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Abstract As an mportant canponent of the cryosphere sea ice is very sensitive to
the clmate change The study of the sea ice physics needs accurate sea ice thickness
This paper presents an electran agnetic-induction (EM ) technique which can be used
to m easure the sea ice thickness distribution efficiently and the successful app lication
n Bothnian Bay Based on the electran agnetic field theory and the electrical proper-
ties of sea ice and seawater EM technique can detect the distance betveen the mstu-
ment and the ice/water nterface accurately than the sea ice thickness is obtained
Contrastive analysis of the apparent conductivity data obtaned by EM and the value of
drillhole at san e positions allows a construction of a transfom able fomula of the ap-
parent conductivity to sea ice thickness The verification of the sea ice thickness cal
culated by this fomula ndicates that EM technique is able to get reliable sea ice
thickness w ith average relative error of only 12 . The statistic of all ice thickness
profiles shows that the level ice distrbution n Bothnian BaywasQ 4 — Q 6 m.
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1 Introduction

Sea ice is a canponent of cryosphere in the earth climate system. It is very sensitive to
clmatic change The thickness and change of sea ice has particularly significant effect on
the coupling of amosphere— sea-ice— ocean and directly detem mes the course and speed
of energy and substance exchange beween sea and ail' ' *'. The ice thickness is character
ized bv the sea ice dvnam ics and themodynam ics via various processes of drift defom a-
tion freezing and melting Therefore the research on physical process of sea ice needs
precisely accurate thickness data of sea ice * *'. The effective technology of detecting ice
thickness ncludes satellite ramote sensing and using undemw ater sonar upward look ng ra-
dar electran agnetic-induction technique and hole-drillng The most potential method of
satellite ramote sensing is to measure the height of freeboard firstly and then calculate the
thickness of sea ice w ith the lav of Archimedes But the sea level derived fran GPS geod
surface datamay be with same error which consequently lm its the accuracy of freeboard
heightm easured w ith satellite ~”'; undemw ater sonar can get depth of the draftwhich then is
converted nto the thickness of sea ice The accuracy is lin ited by the position of undemw a-
ter transducer and the effect of the changes of water temperature tide and pressure
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change ™. Radar detection may easily havemajor error at the place where the sea ice is in-

hanogeneous”’. Drilling is the most inm ediate and reliablemethod but it can tmeet the
denand of large-scale observation due to its low efficiency Detection of sea ice thickness
by electran agnetic nduction (EM ) has been mtroduced to the research of sea ice gradually
fran the 1990s Based on the difference betveen the electrical properties of sea ice and that
of seawater it can be used to detem me the thickness of sea ice quick ly w ithout contacting
and has high precision and reliability As flexible m use it can be used to detect the thick-
ness of sea ice directly above fran the ice surface and by means of shipbome and aibome
The observations can directly correct and verify the observed data of satellite ran ote sensing
and provide valuable mfomation for calculation of sea ice numerical model on different
scale m the research of climatic change Due to its rapdness and flex bility this technology
has attracted attention in the world and been taken on a boan ing trend in recent years It is
considered as the observation technology w ith the biggest developm ent potential .

Bothnian Bay is located at the north of Baltic Sea beween Finland and Sweden 650
km long 250 km at the w dest place with an area of 117000 km® and about 5 months of
sea ice season per year To ensure safew nter shipping and leam the effect of sea ice on the
clmate i this region i the past 10-odd years sea ice in this sea areawasmonitored and
researched on different scale Fmnnish Institute of M arme Research (FMR) and H elsinki
Unwersity of Technology (HUT) has undertaken the project of M ultipolarization SAR for
Operational Sea IceM onitoring POL- ICE, which was sponsored by F mnish Fund ing A gen-
cy for Technology and Innovation (TEKES) and organized an associated sea ice survey.
The field survey of 2007 w as carried out onM arch 5-16 at Bothnian Bay R esearch Station at
Hailuoto Island Polar Research Institute of China ( PRIC), as a long-tem coparmer of
FMR, took part n this field observation Besides there were also survey personnel fran
Gemany Canada and Japan Themaim tasks of this survey was to review sea ice monito-
ring requiranents collect observational data of ice surface on different scale and develop
sea ice monitoring technology systamatically In the survey our assignment was to detect
the ice thickness directly on the ice surface of Bothnian Bay w ith EM technique as the foun-
dation for further research

