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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.



Acknowledgments

| gratefully acknowledge the support and guidance gfsopervisor Dr. Christian Haakam
alsothankful for theextraordinaryArctic field opportunityhe prowded me.

| would like toexpress my appreciation r. Alec Casey and Dr. Annlevin for providing me
feedbacks and exposing me to a variety of topics related to sea ice

| would like to thank Justin Beckersvho was responsible for the collection of &stern EM
data used in this research.

| would like to thankMaroszWantuch forsharingher field photos andor her contributionin
collectingsea icadrill-hole measurement®r Qikigtarjuaq surveyl was fully responsible for the
EM data colleabn in Qikigtarjuag.

Lastly, 1 would like to acknowledgethe Natural Sciences and Engineering Research

Council (NSERC) for partial funding of the transportation costs to Qikigtarjuaq. No other
financial support was received for this research from any institution .


http://www.nserc-crsng.gc.ca/
http://www.nserc-crsng.gc.ca/

Table of Contents

AADSTITACT. ...ttt e e e e i
ACKNOWIEAGMENTS ..ot e e e e e e e e e e e e e e e e e e e e e e e e e s s e e e eanand iii
TaBIE OF CONLENTS ... e e e e e e e e e e s s bbb e e e e e e e s neneeeees v
LISt Of TADIES ...t e e e e e e e e e e e e Vil
IS Ao o T = viii
R [ o1 10T 1§ [ox 1T PP PP RRPPUPPPN 1
00 R /0] 1) V7= L1 (o] OO P PP PP PPPPPPPPPP 1
1.2 TRESIS ODJECHIVE......eiiiiiiie e e e e e e 1
1.3 TRESIS OULIINE.....eeiiiiiiii ettt e e 2
2 Seaice formation and diStHDULIQN. ..........eeiiiiiiiiiiee e 4
2.1 Sea ice formation and thickness distribution...............ccccoiiiiiiiiiieee W 4
2.2 Statistical characterization of the sea ice thickness distribution.................cccccooiiiis 4
2.3 Theoretical evolution of the sea ice thickness distribution...............ccccccveerriiieenninne 6
3 Electromagnetic (EM) induction sounding of sea ice thickness..............cccoocciciiiininnnnne, 11
3.1 Seaice thiCKNeSS MEASUIEMIENT. .......c.uuiiiiiee ittt e e e e 11
3.2  Electromagnetic induction (EMI) sounding background............cccccoocimierieiiiniiinnnnenn. 12
3.3 Sealce Sensor (SIS) instrument SPecCifiCatiOns..........ccvvvvviiiiiiiiiei e, 13
3.4 Theoretical principles of electromagnetic (EM) induction...............ccccccevivvnvinnnnnnee. 15
3.5 Electromagnetic properties of sea ice and seawater..........ccccuvvevieirieerieiiiieiieeieeeeeeenn. 19
4 Spdial SENSILIVIEY ANAIYSIS......uuiiiiiiiiiiiiiii e 21
4.1 SIS COIl CONFIQUIALIONS. ... .utieiiieiiieiie ettt ee e eeeeas 21
4.2 Response theoretical MOelS. ... 22
5 SIS Field Data ANAIYSIS.......ooe e eaaeaeeeas 27
5.1 Observations and data deSCrPLION. .........ouiitiiiiie e 28
A \V =1 oo (o] (o | V2RO PP P P PPPPTPRSPPPPPRPP 31

iv



TR T =01 =1 653 (=] 1 g 0 =\ = WP 31

5.3.1 General Signal ODSEIVALIONS. .........uuviiiiiiiiiiiie e 31
5.3.2 Signal sensitivity of Polargtedata................ccoooeiiiiiiiiiiiiieeereee e 35

LR © 11 (o | = T U= To [ F= 1 = TSP PPPRSRUPURRRRY 43
5.4.1  General ODSEIVALIONS......c.coiiiiiiiiiie e e e 43
5.4.2 dgnal Sensitivity Analysis by TranSects........cccccovvvvvirieeeeiiniiiiiieeeee i 43
5.4.3 Collective signal Evaluation of Polarstern and Qikigtarjuaq.....................cceee..... 78

