativer toootfigurations.

For transecP-11, correlations between signal responses and the ice thickness measurements
are weaker compared to transee03d Transect A1 display a noisier data set compared to
transect FO5. This is especially more evident in sraaktoil spacing configurations. The source
of this noise may be explained by the more complex keel sea ice structure of this transect.
Transect PL1 has a considerably larger ridged sea ice zone with significant fluctuation in sea ice
thickness and sharpekl boundaries (stations 18 to 25 and stations 31 to 34)§R)g.Such
extreme fluctuation in sea ice thickness may also be indicative of a significantly more complex

internal sea ice structure.
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Smaller coil spacing configurations are more responsivihitoextreme sea ice thickness

fluctuation. This is attributed to the footprint size of different coil spacings. The larger the coil
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spacing is, the larger the footprint size. Larger footprint size implies that the signal recorded is
the average of sea ice thicknesses of a larger area under the instrument; this causes smoothing of
the data. With te smaller coil spacing, smoothing is less significant to smaller footprint size. 4

m PRP and 2 m HCOP coil configurations appear to show the strongest correlations for transect
P-11. The same observations made for trans€Xd Pan be recognized for tracs&11.

In the 4 m coil spacing categothe quadrature component of PRP orientation yields the most
reliable signal readings. For 2 m coil spacing category quadrature component of the HCOP
orientation records the most reliable signal readings. For doimspacing however, HCOP
guadrature readings are not conclusive as there is significant signal sharing for ice thicknesses
above 1.6 m.

The overall assessment of the data suggests that there is a good consistent coherency in SIS
performance. The data exap between the two transects confirms this coherency.

An overall analysis of the Polarstern data based on signal quality and strength suggest that 4m
PPR coil configuration yield the most reliable EM responses followed by 2 m and 1 m HCOP
coil configurations. Although 1 m HCOP coil configuration displayed reliable data for transect
P-05, transect A1 did not show the same good quality results. This is due to the much smaller
skin depthand therefore limited sensitivity at higher sea ice thicknesseseTlhmitations of the

1 m coil spacing should be considered when @@ sea ice with thicknesses of over 1.5 m
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5.4 Qikigtarjuaq data

5.4.1 General observations

Qikigtarjuaqg sea ice is classified as leiadt sea icésea ice that is attachedttee cosstline) The

sea ice condition of the study site is generally influenced by an early melt season. The ice in
many areas is covered with snow that is extremely saturated with water (slush) and is obscured
by a layer of fresh snow cover. The source of sligsprecbminantly snownelt water and in

some areas it is the sea water timdiltrates through sea ice cracks upward onto the sea ice
surface, flooding the ice surface. Thus, tbe most part sea ice in Qikigtarjuaq can be
characterized by three distintayers of snow and ice: the bottom sea ice layer, the water
saturated snow layer in the middle and fresh snow layer on top. Five transects were
established at different locations within the study sites. To validate EM measuremenrits)|elrill

measurerants were also taken along each transect.

5.4.2 Signal Sensitivity Analysis by Transects

Transect Q-10

Transect QL0 consist of level sea ice with average bulk (snow and ice) sea ice thickness of
approximately 1.18 m with standard deviation (SD) of 4.9 cnerAge snow cover depth for this
transect is about 0.39 m with SD of 5 cm. According to the drill measurements, sea ice surface
and thickness is fairly even along transeet@Fig.5.8). EM data were acquired at & spaced
intervals. The variation in EMignals along transect-00 (Fig.5.10) is consistent with the ice

thickness variation (Figh.9).
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By performing abasicsignal analysis (Figh.10 & Fig. 5.11), it is evident that 4 m coil
spacingconfigurations yieldhe strongest signals returns followed by 2 m and 1 m coil spacing.
The range of the measured signdérease with smallercoil distance. The range of the EM
signals collected at transect1D is significantly smaller compared to Badtern EM signals for
all coil configurations. This can be explained by the thinner sea ice cover of the site and the
small variation in sea ice thickness along the transect. This difference in signal range is expected
to be valid for most of the data tedted in Qikigtarjuaq as sea ice is noticeably thinner for
Qikigtarjuaq transects compared to Polarstern transects.

A more indepth evaluation of signals strength reveals that the quadrature signal response is
strongest in PRP orientation and weaker (D orientation for 4 m coil spacing configuration
(Fig. 5.11). For 2 m and 1 m coil spacing configuratiphewever, HCOP quadrature responses
are stronger than PRP quadrature responses %Fif)). The inphase signal responses are
stronger in HCOP origation and weaker in PRP orientation regardless of which coil spacing is
used (Fig5h.11).