This paper focuses on discussion on the characteristics of detection of sea ice thickness
w ith EM at Bothnian Bay and gives the sea ice thickness profiles and sea ice thickness dis-
tribution

2 Instruments and theory

Themam equipment adopted is EM 31 made by Geonics of Canada It is a portable
an all-offset loop-loop steady-state mduction device The spacing between the coplanar
trangn itter and receiver antenna coils is 3 66 m and the operating frequency is 9 8 kH z
The nstument can be operated w ith coils either vertically or horizontally aligned corre-
sponding to the horizontal or verticalm agnetic dipole (HDM or VDM ) mode respectively,
as shown in Fig 1 with depth penetration of 3m and 6 m respectively'"'. The nstum ent
measures the quadrature canponent response of secondary magnetic field The quadrature
response is autan atically transfomed to an apparent conductivity m mS/m. The sanpling
frequency of this mstument is s Theweight of this mstrument is about 11Kg For opera-
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tion it should only be hanged at the operators shoulders and m easurem ent of sea ice thick-
ness can be canpleted during walk ing

oo
b

Fig 1 Sketch show ng horizontal dipolemode (HDM ) and vertical dipolemodel (VDM ).

EM m easuran ents of sea ice thickness rely on the large contrast n electrical conductiv-
ity of sea ice and that of seawater as the electrical conductivity of seawater is far greater
than the sea ice consequently the conductivity of the sea ice is negligible ”'. Therefore a
quasistatic low-frequency EM field generated by the tranam itter coil of the EM nstrum ent
w ill mduce eddy currentsmainly in the seawater below the ice It n wm will result n a
secondary field which is sensed by a recewer coil The secondary-to-prmary field ratio can
be expressed in tems of an apparent conductivity 0,:

—4 ] s (1)
olyr H )

Here H, is prmary magnetic field mtensity Hs is the secondary magnetic field mtensity

@ js the angular frequency ( = 27f); H, is themagnetic pem eability of free space r is the
spacing betveen trangm itter coil and receiver coil

The apparent conductivity is am easure of ntegrated electrical conductivity of the half-
space undemeath the mstrument Because the sea ice electrical conductivity is so snall that
it can be enored the value of apparent conductivity 0, onlv depends on the distance T,
fran the mstrument to the ice-water mterface and the value of seaw ater electrical conductiv-
ity If the seaw ater electrical conductivity is considered to be constant 0, is just the func-
tion of7; the distance fran the mstrument to the icewater interface Theoretically it is a

0 =

a

negative exponential relation bew een apparent conductivity 0, and height 7,'"”. There-
fore via accurate measurament of apparent conductivity 0,, the height7, fran mnstrum ent
to ice-w ater interface can be obtaned by converting the apparent conductivity 0, provided
that seaw ater electrical conductivity is given W henm easurem ent directly on ice surface 1

e, EM31 is puton the ice T, is the thickness of sea ice During the measuring process

for the convenience of operation the observer needs to carry the mstrument up Thiswill
bring up a space beween the EM 31 mstrument and the ice surface and consequently affect
the observation results For this reason Geonics designed EM 31 for carrying and calibrate
default height of mstrument to be L Im. In thisway it can be considered that observation
w ith mstrument carried up as direct observation on the ice surface and consequently the
work efficiency greatly increased M ost of the sea ice is covered by snow, while the electrr
cal conductivities of both snow and sea ice are very snall and neglectable relative to seaw a-
ter electrical conductivity so thismethod can t differentiate snow and ice and the m easured

value T, of sea ice thickness is the thickness of snow and ice
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3 Work area and m ethods