5.5 CONCIUSION ...ttt ettt e e et e e b et e s e e e e anne e e e 81

6 INVEISION RESUILS......ceiiiiiiiiiii et e e et e e e e e e e e e s e e e e e e 82
L% R [ 1 70 To [ [ox 10 o F TP T PP PPPPP PP 82
6.2 SIS INVErsion MethQd............coiiiiiiiiiiie e 82
6.3 Field data inversion procedure and StTUCIUIE..........vvviiiiiiiiiiiiieeiieeeeeeeee e 84
6.4 SIS INVEISION FESUILS......oiiiiiiiiiiie e e e 86
B.4.1  LBVEI SEA ICE. . eiiii i ittt e e 89
6.4.2  RIAQEA SEAICE.. ..o r e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s aaaaans 91
6.4.3  RAMEU SBA ICE. .. .iiiiiiiii ittt s 93
6.4.4  MEITPONG...... .ot e e e e e 95
6.4.5  SIUSH COVEIEA SEA ICE ... .ciii ittt 98

6.5 CONCIUSION ...ttt ettt e e e e s e e e st e e 106

7 Efect of coil orientation changes on inversion results.............ccoccoiiiiiiiiiiiieeieeeeeeeeeee, 107
4% R | {0 To [ Tox 1 o] o H T PP PPPPPPPON 107
7.6 CONCIUSION .....iiiiiee ettt e e e e et e e e e e s bbb bt e e e e e e s bbbt e e e e e e nnnbeee s 120

8 Conclusion and OULIOOK...........oeiiiiiiiiiii et 121
< 0 R O o o] [ 13 o PP RR PP PP 121
ST O 111 0T | PP PPPT S PPPPPPPRPR 123
=]l o] T Te ] £=T o] 0| /TP PPPPPPPPPP 124



Y 0] 011 T [5G PO 128

Vi



List of Tables
Table 5.1: A short descriph of each sea idgpestudied in this research........................... 27

Table 5.2: General information of SIS EM surveys conducted............cccoooviieeeeiinnnnnnnnn. 29

Table 5.3: Calolated Rsquared values for the regression ofplrase and quadrature EM

responses iN Fig. 5.6 and Fig. B.7.....coo i e e e e e e aeees 38
Table 5.4: Mean and standard deviation of sea ice thickness and snow deptran§eadits from
Arill -N0OIE SUNVEYS..... .o e e e e e e e e s smnmsnnn s e nnneeeneneennnd D
Table 5.5: CalculatedRoefficients (inphase to quadrature correlations)............c..c........ 75

Table 6. 1: List of starting models us&lSinvert 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 CONAUCHIVILIES (IMBMNZ) ..t enee e e e e e e e e smmnennnneed 85

Table 6. 2: List of all possible inversion data input components used in the inversions.86

Table 6. 3: Data components that generated thst agzurate sea ice thickness inversion results
(lowest RMSE values). Numbers in brackets are RMSE values in meters...........ccc....... 87

Table 6.4: Starting models generated for slush sea ice inversioned tue £onductivity values
were increased relative to the original (shiide) starting models presented in Table 6.1. The
conductivity values were allowed to iterate between 0.001 S/m to 0.3.S/m.................. 100

Table 6.5: Data components that generate the most accurate sea ice thickness inversion results
for the slush covered sea ice segment on transédt @5 to 35 m). Numbers in brackets are the
lowest calculated RMSE values, reported in MeterS...........ccceeiieeiiececiiiicieeeeee e 100

Table 7. 1. Statistical summary of pitch and roll data acquired during the Polarstern survey
LU= ST ox £ T PP PP PP 110

Table 7. 2: Statistical summary of pitch and roll data acquired during the Qikigtarjuaq survey
transects. Transect-QL has the highest pitch and roll variation among all the Qikigtarjuaq
LU= ST ox £ TP PP 111

Table 7. 3: Percentage difference between measured EM responses using different roll angles
and measured response using normal coil orientation (roll and pitch angles SetEatods
increase with increasing roll aNgIeS............oouuii i 113

Table 7. 4: Calculated RMSE values (in meters) of inverted sea ice thickness estimates using
different pitch and roll scenarios. RMSE units are in MeterS...........cccvvvvvvvvieeeneeeeeeeeeeee, 116

vii



List of Figures

Fig. 2.1: Oblique aerial photographs of a variety of ice covers (left) and their corresponding ice
thickness distributions (right). (a): firgear ice in the Weddell Sea, (b): deformed raydiar ice

in the Lincoln Sea, and (c): secepedar ice and open water leads near the North Pole in summer
(= T2 T2 0 0 ) PO 6