Figure 5.11 demonstrates that m coil spacing PRP quadrature response is the strongest
signal For 2 m and 1 m coil spacisggHCOP quadrature signals are strongeBhe weakest
signal belongs to 1 m PRP coil configuration. In the-gmecessing stage (data quality
assessmentinany of the 1 m PRP coil configuration signal readings were invalid with the rest

of the data being dubious.
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To identify which configuration yields the highest data quality, the correlations between
signal components and their corresponding -tiole sea ice thickness measurements were
investigated. Ideallya reliable onfiguration should show strong correlation between-phase
and quadrature responses. A reliable signal component shouldasitimmg correlation with its
corresponding drithole measurements. Based [eig. 5.12, strongest correlations between in
phae and quadrature readings belong to 1 m and 2 m HCOP configurations®withud® of
0.92 and 0.97 respectively, and 4m PRP coil configurationamfk? value of 0.94. These strong
correlations may indicate that 4 m PRR configuration along with 2 mland HCOP caoll
configurations yield the highest quality data among all possible SIS coil configurations.

There is a notlinear exponential correlation between EM signals and sea ice thickness
(Chapter 4).However,a look into EM signals to sea ice thickae=orrelations for transect 10
(Fig. 5.13), does not reveal any correlation between the two variables. This can be explained by
the small range in sea ice thickness variation (1 m to 1.3 m) and sea ice slush content that cannot
be efficiently resolved bylIS.

Although the correlation between EM signals and sea ice thickness is an exponential
correlation (Fig4.3 & 4.4), a linear fit may be appropriate within this small sea ice thickness
range.

To quantify EM signato sea ice thickness correlation, lineagressioris applied. The R
values are low but yet they are in line with the results observed with respect to configurations
that yieldthe highest quality data. As noisy as the data may appear, the 1 m and 2 m HCOP
configurations yield highest coreglons within their coil spacing categories. The 4 m
configuration however,shows that irphase signal in both PRP and HCOP yields highest data
quality. The overall trend for most coil configurations skawereasing signal strength witin
increase in&a ice thickness. Howevehis trend is dismissed for 1 m-phase PRP signal. As

stated before, data collected on this channel are not reliable.
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Transect Q11

Transect @L1is level sea ice covered with slush sections @natinevenly distributed along the
transect. Slush is obscured by snow cover and is only visible when snow cover is disturbed.
Average bulk se&ce thickness from drill data is approximately 0.91 m with a SD of 6.8 cm.
Average snow cover depth is approximately 0.4 m with a SD of 3.4 cmhbldlmeasurements

were taken at 5 m spaced intervals for the first 45 m of the transect. An efforiswasaale to
measuraghe depth of slush at the drHliole locations. The slush depth ranged between 6 to 10 cm
below snow depthHowever, slush measurements are less accurate because determining the
upper boundary aheslush layer proved to be difficult.

Signal readings for transectI] (Fig.5.14 & 5.15 are generally stronger relative to transect
Q-10. Sea ice at this site is thinner relative to transe@D Qvhich leads to stronger signal
readingsAnother factor leading tanincrease in signal strgth is the source of slush. If snow is
saturated with conductive sea water seeping from under the sea ice, then higher conductivity of
the bulk ice layer is expected, which leads to higher deceptive signal readings thataareaaot
representative of thactual sea ice thickness.

In generalsignals behavior on transectlQ is very similar to transect-@Q0 (Fig.5.10). The
range of the signals are very similar to transeet1Q however for the 2 m coil spacing
configurations, transect-Q1 show partiabverlap within the quadrature responses of HCOP and

PRP orientations.
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According to (Fig.5.16) 4 m PRP (R=0.96), 2 m HCOP (®0.97 and 1 m HCOP

configurations (R=0.86) dispay the strongest correlationsiowever,no reliable conclusion can

be made by analyzing signals based on signals to sea ice thickness correlatioBsl{Fig.

Calculated R values br all signals are very lowisual assessment of the plots reveals a very

interesting pattern. It appears that contrary to the expectatiensignal strength increases with

anincrease in sea ice thickness. An explanation to this is most likely the preseheshdhat

has its source in seater seepage. From the drill 8ay data, slush depth increases along the

transect. The increase in ice thickness is accompaniea ingrease in slush volume which in

turn also increases bulk sea ice conductivity ancetbes stronger signal readings.
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Transect Q-12

Transect @12 is located neaheshoreline. Mean bulk sea ice thickness from drill measurements
is about 1.4 m with a SD dd.9 m. Sea ice at this location represents deformed sea ice
formatiton The ocean currents have pushed the sea ice towards the shoreline and as a result
rafting of the sea ice occurred. Due to the geographical location of the site, sea ice deformations
are notsevere. Howeverthe structure and complexity of the sea ice is significant and is
confirmed by the difficulties faced during drill measurements. Unlike previous transects where
sea ice surface was relatively flat, this site shows moderate but notinealkn sea ice surface
structures. The transect stretches 100 m outward away from shoreline towards the sea. EM
measurements were taken at 2 m spaced intervals. An effort was made to take detédilele drill
measurements to cover the complexity of the structure of the site, howeyeatue to the
difficulty of the task, drill measurements were only taken for part of the tra(satibns 0 to
38)at 2 m spaced intervals.