The m easurem ents w ere perfom ed as part of geophysical expedition to Bothnian Bay,
duringM arch 2007( Fig 2). Profiles observed by EM 31 are the P1-P4 lines The mamn
work ing places are about4km to the land (H ailuoto). The sea ice in this area ismostly lev-
el ice with little defomed ice ridge The ice surface is covered w ith snow of 2-15 an.
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Fig 2 Map of the expedition region in Bothnian Bay show ing the location of sea ice thickness profiles m easured

by electran agnetic m ethod

M easuran ent of sea ice thicknessw ith EM 31 togetherw ith drilling is one of the mpor
tant contents of this survey To achieve a better resolution HMD mode was adopted to a-
chieve EM 31 measurement . First of all typical positions were selected in the area of
level ice and defomed ice to canplete m easuring of 86 holes drilled EM 31 is adopted at
every hole position to observe the apparent conductivity 0,. Through these m easuram ents
the relation betveen sea ice thickness and apparent conductivity at Bothnian Bay is devel
oped (0, /). Then 120 holes drilled m easurem ents for sea ice thickness are canpleted n
a larger scale EM 31 is adopted at the san e position to observe apparent conductivity to de-
velop verification of 0, /I'; relation Finally with the high efficiency advantage of EM 31, 4
profiles at length fran 510m to 4500 m i different areas are canpleted (P1, P2 P3 and
P4 Fig 2).

4 M odel calculation and data analysis
4.1 Fomnvard modeling and data fitting

The purpose of can putationalmodel response is to study the relation bet een apparent
conductivity 0, and sea ice thickness T, W ait ( 1982)"" gave the calculation expression
of stratified m odel response K aufman and K eller ( 1983)'" verified themodel progran via
tabular calculation w ith stratified model canparison By early this century stratified m odel
had already been able to smulate ice thickness relatively under different conditions accu-
rately. W hat is used here is the model optin ized by Christian H aas in the last few years

through canplete resolution fomula and digital filtering approach
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A ccording to the practical siation of sea ice m Bothnian Bay wo layersmodel was
used to study the foward response of EM 31 These wo layers are the sea ice w ith lin ited
thickness and the seawaterw ith infinite thickness (Fig 3). The sea ice is assumed to have
a conductivity of zerq the seaw ater conductivity is taken fran field m easuranent and the
average m easuring result s 200mS/m. Fig 4 shows the relation betw een apparent conduc-
tivity and ice thickness under HMD mode The dashed is the foward curve of wo-layer

model and the solid line is the curve obtamned by fitting the data on 86 holes The fitting for-
mula is

T EM31 R
| )
' Lt

Seaice+Snow
Conductivity=0

Seawater
Conductivity=200mS/m

Fig 3 Sketch of the wo layersmodel
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Fig 4 The relationship beween the apparent conductivity and the drillFhole value

0” = aem’r’) (2)
a= 90 547 b=- 0 5335 Drill and observation of apparent conductivity w ith

EM 31 at the san e position are required to be canpleted on sea ice at sites of different thick-
nesses to make the data typical accurately and reliably  During the course of field observa-
tion the observation is canpleted on sea ice at different thicknesses based on the physical
conditions as far as possible It is shown n Fig 4 that the ice thickness at the observation
area varies fran Q 3m to Im, thus the value of apparent conductivity under different ice
thicknesses can be obtamed and EM 31 observation characteristics can be anbodied system-
atically As a result the data fitting and the conversion fran apparent conductivity to sea
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ice thickness to be described later w ill be more accurate and reliable

Fig 4 shows the measurenent relation beween apparent conductivity and ice thick-
ness There is deviation between the fitting curve based on observed data and the curve of
theoreticalmodel There are many causes for the deviation and it can { be explaned w ith
any single factor One of the mam factors is the effect brought by the seawater electrical
conductivity W emeasured the seawater electrical conductivity and the average value ob-
taned is 200mS/m. Themodel curve is obtaned through calculation based on this average
value Themam advantage with EM is w ide-range detection w ith its high-efficiency The
variation of seaw ater electrical conductivity n practice is hard to be avoided In addition
the content of brine in seawater is also a factor influencing EM 31 measuring result A ll
these show that the fitting curve obtamed by canbining apparent conductivity data and drill
data fran field observation meets the practical siation better

