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ABSTRACT

Rossiter, J.R., J.S. Holladay and L.A. Lalumiere. 1992. Validation of airborne
sea ice thickness measurement using Electromagnetic Induction during LIMEX’'89
(UP-C8-028). Can. Contractor Rep. of Hydrogr. and Ocean Sci. 41: x + 86 pp.

During LIMEX'89 1ice thickness measurements were obtained by an airborne
Electromagnetic Induction technique. Measurements were made using one of
Aerodat’s four-frequency EM systems mounted in a bird along with a laser
profilometer. The bird was towed about 30m below a helicopter which flew at
50 to 80m elevation. EM, laser and navigation data were recorded digitally on
tape in the helicopter and processed off-line.

Measurements were made both over shore fast first year ice and over first
year pack ice. The ice was near the freezing point and offshore had a
salinity of about 5 ppt and a thickness averaging about 0.5m. Agreement with
auger thickness measurements was within #0.1lm over relatively level ice and

0.2m in the worst-case comparison. Ice conductivity was at the point of
resolution for the instrument used.
Simultaneous video-camera imagery was also collected. This imagery
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processed to estimate ice concentration and floe size at selected points.
addition, an overlay of the EM ice thickness data onto the video imagery w
produced. These products are expected to be useful in assessing ice cover
part of climatological investigations.
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RESUME

Rossiter, J.R., J.S. Holladay and L.A. Lalumiere. 1992. Validation of airborne
sea ice thickness measurement using Electromagnetic Induction during LIMEX’89
(UP-C8-028). Can. Contractor Rep. of Hydrogr. and Ocean Sci. 41: x + 86 pp.

Pendant le LIMEX’89 des mesures de l’épaisseur de la glace ont été
obtenues depuis un aéronef par la méthode de 1’induction
électromagnétique. Les mesures ont été effectuées au moyen de 1l’un
des systémes EM & quatre fréquences de la société Aerodat installé
dans une torpille avec un profilométre laser. La torpille était
remorquée d 30 m sous un hélicoptére volant & une altitude de 50 a
80 m. Les données EM, laser et de navigation étaient enregistrées
numériquement sur bande dans l1’hélicoptére et traitées en différeé.

Des mesures ont été effectuées sur la banquise cdétiére de
premiére année et sur la banquise de premiére année. La glace
était & une température voisine du point de congélation et
présentait au large une salinité d’environ 5 ppt (parties par
billion) et une épaisseur moyenne d’environ 0,5 m. Les mesures
obtenues concordaient & 0,1 m prés avec les épaisseurs mesurées a
la tariére sur la glace relativement unie et @ 0,2 m prés dans le
cas de la pire comparaison. La conductivité de la glace se situait
au seuil de résolution de 1l’instrument utilisé.

Une imagerie sur caméra vidéo a de plus été simultanément
recueillie. Cette imagerie a été traitée de maniére 3 estimer la
concentration et la taille des floes en des points choisis. De
plus, un calque de superposition des mesures EM de 1l’épaisseur de
la glace sur 1l’imagerie vidéo a été produit. Ces produits
devraient étre utiles pour 1l’évaluation des couvertures glacielles
dans le cadre d’études climatologiques.
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Executive Summary

Remote measurement of ice thickness is important both for practical operations and for
a variety of scientific applications. Over the past few years electromagnetic (EM)
induction has been shown to be a useful method for measuring ice thickness from a low-
flying helicopter. In this report, results from measurements made off the coast of
Newfoundland as part of the LIMEX'89 project in March 1989 are presented.

Measurements were made using one of Aerodat’s four-frequency EM systems mounted
in bird along with a laser profilometer. The bird was towed about 30 m below a
helicopter which flew at 50 to 80 m elevation. EM, laser and navigation data were
recorded digitally on tape in the helicopter and processed off-line.

Measurements were made both over shorefast first year ice and over first year pack ice.
The ice was near the freezing point and offshore had a salinity of about 5 ppt and a
thickness averaging about 0.5 m. Agreement with auger thickness measurements was
within +0.1 m over relatively level ice and 0.2 m in the worst-case comparison. Ice
conductivity was at the point of resolution for the instrument used.