The signal behavior of transectXQ (Fig.5.18 & 5.19) is very similar to previoutransects,
however the signal strength is weaker for all configuratiohlse weaker signal is explained by
the presence of relatively thicker sea ice thicknessthadibsence of slush areasnother
observation made is that 4 m HCOP configuration shewsear data distribution and a strong
signal correlation of R=0.82 (Fig5.19 & 5.20). The previous transects displayed a cluster
distribution with very low R values (Q10 R=0.34 Q11 R=0.07) for the same coil

configuration.
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Looking into signal to sea ice thickness correlation (&igl), none of the coil configurations
show a good correlation. In fact, although all lines show an overall increasing signgthstre
with decreasing sea ice thickness for most coil configurgtidata appears to be randomly
distributed and ambiguous. The narrow range in sea ice thickness and the dgroplie sea

ice structure presents a poor correlation.

55



HCOP Configuration PRP Configuration

4 Quadrature 4 In-Phase 4 Quadrature 4 In-Phase
. %10 0.31 =10 0.2 %10 0.025 x10 Sl
E_ o o o o
g 05 o o 0.3 ° ° o
Zo o o o 0.02
o E © o o o] 00 [e]
%8 °° 0.29 ° ° R ° %
X o o o S 5 o 0.15 o © 0.015 o
o @ 0.45 © o ° 0.28 o o ° o o °
- ° ° ° Sl oo
I o 0.27 - ° °
g o 00 ° ® ° ° ] ° ] [+]
© 04 0.26 0.1 0.005
1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6
_ x10* x10* x10* 0.7 x10%
E_ © o o : ©
2, 3 o 40 21 o 00 2 © 45 o o y o °
% § ’ o ° ° o o® o 06 e ’ ° ¢
(o] [e] o [o]
%,%28 ° 5 o oo 2 £ 4 o o0 1.8 o ° o °, o o
£ E o o o 0.5 o
E. N [o] ] [o] [e]
3 28 % 1.9 . 1.6 o, © . ©
3 o °_o 0.4
1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6
4 4 4 4
— 105 %10 12 x10 . %10 8 %10
£
&5 10 ° °l o 14 o % 7.5 °
o £ o ° 1.5 o °e o
T e 95 o 0o ogo ° o ©
X o 06 o ° 4 13 5 7 o oo
o P 9 fee) o5} 9 o o © [ele] ® o o
EE o o © 11 © o 0p° o o o,
o 8.5 o [} o o 6.5 o
5 -S54 o 12 % o
Q o o o o o
© 8 10.5 6 o
1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6 1.2 1.3 1.4 1.5 1.6
Thickness (m) Thickness (m) Thickness (m)
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Transect Q-13

Transect @13 was established in an area known by the locals te s@ame of the thinnest sea

icein the regon. Most of the study & was heavily flooded with seater from a nearby ice hole
augured the day before the survey operation and wapeared for scoediving activity just

before the survey operation was conducted. Slush condition got worse deriogettation due

to the ongoing flow of the sea water onto the ice surface. Survey operatioaxtvasely

difficult and slow due to the excessive slush volume in the area. Mean sea ice thickness from the
drill data is approximately 1.19 m with SD 4.3 cnvefage snow depth is 0.46 m with SD of 2.8

cm. To check the repeatability of the EM data over transet3,EM measurements were taken

a second time retracing the transect from the last station to the initial starting point.

The EM data acquired on thimhsect obey the same general signal strength patterns observed
in the previous transects, (Fi§22). However, there is an interesting similarity between transect
Q-13 and @11 which also contained slush volumes but to a lesser degree. There is a partial
overlap of quadrature measurements between the hsgired rangef 2 m HCOP configuration
with the lowerrangeof 2 m PRPconfiguration that can also be observed in line transett Q
(Fig. 5.14). This similarity may indicate that slush conditions eatlss signal overlap in the 2 m
HCOP and PRP quadrature readings. The difference in the overlaps may be assabidted
difference in the sea ice thickness of the two sites and the degree to which the snow is saturated
at each site. Transect-I1 conained thinner sea ice volumes (mean of 0.91 m) compared to
transect QL3 (mean of 1.19 m). However, transectl® snow cover is significantly more
saturated.

Although sea ice at transect13 is @vered with high volumes of seater slush, signals
strengh is still higher for transect -Q1. This indicates that the sea ice thickness is still the key
factor influencing the signals strength at transed3QThehigh-volume conductive sea water
slush of transect Q3 was not strong enough to effectively ughce the response readings from
sea water ice boundaries.

Evaluation of inphase to quadrature signal correlations (Big4) for both forward and
reverse surveys reveal that 4 m PRP configuration and 2 m HCOP configuration present
strongest correlains, while the signal vs. depth correlation analysis (5igb & Fig. 5.26)
display very weak correlations for all configuratioh reliable pattern can be observed in the
signal to deptlcorrelation plots (Figs.25 & Fig. 5.26). In fact, data appeats be randomly
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scattered. Narrow range in sea ice thickness and sltesthe main reasons for this scatter

behaviour.
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Transect Q-14

Transect Q14 is the longest transect (16B) established over a very unique sea ice area. It
stretches 165 m offshore of a small island outward towards an iceberg in a strait. Trabdect Q
consist of a variety of sea itgpes encountered in previous transects (level ice, slush and rafted
ice). It consists of uneven sea ice surface and slush condition from station O to station 20, level
sea ice from station 30 to station 130, rafted sea ice from station 130 to station 135 and level sea
ice from station 140 to station 160.