Fig. 2.2: Sea ice growth rate in the central Arctic. The sea ice gratethsrstrongly dependent
on ice thickness (Thorndike et al., 1975)..........ouviiiiiiiiiiiire e errnr s 8

Fig. 2.3: (a) July 1972 photograph of Arctic ice covered with melt ponds during summer. The
natural depressions on the m@face are filled with water derived from snowmelt. (b) Shows the
strong relationship between the water equivalent of snow (3 cm snow is equivalent to ~1 cm
water) to the pond coverage (Kwok and Untersteiner 2011).........cccceeeevviiieemiiiiiieeeeeeeeee, 9

Fig. 2.4: Evolution of sea ice thickness distribution due to the three terms in equation 2.2 (Haas

Fig. 3.2: Schematic of the SIS coil configurationS............ccoooveiiiiiiirc e, 14

Fig. 3.3: Sketch abasic EM induction sounding of sea ice showing an EM instrument on the sea
ice surface. The primary magnetic field (red) is created by the transmitter coil. The eddy currents
(green) induced by the primary magnetic field induce a secondary magneticbfied)l fhore
dominantly at the sea ice boundary which is then sensed by the receiver.coils............. 18

Fig. 4.1: Schematic diagram of SIS coil configurations..................eeveeieeeiiveiiieieeiieeeeeeeenn. 21

Fig. 4.2: Relative (a) and cumulative (b}phase response of HCOP and PRP for 1.1 m, 2.1 m,
and 4.1 m coil spacing as a function of normalized depth.............cooeevieeeeiiie e 24

Fig. 4.3: Relative (a) and cumulative (b) quadrature response of HCOP and PRP orientation
for 1 m, 2 m, and 4 m coil spacing as a function of normalized depth...............ccceeveees 26

Fig. 4.1: Schematic diagram of SIS coil configurations.................eeeeeeieeeiviviieeeeiiieeeeeeeenn 21

Fig. 4.2: Relative (a) and cumulative (b}phase response of HCOP and PRP for 1.1 m, 2.1 m,
and 4.1 m coil spacings a function of normalized depth...............ccoeiiirieeeeiii 24

Fig. 4.3: Relative (a) and cumulative (b) quadrature response of HCOP and PRP orientation
for 1 m, 2 m, and 4 m coil spacing as a function of norredldepth................ccccciiiiiiieeenns 26

viii



Fig. 5.1: Left: Qikiarjuag survey location map. Right: Polarsten survey location map. The lack ttriangles
show the location of EM suvey transects. 28

Fig. 5.2: Graphical presentation of sea ice thickness and its structure along two surveyed profiles.
Top: Transect 2 (Polarstern) with no snow cover. Bottom: Transed0QQikigtarjuaq) with
relatvely even and thinner sea ice. Note, for better comparison and to keep the figures in scale,
only 50m of Q10 transect is presented in the figure.............ccuvviiiiieeeiiieee e 30

Fig. 5.3. Schematic presentation of sea titiekness along transectsOB and Pl1. Sea ice
thickness measurements are from drile surveys performed at 1 m spaced intervals.- Mid
sections of the profiles are ridged sea ice structure on the surface and keel at the bottom. The red
coloured areasare refreezing melpond zones. The size and shape are approximate and not to

Fig. 5.4. Field SIS EM Signals plotted along transed5P(top) and P11 (bottom) as a
function of cadl 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
signal points were noisy unreliable data that were removed in thE@ressing stage........... 34

Fig. 5.6: HCOP and PRP, quadra&uws. inphase signals for 1 m coil spacing (left), 2 m coil
spacing (middle) and 4 m coil spacing (right) for transe@5P................ccccooviiiiccc s 37

Fig. 5.7:HCOP and PRP, quadrature vs:pimase signals fol m coil spacing (left), 2 m coil
spacing (middle) and 4 m coil spacing (right) for transetfiP1 m coil spacing PRP data were
noisy and unreliable to be used in this analysis.............ooo e 38

Fig. 5.8:Signal (Inphase and quadrature response) vs. sea ice thickness freholdritlata for
entire Polarstern EM dat@...........ooooioiiiiiiiii e 41