Simultaneous video-camera imagery was also collected. This imagery was processed to
estimate ice concentration and floe size at selected points. In addition, an overlay of the
EM ice thickness data onto the video imagery was produced. These products are
expected to be useful in assessing ice cover as part of climatological investigations.

These results confirm that EM induction can be used to collect ice thickness data reliably
over long traverses. Work is underway to design systems for operational use.



1. Introduction

1.1 Background

There are a variety of reasons for requiring knowledge of ice thickness, including route
selection for ships, scientific ice dynamics and climatology studies, design of offshore
structures, and defence applications. To date, ice thickness has been measured directly
at specific locations, inferred from other observations, or measured using impulse radar.
All these approaches have strong limitations, particularly for saline and deformed ice
(Canpolar Consultants Ltd., 1985).

The first airborne electromagnetic (EM) survey designed for sea ice measurement was
carried out near Prudhoe Bay in 1985 by Geotech Ltd. of Markham, Ontario for the U.S.
Army Corps of Engineers Cold Regions Research and Engineering Laboratory (CRREL)
over cold Arctic ice (Kovacs and Valleau, 1987, Kovacs et al., 1987a). This initial
survey utilized a modified mineral prospecting bird operating at four frequencies ranging
from 530 to 30,000 Hz. It was quite successful, although instrument drift caused some
problems for the interpretation and insufficient surface information was obtained to permit
thorough validation.

Two years later, a second survey was performed at Prudhoe Bay (Kovacs et al., 1987b;
Kovacs and Holladay, 1989). A prototype 3-frequency bird operating at 800, 4500 and
50,000 Hz, specifically developed for CRREL, was flown over a variety of ice types and
features which were rigorously surface-verified by a CRREL team. The system used
included a 3.5 m bird weighing 150 kg, a 0.01 m laser profilometer and a global satellite
positioning system. Good agreement with surface data was achieved over relatively level
ice.

The same year Canpolar and Geotech conducted a comparative survey in the Canadian
Arctic over first-year and multi-year ice (Rossiter and Lalumiere, 1988). Agreement with
auger and radar results was within +50 cm or better and further development of the
technology was recommended.

In April, 1988 Canpolar and Aerodat performed an EM ice measurement survey off Cape
Breton Island using a modified mineral prospecting system (MacLaren Plansearch, 1988).
The results were very encouraging: drift problems were essentially negligible, noise levels
were lower than expected, and calibration was obtained in flight from an area of open
water. The accuracy of the results appears to have been constrained primarily by the
+20 cm accuracy of the laser altimeter available at the time. Unfortunately, it was not
possible to obtain one-to-one surface comparisons, but statistical agreement was achieved
with surface measurements.



A practical technique for the measurement of sea ice thickness from an airborne platform
based on electromagnetic induction is now reaching the end of its validation stage
(although the more difficult problem of detailing the thickness of ice ridges is still the
subject of research). The current study was planned to take advantage of the multi-
disciplinary LIMEX’'89 ice and ocean dynamics experiment being undertaken off
Newfoundland in March 1989 (Raney and Argus, 1988). The objective was to evaluate
the EM technique for relatively warm, saline ice. In particular, the evaluation of the
technique as a tool for rapid collection of ice thickness data over long traverses and
melting ice conditions was contemplated.

1.2 Objectives
The project had three major objectives:

1. To evaluate airborne EM induction as a tool for measuring sea ice thickness off
Canada’s East Coast during LIMEX’89 by taking advantage of the available on-site
information.

2. To prepare the software required in order to reduce the data collected into appropriate
statistics of ice thickness, ice concentration and floe size, for inclusion as part of the
LIMEX’89 data set, and to prepare and overlay of the ice thickness data with ice imagery
on videotape.

3. To recommend further development activities for this technology based on the results
of this study, particularly toward an operational capability.

1.3 Scientific Basis

The EM induction method uses frequencies in the 50 Hz to 100,000 Hz range. A set of
transmitter and receiver coils are towed in a bird about 15 to 50 m above the ice, as
shown in Figure 1.1. The transmitted primary field induces eddy currents in nearby
conductors which in turn generate secondary EM fields. These secondary fields are
detected at the receiver.