4.2 0,-to-T, trangorm ation

It can be leamt fran Fig 4 that there is deviation of the practical fitting curve fran the
theoreticalmodel curve indicating that during the actual measurament the conversion be-
ween 0, and T, has to be based on the approxinate experience equation' . This method
has been w idely used by experts throughout theworld and can give reliable results A smen-
tioned above there is a negative exponential relation beween 0, and T,. Therefor¢ fran
the equation (2) of observed data fitting the calculation equation of ice thicknessw ith ap-
parent conductivity can be derived as follow s
T) = - 5 saze In(0, /90 547) (3)

Based on this relation EM 31 can achieve large-scale observation of sea ice thickness
4.3  Valdation by drill

To further verify the accuracy of sea ice thickness calculation of equation ( 3), differ-
ent places were choose to canplete drilling and EM 31 observation again Observations at
120 points were done V ia calculation by equation ( 3), apparent conductivity observed by
EM 31 were converted into sea ice thickness and canpared w ith the thickness datam easured
by drilling (Fig 5). In order to evaluate the detection results with EM better and more
canprehensivelv. defomed ice areas for observation besides level ice areas In allm easur-
ng points those of thickness less than 50an accounts for about 50%, and 50an to Im for
about 36%, over Im for about 14% .

To analyze the error of sea ice thickness detected w ith EM quantitatively the average
relative error (Rd) of sea ice thickness detected by EM 31 relative to drillwas calculated as

DX, = Y| /Y,) x 100%
Rd = == (4)

n

Here X, is the sea ice thickness fran EM 31, Y, is the sea ice thickness fran drill n is
12Q  the number of pomnts
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Fig 5 Canparison of sea ice thicknessmeasured by EM 31 and drill

Via calculation by equation (4), the average relative error of sea ice thickness fran
EM 31 relative to that fran drill is about 1%, ndicating that the accuracy of sea ice thick-
ness detection w ith EM 31 is really high It can be seen fran Fig 5 that at the measuring
points w ith fierce fluctuation of sea ice the fitting is low, because EM 31 m easuring results
are not of single points but calculated values of average depth under the coverage area For
differentmodes of coi] the diam eter of coverage area is 1. 3 to 3 8 tmes of the height fran

2 16]

instm ent to water surface - . Thereforge when the sea ice thickness at observing point

varies fiercely themeasuring error of EM 31 w ill be relatively large
5 Observation results and analysis

5.1 Profiles of sea ice thickness

A pparent conductivity for 4 long-distance profiles were made ( Fig 2) with operators
walking on ice surface and EM 31 on the shouldey and apparent conductivity transfom ed
into thickness then The sea ice thicknesses in a certain range are obtained and thus the ef-
ficiency of sea ice thickness detection on ice surface is mcreased greatly Fig 6 shows the
sea ice thickness of P1, P2 P3 and P4 profile respectively The dot-dash lne n the figure
is the sea ice thickness transformed fran apparent conductivity Because the observation
was carried out during walking there is sane distutbance in sea ice thickness calculated
with raw data Runningmean ( 10 pomnts) was adopted to elm mate the noise m the data
(solid Ine m Fig 6) to observe the trend of sea ice thickness variation
Pl this profile is the longest one anong the 4 profiles w ith a total length 0f 4500 m. The
areawhere P1 located is a deep water area (water depth over 10 m) far fran the bank n
level ice areas It can be seen fran Fig 6 that the sea ice has relative spatial variation of
ice thickness which ranges fran 40 an to 60 an; the sea ice thickness at 3500 m to 4000
m far has relatively larger variation which may be the small-scale local variation generated
by ice layer overlapping Relative to the length of the entire profile the variation of ice
thickness is not very fierce but slow thickening and thinning
P2 the total length of this profile is about 510m, also located at the deep water area (wa-
ter depth over 10 m) far fran the bank The part fran 0 to 300 m of this profile is in a de-
fomed ice area mcliding large ice ridge badly defomed by pressure The average height
of ice ridge over the level ice is about 50 an. The part after 300m of the profile is m a lev-
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el ice area It can be seen that the variation in thickness of level ice ( about 40 an) is not
obvious while the variation n thickness in ice ridge area is fierce with maxmum thick-
ness exceeding 1. 5 m.
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Fig 6 The profiles of sea ice thickness measured by electran agnetic-induction