Average bulk sea ice tthkness and snow cover was significantly greater compared to
previous transects. Average sea ice thickness was approximately 1.53 m with SD of 0.88 m.
Average snow cover was 0.47 m with a SD of 0.1&milar to transect €13, a reverse survey
was also pdormed to assegsberepeatability of the EM data.

In addition, a water depth survey was also conducted at few locatiensuce water depth
levels of this unique transect satisfy SIS operational requirements. Seawater depth standards for
reliable SIS masurements might have not been satisfied for data collected at the starting points
of the profile as SIS is not capable to operate over shallow seawater. From the water depth
survey, the area at the starting point of the transect had depths of apprgxbratdl0 m.The
possible presence of bedrocks and large boulders @@ olscured by snow and ice can also
explain the uncertainty of the data collected near the shoreline. It should be noted that due to the
unique location of the site (located in aagt)rthe water currents were most likely strampugh
to introduce significant errors in the water depth readings.

Similar to transect €14, in-phase 1 m PRP configuration data is noisy and unreliable. The
reliability of some data points for some configtions was uncertain near the shoreline and at
the site where there was evidence of sea ice rafting.

Complex sea ice structure along with sharp structural changes that especially occur in very
short distance intervals add uncertainty to signal readiftys.drill measurements show that at
station 135, ice thickness is at its maximum thickness of 4.25 m and within 5 m (on station 140)
ice thickness drops to 1.59 m. SIS may not be able to resolve this rapid change in sea ice
thickness within such a smallage interval (5 m).EM signals recorded are the averages of sea
ice thicknessesvithin the footprint size of SIS coil spacings and therefore, unable to reproduce

abrupt changes in sea ice thickness conditions and according point measurements &.drill site
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Fig. 5.Z shows SIS signal to sea ice thickness correlations for all configurations before
removal of uncertain data points (stations 0 and 10 locatedhesinoreline) and stations 130
and 135SIS EM readings over stations 130 and 135 (raftedcgeseiction) introduce two major
outliers to the EM data. Since there is a large gap between these two signal readings and the rest
of the data acquired over this transect, it is difficult to validate the accuracy of these signal
readings merely based oraghical and statistical analysis.

EM Signals behaviour for transectX3 (Fig. 528 & Fig. 5.29) is generally similar to all
other transects. 4 m coil spacing configuration yield strongest signals followed by 2 m and 1 m
coil spacing configurations. Fdm coil spacing configurationthe in-phase signal is strongest
in HCOP orientation and weakest in PRP orientation, while the quadrature response signal is
strongest in PRP orientation and weakest in HCOP orientation. For 1 m and 2 m colil spacing
configurations, inphase and quadrature signal responses are both strongest in HCOP orientation

and weakest in PRP orientation.
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Determininghighest signal quality configuration based on signal correlations 3B&@). 4 m
PRP coil configuration, 2 m and 1 m HCOP coil configuratishowthe strongest Rvalues.
Signal to sea ice thickness correlations are very (figr5.31 & Fig. 5.32) and not conclusive.
This can be explained lifie combined contribution of slush, small sea ice thickness range (0.79

m to 1.18 m) andhsufficient sample data points.
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Qikigtarjuaq Ove rall

Examination of the EM data collected from Qikigtarjuaq indicates that 4 m coil spacing
configuration display strongest signal returns (highest ppm values) followed by 2 m and 1 m coil
spacing configurations (Fig. 8B This is in agreement with tht@eoretical models. It is also
evident that slush conditions and volume hawetable impact othesignal strength

Calculated mean sea ice thickness and snow cover of all traaseptesented in Tablg.4.

From the drill data, €2 and Q14 havethe greatest sea ice thicknesses. Transects with
relatively greater mean sea ice thickness1®& Q14), display weaker signals for all coil
configurations. According to Fig.33, EM signals acquired over transectl® and Q14 show a

very good consistencyof most coil configurations. However, 1 m HCOP and 2 m PRP caoll
configuration show two distinct responses for these two transects. The main reason causing this
distinct signal behaviour of the two transects is most likely the complex structure of tt@nsect

12 relative to transect Q4. Transect €12 consisted of relatively uneven sea ice structures
containing cavities that may be filled with sea water. This increases bulk sea ice conductivities
contributing to relatively stronger signal readings.

Transect€-10 (mean: 1.18 m, SD: 0.49) and1Q (mean: 1.19 m, SD: 0.044) have almost
equal mean sea ice thickness. However, the signal signatures for these transects can easily be
distinguished from each other by 1 m HCOP, 2 m and 4 m PRP coil configurationS.8&)g
This may imply that sea ice thickness is not the only factor influencing EM signals on these
transects. Transect-0B contain significant slush volume over the sea ice. The presence of this
slush volume may be the reason for the difference bettheetwo transects signal pattern. It
appears that 2 m HCOP is the most stable coil configuration when sea ice is influetticed by
complex structure and slush conditions.