Fig. 5.9:Schematic presentation bulk sea ice thickness along trans&6t Qxill-hole
measurements were made at 5 m spaced intervals. Sea ice thickness is relatively even along the
100 m long transect. Drithole measurements were taken for only the first 50 m interval.44

Fig. 5.10: EM signals of all SIS configurations along transed0QTop: 1 m coil spacing
configurations, middle: 2 m coils spacing configuration, bottom: 4m coil spacing configurations.
SIS acquired data at 5 m spaced INtervals............coii i 44

Fig. 5.11: Quadrature versusphase EM response of transectl@for all coil spacings and
(0] =] r= 11 0] o VP 46



Fig. 5.12: HCOP and PRP, quadratuegsus irphase signals for 1 m coil spacing (left), 2 m

coil spacing (middle) and 4 m coil spacing (right) for transe@DQ.................cceeevrvvvieeernn... 46
Fig. 5.13: Signal (quadrature andphase response) versuslldhole sea ice thicknesses for
LU= T ST =T o A 1 O PR 48

Fig. 5.14: Quadrature versus-phase EM response of transectl® for all coil spacings and
(o] 1= g1 r= 11 0] o VUSRI 50

Fig. 5.15: EM response of all SIS configurations along transed$. Qop: 1 m coil spacing
configurations, Middle: 2 m coils spacing configuration, Bottom: 4 m coil spacing

Fig. 5.16:HCOP and PRP, quadrature versuplrase signals for 1 m coil spacing (left), 2 m
coil spacing (middle) and 4 m coil spacing (right) for transeet1Q...........ccccvvvvviiiiiieennnne. 51

Fig. 5.17: EM signals (quadrature anepinase response) versus dnitlle sea ice thicknesses for
L= T ST o ) 1 I SR 52

Fig. 5.18: EM response of all St®nfigurations along of transe@-12. Top: 1 m coil spacing
configurations, Middle: 2 m coils spacing configuration, Bottom: 4 m coil spacing
configurations. SIS acquired data at 5 m spaced intervals............ccoceeiiiceeeeevviiiiiieeeeenn. b4

Fig. 5.19: Quadrature versus-phase EM response of transectl®) for all coil spacings and
(o] 11T o1 =1 (o] o ES VSO 54

Fig. 5.20: HCOP and PRP, quadrature verstshiase signals for 1 m cabacing (left), 2 m
coil spacing (middle) and 4 m coil spacing (right) for of transetQ..............cccceeeeeirrieanes 55

Fig. 5. 21: EM signal (quadrature andphase response) versus dhitile sea ice thicknessegs fo
LU= IS T2 Ot I PSPPI 56

Fig. 5.22: Quadrature versus-phase EM response of transectl® for all coil spacings and
orientations. The 1 m iphase PRP data were invalid and not reliable ta.use.................. 59

Fig. 5.23: EM response of all SIS configurations along transet8.(Qop: 1 m coil spacing
configurations, Middle: 2 m coils spacing configuration, Bottom: 4 m coil spacing
configurations. Sl&cquired data at 5 m spaced intervals............cccceeeiiiicecveeviveeeiinnneenn. 60

Fig. 5. 24: HCOP and PRP, quadrature versyshase signals for 1 m colil spacing (left), 2 m
coil spacing (middle) and 4 m coil spacing (right) fonsect Q13. The 1 m irphase PRP data

were invalid and not reliable to use. Top: forward survey, Bottom: reverse survey......... 61
Fig. 5.25: EM signal (quadrature andphase response) versus dndlle sea ice thicknesses for
transect QL3 (FOrWard SUIVEY).......ui it eeee et e s e eee et e e e e e e e eanees 62



Fig. 5.26: EM signal (quadrature andghase response) versus dhitile sea ice thicknesses for
tranNSECt QL3 (FEVEISE SUINVEY) ... i i i e e e e eeeieeeeeeettteeeeeeeeeeeeeeeeataassna s smmressessssnaasaaeeeeeesananes 63

Fig. 5.27 EM signal (quadrature andghase response) versus dhitlle sea ice thicknesses for
transect @14 from the preprocessing stage. Outliers belong to near shoreline zone and rafted
S L= W [T SIS od 1o o OO 66