P3 the total length of this profile is about 840 m w ith conditions sin ilar to P2 The first
300 m is defomed ice area and the rest is level ice Itmust be explained that at the level
ice parts because aw ide crack was met during observation and couldn t be spanned the
direction was changed and a wuming curve section was fom ed

P4 this profile is themost canplicated ong with length of about 1600 m. In Fig 2 it can
be seen that P4 profile is not straight because an areaw ith both defom ed ice and level ice
was selected The ice ridge on this profile is not so badly defomed as that on P2 but the
quantity of ice ridges is farmore than that on P2 profile In the Fig § it can be seen that
the variation of ice thicknessm easured by EM 31 is large because the observer stood on the
ice ridges to measure at a distance The runningm eans indicates that the sea ice thickness
is ncreasing

5.2 Statistical analysis on ice thickness
Fig 7 gives the frequency histograns for the sea ice thickness of the four profiles and

the overall frequency histogran of ice thickness for the four profiles aswell as a nomal fit-
ted Ine Themaxmum nomal fitting values of the four profiles are at the ice thickness of
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Q45m, Q 51lm, Q 46m and Q 40m respectively while themaxmum nomal fitting val-
ue of the overall ice thickness is(Q 47m. In the histogran, it can also be seen that level ice
accounts for the significant majrity of sea ice m Bothnian Bay the ice thickness ranges
fran Q@ 4m to Q@ 6 m. The thickness of a anall part of sea ice is greater than Q 6m and
sane ice ridges have thickness over 1 m.
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Fig 7a Statistics of sea ice thickness for each profile
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Fig 7 Statistics of sea ice thickness of profiles m easured by ground-based electran agnetic=induction

6 Conclusion and discussion

The electran agnetic nduction technology is used i detection of sea ice thickness in
Bothnian Bay successfully

(1) Based on canparative analysis on 86 groups of apparent conductivity data ob-
served with EM and drill data the conversion relation beween apparent conductivity and
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sea ice thickness is obtained and consequently the sea ice thickness can be figured outw ith
the apparent conductivity directly read fran EM mstrumeni providing calculation basis for
accurate detection of sea ice thickness m Bothnian Bay w ith EM.

(2) The results of quality analysis on sea ice thickness detected w ith EM show that the
technology has very high accuracy and the average relative error is only 12, which meets
the need for large-scale sea ice thickness detection

( 3) The statistical analysis on the results of sea ice thickness detection fran 4 profiles
show s that the thickness of level ice n Bothnian Bay n spring of 2007 ranges fran Q 4m to
Q 6 m. The thickness of hunmocked ice is over L 5m at sane ponts

This articlemainly discusses the application of EM technology in detection of sea ice
thickness on ice In practice this technology can be extended to shipbome and aibome so
that a larger range of sea ice thickness detection can be realized to provide basis for observa-
tion data of satellite ramote sensing and provide valuable mfom ation for large-scale sea ice
digitalmodel n the research of clmatic change

As m current researches there is still same error m sea ice thickness measuranent
with EM m the areaw ith rich defomed ice W ith changing the paran eters of the mstrum ent
( such asworking frequency or coil spacing) or mproving the ice thickness mversion calcu-
lation m ethod the errors of detection under special ice conditions will be reduced This is
one of future research contents
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