SIS recorded strongest EM signals on Transetd Qor all coil configurations. Tik transect
consisted of thinnest sea ice surveyed among all other transects (mean: 0.91, SD: 0.068).
Transect QL1 was also covered with significant slush volume. Thin sea ice combined with large
slush volumes contributed to the high signal readingsisfttansect.

The 4 m spacing HCOP colil configuration shows a very narrow range of quadrature readings
versus a wide range of-phase readings for all of the five transects surveyed. This is especially
more problematic for transect1p, Q11, and Q13 where they mostly share the same range of

quadrature readings and the signal readings are distributed in a cluster. This implies that 4m
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HCOP configuration is most likely not suitable for sea thin sea ice conditions where sea ice is

covered with saturateschew cover.

Table 54: Mean and standard deviation of sea ice thickness and snow depth of all transects from

drill-hole surveys.

Q10 Q11 Q12 Q13 Q14
Bulk sea ice meat 1.18 0.91 1.44 1.19 1.53
thickness & SD 0.049 0.068 0.09 0.44 0.88
Snow depth mean & SD 0.39 0.42 0.15 0.46 0.44
0.05 0.034 0.08 0.031 0.08
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Table 55: Calculated Rcoefficients (inphase to quadratuoerrelations)
asafunction of coil spacing

Qikigtarjuaq
Configuration HCOP PRP
1 m spacing 0.96 0.80
2 m spacing 0.99 0.93
4 m spacing 0.75 0.96

The sea ice thickness range and variability of Qikigtarjuaq reigimonsideably smaller
when compared tthe Polarstern region. The quantity of collected enidle measurements at
Qikigtarjuag is also noticeably fewer comea to Polarstern. These facts combined with
saturated snow conditions contribute to the relative dispes§iEM data in Fig5.34. It also
explains why the expected signal to sea ice thicknesdimsar correlation Chapter 4) is not

apparent in Figs.3b.
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Signal to sea ice thickness correlations for the entire Qikigtarjuagslataeptabldor most
call configurations. However,when making an assessment based signal to sea ice thickness, the
distinct signal distributions of transectX® and Q13 should be also recognized (Fig.5.3This
is especially more evident ford and2 m PRP coil configuradn where transect-Q0 and Q13
form two distinct cluster of data points on the plots (Fighh.3
Under linear correlation assumption and calculaBigoefficients 4 m PRR, 2 mand 1 m

HCOP configuration yielthe highest quality data compared tdet configurations.
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5.4.3 Collective signal Evaluation of Polarstern and Qikigtarjuaq

Collective EM signal evaluation of both study regions (Polarstern and Qikigtarjuaq) suggests that
there is an acceptable coherency between the two data sets for 2 m and 4 m coil spacing
configurations. Qikigtarjuaq consssof thinner sea ice and narrow range i sge thickness,
hence constituting the upper range of the EM data @G-8 & 5.37). Polarstern consistof

thicker sea ice witla significantly wider range in sea ice thickness and as a consequence forms
the widest range in EM data (Fi§.36 & 5.37). 1 m coil spacing configuration possesses the
noisiest data set. In 2 m coil spacing configuration, the HCOP configuration looks decent
however the PRP configuration looks very noisy. Fan 40il spacing the results show strong
correlations in both HCOP dnPRP configurations, howevethe upperrangeof the HCOP
guadrature readings is uncertain as there is a significant ovetlapdoethe quadrature readings
(Fig.5.37).
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Investigating signal to sea ice thickness correlations of the entire EM data collected, it is
evident that the signals from the two study regioncangparable and that conclusions agree

In 1 m coil spacing category, quadrature HCOP configuration appears totyesdrongest
signal and decent signal to sea ice thickness correlatiomever, there is a significant
ambiguity in the signal readings for the ice thickness in the range of 1.6 m to D&tenthat is
respansible for this ambiguity is fro transect FL1, Polarstern study area. Removing transect P
11 will significantly improve signal correlations for all configurations.

In the 2 m coil spacing category both HCOP quadrature configuratimh PRP quadrature
configuration appear to yielthe highest quality data. Both configurat®show strong signal
readings withthe widest range and fairly good correlation to sea ice thickness. The ambiguity
observed in 1 m HCOP quadrature configuratomiproved in these configurations.

In the 4 m coil spacing category the PRP configuration yields strongest signasnaitth
improved signal to sea ice thickness correlations. The signal range is also widest in PRP
configuration compared to HCOP camiration. The quadrature PRP component offers the most

reliable signal responses in this coil spacing category.
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5.5 Conclusion

The <ensitivity of SIS coil configurations &s investigated by performing graphical and
statistical analysis on experimehteeld data collected from two distinct seaistudy regions.
Polarstern EM data displayed a significantly wider range of EM responses for all coil
configuration comared to Qikigtarjuag. This was due to considerably thicker sea ice volumes of
Polarsterrsurvey transects.