Fig. 5.28: Quadrature vs-phase EM response of forward (top) and reverse survey (bottom) of
TFANSECT QLA ..o ettt oo e et em e et et e e e e ettt e e e e e ennneeeeetan e e e e eennnnaaeaad 68

Fig. 5.29: Signal readings for all coil configurations along transet#t Qlop: forward survey,
Bottom: reverse survey. Unreliable data was removed.............c.ooovvviiiiee e 69

Fig. 5.30: HCOP and PRP, quadrature veistshase signals for 1 m coil spacing (left), 2 m
coil spacing (middle) and 4 m coil spacing (right) for transe@QThe 1 m irphase PRP data
were invalid and not reliable to use. Top: forward survey, Bottom: reverse survey......... 70

Fig. 5.31: EM signal (quadrature andghase response) versus dhitile sea ice thicknesses for
tranSeCt QLA fOrWAIA SUIVEY.........uuuuiiiiie e e e e e ceeeiee e e e e e e e e e e e e e e e et et aeeeaaeeeeeeeeeeeeeaeseenesnsmnne e 71

Fig. 5. 32: EM signal (gadrature and #phase response) versus dhitile sea ice thicknesses for
TrANSECT QLA FEVEISE SUIMNVEY....ietuiiiiiiieeeitseetinmmet e e eets e e eet e e eesa s saaeseest e e eaan s eaeesn e eessmmnra s 72
Fig. 5.33: Quadrature vesusphase response of Qikigtarjuaq field data. EM datalfar.a...74

Fig. 5.34: Quadrature vs-phase response correlation as a function of coil spacing. There are no

data for 1 m PRP coil configuration for transect&®and QL4................oovvvvviviiiceereeennnns 75

Fig. 5.35: Signal to sea ice sea thickness correlations of Qikigtarjuaq data. Each transect is
displayed With @ UNIQUE COIOUL...........uuiiiiiiiiiiiiieeeiitte ettt e e eree e e e e e e e e e e e e e 77

Fig. 5.36: The correlatits between quadrature anrghase response of both study sites are
demonstrated as a function of coil spacing. The red data points depict  Qikigtarjuaq EM data.
The blue data points depict Polarstern EM data..........ccooovieeiiiieeciiiiiiiieeeeeeeeeeeeeeeeeeeeen e 78

Fig. 5.37: Signal to sea ice thickness correlations for entire EM data collected at both study sites.
.......................................................................................................................................... 79

Fig. 6.1: lllustration of an+ayer earth model with transmitting (Tx) and receiver (Rx) colls.
Typically a 3layer model (air, sea ice and sea water) is used in sea ice EM inversions33

Fig. 6.2: General schematicof SiSy er t 6 s i n v.e.r..s..i..o.n....p.r.o.c..e.s.84.

Xi



Fig. 6.3: Top: Sea ice and snow thickness along transd€t, @s observed from drill hole and
snow probe measurements takeb an intervals. Middle: Inverted adce thickness results using

a single 2 m QDzz signal component. All starting models converge to the same result. Bottom:
Error distribution of the inverted reSUIL............coiiiiiiiiiee 90

Fig. 6.4: Top: Schemiat presentation of sea ice thickness along transe®s @eft) and P11

(right). Sea ice thickness measurements are fromiai# surveys performed at 1 m spaced
intervals. Midsections of the profiles are ridged sea ice structure on the surfaceedrad e

bottom. Middle: Inverted sea ice thicknesses of the most accurate data component. Bottom: Error
distribution of the most accurate MOodel.............ooooiiiiiiio e 92

Fig. 6.5: 4m IPzzQDzx (right) and 1m QDDg{eft) inversion results of transectT2. Top plots
show predicted sea ice thicknesses. Bottom plots represent error distributions............. 94

Fig. 6.6: Twolayer model sea ice thickness inversiesults of 4 m QDzx and 2 m QDzz data
components of transectd. The line segments therectangle represents the melt pond section
OF TN TFANSECL.....co et e bbbt e et e e e s seet e s e e e e e e e e aeaaaaaeaeaeeas 95

Fig. 6.7: Schmatic diagram of the fadayer model used for melt pond section inversion96

Fig. 6. 8: 1 m IPzzQDzzQDzx inversion results usingfeyered earth model for TransectlQ
melt pond section. The accuracy of theerted thicknesses decrease from top to bottom layers.
.......................................................................................................................................... 97