For ice thickness measurement, the sea water is the dominant conductor, since it is
typically several orders of magnitude more conductive than the ice. By measuring the
amplitude and phase of the secondary field (in parts per million of the primary field) at
the receiver coil location, the distance from the bird to the water can be estimated. A
laser profilometer is used to measure the distance from the bird to the top of the snow
and/or ice. The difference between the two measurements gives the thickness of the
snow plus ice layer. Areas of open water provide calibration points for the system.



Figure 1.1 Sketch of EM system and ice sounding concept.




The approximate "footprint” of the EM system is about the same as the bird height (the
laser spot size is much smaller). When lateral changes in ice thickness are rapid
compared to the flying height, such as are observed near ridges, the peak ice thickness
tends to be underestimated.

1.4 Report Outline

The report will describe the equipment used and the data collection activities in chapter
2: the inversion of the EM data in chapter 3; the video processing in chapter 4; and
conclusions and recommendation in chapter 5. Plots of the data collected will be given
in the appendices.



2. Data Collection

2.1 Introduction

In this chapter, the equipment used will be described, the survey methods and chronology
will be detailed, and ancillary data will be described.

2.2 Equipment Used

The sensor package used during this work included three principal elements: an Aerodat
4-frequency helicopter EM system in a towed bird; an Optech G-150 laser profilometer
mounted in the bird; and a Sony DXC-101 video camera mounted in the helicopter. The
EM system operated with 935 and 4,600 Hz co-axial, 4,175 and 32,000 Hz co-planar
coils, and included an electromagnetic signal processor unit and a data acquisition/logging
system mounted inside the helicopter. A set of attitude sensors was located inside the
bird to measure pitch and roll. All data were sampled at 0.1 s intervals before digital
recording on magnetic tape.

The video imaging system mounted on the helicopter monitored ice conditions below the
bird. The image was annotated with time, flight and survey line identifiers before being
recorded on video tape using a Panasonic AG-2400 VHS video cassette recorder. The
camera had a 4.8 mm auto-iris lens.

A LORAN-C navigation system was used to obtain approximate positions, which were
also logged on tape. A Global Positioning System (GPS) system was available and would
have been preferable in terms of accuracy, but satellite viewing conditions were not
favourable for reliable positioning during the survey.

2.3 Measurements
2.3.1 Overview

The survey actually consisted of two distinct efforts (see Figure 2.1 for a location map).
The first concentrated on shorefast ice in the Bay of Exploits, and provided a check on
system performance and further validation of the method using relatively detailed surface
truth measurements conducted by Canpolar and Aerodat personnel. The second consisted
of a 500 km run from St. John’s out to the M/V Terra Nordica and back. Surface truth
for this survey was provided mainly by C-CORE personnel. At the time of the flight,
two marked sites (the C-CORE Ice Motion Sensor and the MacLaren Plansearch ARGOS
beacon S/N 4458) had been set up for other purposes, and auger estimates of ice



Figure 2.1 Airborne ice thickness measurements, March 1989
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thickness were available there. A number of other sites were also augered, but either
were not marked and therefore could not be located using the video record, or were too
near the ship.

2.3.2 Chronology

Equipment and personnel from Canpolar and Aerodat were mobilized on schedule at
Gander on March 16. It became clear that the Franklin and the Terra Nordica would be
available for surface truth the next day before returning to port. Therefore, a flight was
planned for as soon as possible on March 17.

Due to minor difficulties with the laser and a requirement to refuel in Twillingate, the
nearest point of land to the ships, the flight did not commence until 14:00 local. Weather
was clear and perfectly calm. The lack of wind precluded take-off with the bird and full
fuel; therefore, the helicopter had a maximum range of 2 hours (about 120 nmi towing
the bird), putting the ships (at about 51°05°N, 52°35°W) just out of range. The helicopter
flew with the sensors on toward the ship for 1 hour and returned to Twillingate. Almost
no ice was encountered en route and the helicopter returned in near white-out conditions
due to a snow storm.

The extreme range of open water around the shore caused the helicopter company to
revise their operating requirements for the single-engine Aerospatiale AS-350D A-Star,
restricting it to a maximum 30 km range from shore. We had specifically taken up this
issue with them in January and February and had been assured that there would be no
problem carrying out our program of flying 100+ nmi from shore to refuel at the ship.
On inquiry in March, no small twin helicopters were available. The only option available
was to use a large Aerospatiale AS-332C Super Puma helicopter designed for heavy
offshore work.