The results revealed that EM signals are influenced by ridged sea icggamedt and slush
covered sea icdypes. All coil configurations show effective influence over mgdinds
displaying stronger gnal readings (transect-05). Quarature signal component is the most
sensitive signal component to melt pond. The size of the melt pond and its salinity influences the
magnitude of the EM responses. The exact nature of the EM interaction with the melt pond
cannot be characterized by tivaited data available in this study.

Slush volumes do influence SIS EM response readihgsiever,seawater at sea ice
seawater interface has the dominant influence on the EM responses over thin sea ice. The EM
response influence from slush ice depenlshe sea ice thickness (SIS distance to sea sea
water interface) and source and magnitude of snow saturdtierthinner the sea ice is the less
influence the slush volume has over the EM measurenfertsrding to Fig5.35 4 mand 2 m
PRP coilconfiguration and 1 m HCOP coil configuration appear to be the most sensitive coil
configurations to snow saturatiofherefore further analysis of slush influence on EM responses
should be focused on the aforementioned coil configurations.

Evaluation ofexperimental field data indicates that 4 m coil spacing yigldstrongest EM
responses relative to 2 m and 1 m coil spacirigkewise,1 m coil spacing yields weakest EM
responses and significantly shorter range in EM responses. Within 4m coil gspacin
configurations, the quadrature signal component of PRP coil orientation heldsst quality
data. For 2 m and 1 ncoil spacing configuration the quadrature signal component yib&ls
highest quality data in the HCOP orientation. 1 m coil spaciiigonfigurations tend to be the
least stable coil configurations displaying too many response errors, wjhase PRP

orientation being the most problematic of all.
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6 Inversion Results

6.1 Introduction

This chapter focuses on the retrieval of sea ice tieis& estimates through the inversion of SIS
field data. SIS is supplied with its own inversion software package, called SISinvert, which was
used to estimate sea ice thickness inversions in this research.

The aim of this chapter is to evaluate the capgbdind accuracy of SlSinvert for the
estimation of sea ice thickness valdes different sea icdypes and to determine what coil

configuration(s) (data component(s)) provide the most accurate inversion results.

6.2 SISInversion Method

Computation of EM imerse problems requiréise utilization of numerical techniques. There are
several methods commonly used to invert EM data, including MarguevénbergLevenberg
1944; Marquardt 1963)singular value decomposition (SVIIHUANG and Palacky 1991;
Golub and Reinsch 197@d nd t he Oc c(€ostable eha@lt 1D&7FThe inversion
algorithm used by SlISinvert is explained in detail Hglladay (1980) A short ssnmary of the
inversion procedure is given here. Figur2 hows a flow chart of the inversion process.

Inversion (inverse problem) attempts to reconstruct an earth model from a set of finite field
observations. The process generally begins with thedim¢tdon and parameterization of an
idealized starting model. A model is characterized by two sets of parameters; parameters that
describe physical properties of a hsface, e.g. layer thickness, conductivity and permeability,
and parameters that characte the EM system (e.g. SIS) used to acquire the fiatd.A half-
space model is anlayered earth model consisgj of a fixed number of layefsormallya two
layer model consigtig of a sea ice layer and a wager layey with each layer assumed tave a
finite thickness ) and conductivity (), except for the bottom layer which has infinite thickness.

The magnetic permeability ) of all layers is assumed to be that of free space * . The
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EM system parameters (SIS parameters) include transmitter hialghe¢eiver heighthy), coil

spacing §), operating frequency)(and pith and roll of the instrument.

hl Tp, Mo hr
T1, 1y t
gy, 1 1,
o My t
¥

Fig. 61: lllustration of an nlayer earth model withransmitting (Tx) andeceiver (Rx) coils.
Typically, a 3layer model (air, sea ice ancas@ater) is used in sea ice EM inversions.

Parameterization is followed biprward modeling The forward model i@ mathematical
presentation of the observed EM response. It describes the relationship between model
parameters and the expected EM oemefor any multi-layer model and predicts the expected
EM responsevhen adequate model parameters are used. Thénean relationship between
model parameters and the EM response is expressed by Hankel transform integrals (Equations
2.9 & 2.10). Comptation of these integrals is based on the Gaasggierre integration method.
GaussLaguerre is a standard numerical technique to approximate integrals. Given starting model
parameters, SISinvert uses the Gausguerre integration method to compute a fodwaodel.

To estimate sea ice thickness and conductivity via inversion, the synthetic data generated by
the forward modelre compared to the observed EM data. The difference (errors) between the
two datasetds minimized iteratively. In eaciteration, the forward modelis varied (sea ice
thickness and conductivity) until an acceptable misfit is accomplished where no further
significant improvement can be made. To accomplish this tastemtive leassquareson
linear regression algorithm, which uggs theMarquardtLevenberg algorithm and singular

value decomposition (SVD) method, is used.
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new forward modelis calculated

A 4

Final model estimates

Fig. 62: General schematic of SISin@rs I nver si on process.

6.3 Field data inversion procedure andstructure

The inversion algorithm tiizes prior knowledge (starting model parameters) to reduce the
potential for the final model to converge on false sea ice thickness estimaezsfore,a
starting model is important in characterizing trdequategange of predicted sea ice thickness
estimates.