Fig. 6. 9: Transect Q1 example inversion result for 4 m QDzzQDzx paired signal component.
Top plot show predicted sea ice thickees for all four twdayer models. Most models converge

to the same result. Bottom plot presents the error distribution from station O to station 35 for m4
model (model with lowest RMSE). As illustrated in the plots sea ice thicknesses are
overestimated &m station O to station 15 and underestimated from station 15 to station 35 where
SIUSN SE8 ICE IS PrESENL.......uiiiiiiiiiiii ittt e 99

Fig. 6.10: Examples of sea ice thickness inversion results of the slush cosgmeehs (station

20 to 35) of transect Q1. 2 m IPzzQDzz results are used to demonstrate the improvements
made when twdayered starting models are adjusted to higher bulk sea ice conductivity values.
Top left figure illustrates inversion results usinggoral 4 starting models. Top right plot
illustrates the inversion results using the 4 adjusted starting models. The plots below show their
corresponding error distribution for models that shows lowest RMSE values............... 101

Fig. 6.11: Schematic diagram of felayered earth model employed for inversion of slush EM
data of tranSECt QUL........oovuiiiiii e ee— et e e rnm——— e aaaa s 102

Fig. 6. 12 Transect QL1, Inverted sea ice tthknesses from a mulkayered inversion model
using 4 m IPzzQDzxIPzx multi data COMPONENL............covvviiiiiiiceeie e 102

Xii



Fig. 6.13: Transect Q3 example inversion results for 4 m (left plots) and 2 m (right plots) coil
spacings using a single data component. Results show accurate sea ice thickness estimates. The
drill measurements (red circles) were taken at variable intervals along the transect....104

Fig. 6.14: Transect €13 example inversion results for 4 m coil spacing QDzx and QDzzQDzx
data components using starting models adjusted for slush conditions (Table.6.4)........ 105

Fig. 7. 1: lllustration of pitch and roll coil rotations. (a) EM instrument leveled with no rotation
along any axis. Pitch and roll angles are 0°. (b) EM instrument rotated around x axis (pitch). (c)
EM instrument rotated along y axiS (FOl).........oeiiiiiiiiie e 108

Fig. 7. 2: Pitch (red) and roll (black) variation recorded by SIS for transéét RO11 and Q@
11. Selected transects represent the typical pitch and roll variations observed in each study region
(Polarstern and Qikigtarjuaq). The Polarstern transects possess the highest variation in pitch and
£ ] | SR 110

Fig. 7.3: EM response versus positive (black) and negative (red) roll anglelfapilal
configurations. EM responses 1 m and 2 m IPzx and 4 m QDzz coil configuration are anomalous.
All other configurations show very strong agreement between positive and negative roll EM
ST 010 1T U U PR 114

Fig. 7.4: Inverted sea ice thickness results for various roll angles displayed as percentage error
relative to inverted sea ice thickness when SIS is oriented normally (0° roll and 0° pitch) over a
level sea ice surface that is 1.45 M thiCK..........cccvviiiiiiiieeniiiiiiiiee e 115

Fig. 7.5: (a) Sea ice thickness profile generated from-uvlk sea ice survey (b) SIS pitch and
roll values along transect®.(b & c) Error distributions for IPzz, QDzz relative todrsea ice
thickness. The errors are abSOIULE...........ooviiiii i 118

Fig. 7.6: (a) Sea ice thickness profile generated from-ulk sea ice survey (b) SIS pitch and

roll values along transect®.(b & c) Eror distributions for IPzx, QDzx relative to true sea ice
thickness. The errors are abSOIULE..........oiii i 119

Xiii



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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Fig. 42: Theoretical elative(a) and cumulativéb) in-phase response of HCOP and PRP for 1.1
m, 2.1 m, and 4.1 m coil spacing as a function of normalized depth
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The relative iaphase response functions of HCOP and PRP coil orientations were
approximated by Keller & Frischknecht (1966):
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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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51 Theoretical Relative Response
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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)
P S S TS T T S T TS S S S S S [T S M S IS S S S NS S S

Elevation (m)

.

LN N N I S S B N S B S B N BN N S B I S B S S N N N B N B B N B I SN R N B I SN B S A
10 20 30 40 50
Station (m)

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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