The starting model should be representative of the sea ice properties being ptiofiveder,
for the transects considered in this study, the sefbingationsand sea ice structure varied both
between transects and also within transects. ifripies that a single starting model may not be

suitable for all transects. Taking thigarconsideration, and after testing numerous models, a
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total of four staring models were proposed to accommodate the variability of spayseal
propertiesalongthe transects (Table 6.1). A tWayer halfspace model, consisting ofsea ice
layer over top of a seater layer, was chosen to be the basis of all starting models. The
conductivity values assigned to each layer are shown in Table 6.1. The searde fagtricted
to single sea ice conductivity (models 12)cor to a range of conductivities (mod&l$o 4). The
seavater layer is assigned a single conductivity value of either &%erage sewater

corductivity in the Arctic region).

Table 6.1: List of starting models use8ISinvert uses a starting conductivity value to run the
inversion. This value was assigned to be the lowest conductivity value in models that use a range
of conductivities (m3an4).

Starting model Seaice conductivity (S/m) Seawater conductivity (S/m)
mis 0.01 2.55
m2s 0.001 2.55
m3s 0.01-0.15 2.55
m4s 0.00%0.15 2.55

As discussed in Chapter 4, each coil configuration has its own unique footprint and depth
sensitivity. The variability in theignd strength of different coil configurations shown in Chapter
5 confirms theoretical models to some extent, acknowledging that some coil configuyagidns
better data quality over others under different seéyjoes.

In the inversions, coil configutian and quality of field data used will generate different
results. For each caspacing SIS measures four unique signal data components (i.e. IPzz, QDzz,
IPzx,andQDzX). Inversion can be performed using a single data component or a combination of
multiple data components (up to a maximum of four components). All possible data inputs for an
inversionarelisted in Table 6.2. Utilization of multiple data components for the inversion may
provide a more comprehensive insight regarding seaypss. This s particularly valuable if
general sea icgypesare known as each coil configuration may behave differently to different

sea icdype(e.g. slush sea ice versus level sedype).
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Table 62: List of all possible inversiodata input components used in the inversions.

Inversion data input Inversion data input

1 component IPzz, QDzz, IPzx 0QDzx

2 components IPzzQDzz |PzzQDzx, IPzzIPzx, IPzxQDzz, IPzxQzx or
QDzzQDzx

3 components IPzzQDzxIPzx1PzzQDzzIPzx, IPzzQDZX)DzXx or
QDzzQDzxIPzx

4 components IPzzQDzzIPzxQDzx

6.4 SlISInversion results

The accuracy of the inversion resulisprimarily assessed based on the calculation of root
mean square errors (RMSE), which is a measure of the deviation between predidms sea
thickness results of the inversion models and the in situ sehick®ess measuresnts carried
out at drill holes.

The elative error for drill hole measuremeimsabout 2cm (Eicken 2009)andthereforehave
insignificantinfluence onthe RMSE valuesHowever,asstated in chapter 5, the measured EM
response is not a point measurement. It is rather an average EM response from a circular area
(footprintthat is several meters in di@ters and increases with increasing ice thicRndissctly
below the instrumentTherefore, inverted sea ice thickness represdmsaverage sea ice
thicknesses of the area directly below the instrument. An important assumptiohenaidehat
the seace drill-hole measurement taken directly below S1®ach statiors equal to the average
sea ice thickness of the footprint ar@ais assumption mayntroducesome uncertainty ithe
RMSE values;however, quantifying this uncertainty not simple andequires a separagtudy
that is out of the scope of this resear@uch studywould require multiple drill hole
measurementtakenwithin the footprintareaof the EM instrument andising theirmean value
for the uncertainty analysis.

RMSE values of &lsurvey transects are presentiadTables 6.7 to 6.12 in Appendix A.
Inversiontrials with the lowest RMSE values are considered to give the most accemtee
thickness results. A list of data components that generatedseaccurate sea ice thickss

inversion results (low RMSE values)given in Table 6.3.
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Table 63. Data components that generatedriwstaccurate sea ice thicknassersion results

(lowest RMSE values). Numbers in brackets are RMSE values in meters.

Transect Data input 4 m coll spacing 2 m coil spacing 1 m coil spacing
P-05 1 component QDzx (0.14) QDzz (0.13) QDzz (0.16)
2 components  QDzzQDzx (0.14) IPzzQDzz (0.13) IPzzQDzz (0.15)
3 components  IPzzQDzzQDzx (0.14)  IPzzQDzzIPzx (0.15),IPzzQDzzQ  NA
0.16
4 components  IPzzQDzzIPzxQDzx (0.1 I(Pzz(gDzzlexQsz (0.17)
P11 1 component QDzx (0.36) QDzz (0.38) NA
2 components  QDzzQDzx (0.37) IPzzQDzz (0.38) NA
3 components  IPzzQDzzQDzx (0.42) I1PzzQDzzQDzx (0.38) NA
4 components  IPzzQRzIPzxQDzx (0.42, IPzzQDzzIPzxQDzx (0.39) NA
Q-10 1 component QDzx (0.05) QDzz (0.05) QDzz (0.05)
2 components QDzzQDzx (0.05) IPzzQDzz (0.05) IPzzQDzz (0.06)
3 components  IPzzQDzzQDzx (0.04)  IPzzQDzzQDzx (0.05) IPzzQDzzQDzx (0.0
4 components  IPzzQDzzIPzxQDzx (0.0! IPzzQDzzIPzxQDzx (0.06) NA
Q11 1 component QDzx & IPzz (0.09) QDzz & Ipzz (0.08) IPzz (0.08)
2 components  QDzzQDzx (0.08) IPzzQDzz (0.08) QDzzQDzx (0.09),
IPzzQDzz(0.11)
3 components  1PzzQDzzQDzx (0.08) IPzzQDzzIPzx (0.08) IPzzQDzzQDzx (0.1.
4 components  IPzzQDzzIPzxQDzx (0.0 1IPzzQDzzIPzxQDzx (0.09) NA
Q12 1 component QDzx(0.17) IPzx (0.13), QDzz (0.14) QDzz & Ipzz (0.13)
2 components  1PzzQzx (0.12) IPzzQDzz & QDzzQDzx (0.15) IPzzQDzz (0.13)
3 components  IPzzQDxDzx (0.18) IPzzQDzzIPzx (0.15) IPzzQDzzQDzx (0.1
4 components  1PzzQDzzIPzxQDzx (0.2; 1PzzQDzzIPzxQDzx (0.23) NA
Q13 1 component QDzx (0.07) QDzz (0.06) QDzz (0.11)
2 components QDzzQDzx (0.07) IPzzQDzz (0.06) IPzzQDzz (0.07)
3 components  IPzQDzzQDzx (0.07) IPzzQDzzIPzx (0.07) IPzzQDzzQDzx (0.1
4 components  1PzzQDzzIPzxQDzx (0.0' IPzzQDzzIPzxQDzx (0.06) NA
Q13 1 component QDzx (0.07) QDzz (0.06) QDzz (0.11)
2 components  QDzzQDzx (0.07) IPzzQDzz (0.06) IPzzQDzz (0.07)
3 components  1PzzQDzzQDzx (0.07) IPzzQDzzQDzx, IPzzQDzzIPzx (0.0 1PzzQDzzQDzx (0.1
4 components  IPzzQDzzIPzxQDzx (0.0" IPzzQDzzIPzxQDzx (0.06) NA

According to RMSE values (Table 6.3) alone, it appears that using a single quadrature data
component is generglisufficient to provide accurate inversion results without any need to use
multiple data inputs that also yield very similar low RMSE values. For the Polarstern transects,
where sea ice is thicker, the 4m coil spacing QData component yielded the lowdsMSE
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values. For the Qikigtarjuaq transects, where sea ice is thinner, the 2 m coil spacing QDzz or
IPzz data components yielded the lowest RMSE values.

RMSE value is a good indicatof the overall agreement between the inverted and observed
sea ice tltknesses along a whole transect but it does not provide any information as to where
most of the errors occur along each transect. This is an important piece of information that
distinguishes data component combinations with similar RMSE values fromodfaeh As
indicated in Table 6.3, most data component combinations yield very similar low RMSE values.
Although the RMSE values appear to be similar, the error distribution along a transect is often
variable between data component combinations. Thisreifée in error distribution along a
transect is attributed to the difference between different coil configuration sensitivities and the
sea ice conditions of the transect being surveyidtbrefore,in addition to RMSE values,
graphical analyses of errorstlibutions are also used to determine data components that yield
the most accurate inversions of sea ice thickness.

A particular data component may prove to be superior over other data components by
providing a more accurate inversion result over cegamice (e.g. over level ice or over ridged
ice). Surveyed transects are therefore grouped and analyzed based on fiveéypes ateserved
in the field surveys, Table 5.1.

The effect of starting models on inversion results depends on the number cda@nents
used in the inversions. For one data compqrbetinversion results are generally similar and
converge to the same sea ice thickneddesever,as the number of data components increase

the results begin to diverge more.
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6.4.1 Levelseaice

TranseciQ-10 consists of the simplest sea tgpe According to the drill measurements, the sea

ice surface and thicknesgerefairly even along this transect (Fig 5.11). As shown in Table 6.3

all of the selected inversion input data components (senglemultiple data components) yield
similar low RMSE values. Since this transect is fairly level, it is reasonable to expect results that
demonstrate uniform sea ice thickness edistributionalong this transect. Examining the error
distribution alongtransect QL0 reveals that single, paired and three input data component
combinations of 4 m and 2 m coil spacings yield the most accurate and reliable sea ice thickness
estimates. Since the RMSE errors are low and the error distribution is more onifess u

along most of this transect, it is reasonable to use 2 m coil spacing QDzz or IPzzQDzz data
components for the most accurate results over levelyiat ice. Figure 8.illustratesseaice
thickness inversion results using the 2 m coil spacing Zddzgle data componentAll four

models converge to the same result (RMSE = 0.05). The error distribution is also uniformly very
low for themost part of the transect.
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