In the interim, measurements were made over fast ice at the approaches to Botwood in
the Bay of Exploits. A total of 16 augered holes were measured, along with ice, water,
and CDT profiles to 2.25 m depth (see Table 1 and Figure 2.2). Ice varied from 38 to
59 cm in thickness; snow cover, from 0 to 21 c¢m in thickness; the water under the ice
had a conductivity of about 0.5 S/m, increasing sharply to 2.5 S/m at a depth of about
1.0 m. The ice had a salinity of less than 1 ppt.

The EM system was re-installed in the Super Puma while the Terra Nordica sailed from
St. John’s. A second flight, of about 5 hours duration, took place on March 24, from
St. John’s to the ship at 49°45°N, 52°00°W, toward Gander to the ice edge, and back to
St. John’s. Weather was excellent with clear sky, moderate wind and (except in local
snow showers) 15+ miles visibility. There were waves and swell visible in the ice until
well into the pack.



Table 1. Surface Measursments made March 20/89 along Line 3, Bay of Exploits.

Station Ice thick >==--==-----------¥ater conductivity (S/m) at deoth of (m)-==========-=----=>
No. (m) .25 .9 9 1.00 1.25 1.30 1.73 2.00 2.2%

1 0.45 0.32 0.40 0.52 0.65 1.62 1.9 2.18 2.31 2.39

2 0.4 0.50 0.52 0.80 0.95 2.30 2.42 2.48 2.50 2.50

3 0.52 0.15 0.32 0.40 0.55 1.70 1.95 2.08 2.12 2.14

4 0.42 0.58 0.55 0.82 1.05 2.20 2.45 .48 2.48 2.48

< 0.43 0.62 0.55 0.72 1.18 2.12 2.40 2.42 2.42 2.45

5 0.45 0.68 0.70 0.70 1.6 2.10 2.28 2.35 2.38 2.40

7 0.38 0.65 0.66 0.72 1.05 2.05 2.15 2.20 2.3 2.35
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(see Figure 3.2) in Bay of Exploits, March 20, 1989.
Note increase in salinity at about 1.0-1.5 m depth.
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Measurements were made over most of the flight, i.e. about 175 nmi. Ice encountered
varied from strips and patches of brash ice, to small cakes of first year ice, to small floes
of first year ice around the ship. Although most of the ice was not rafted, there were
some rafted pieces. Subsequent to the flight the equipment was removed for other work.

2.4 Problems Encountered

"The single most critical problem encountered during this work was the position of the ice
pack relative to the shore: during the survey time window, the ice vessel was always at
least 100 km from the nearest point of land. The difficulty in reaching the ice pack from
land lead, after some consideration, to a shift from the relatively economical A-Star 350D
to the much more expensive Super Puma 332C. This twin-engine helicopter had
sufficient range to make the round trip to the Terra Nordica easily. In future, a small
twin-engine helicopter, such as a Twinstar AS-355, a Bell 212 or an MBB BO-105
(planned for use by the Canadian Coast Guard) should be used. Any of these would have
the required safety factors and would have capacity to carry the equipment and crew.
However, they would have to be re-fuelled for runs of more than a few hours duration.

The performance of the EM hardware on the survey flights was, for the most part, highly
satisfactory. Small amounts of drift were observed during the early portions of the Bay
of Exploits flights, but did not affect the passes over the main lines. A slightly longer
warm-up period (about 1 hour) would have prevented most of this drift.

One of the two Optech G-150 altimeters purchased by Aerodat before this survey failed
to operate properly and was sent back for repair. The backup unit performed well over
snow and ice, but was inconsistent over open water. The explanation offered for the
latter by the manufacturer was that the automatic exposure control firmware built into the
unit to handle variable-reflectance targets was confused by occasional specular reflections
of the laser beam from the water surface; diffuse reflectors such as snow and ice did not
trigger this problem. A modification of the hardware and firmware of the profilometer
is being considered.

The video system performed well during the Exploits flights: the images were sharp and
contrast, good. The installation of the camera in the Super Puma was nearly ideal, as it
was mounted in a "bubble" window at the rear of the aircraft. Unfortunately, it appears
that dirt or oxide accumulations on the video recording heads, coupled with the
characteristics of the camera’s auto-iris and the partially cloudy weather, lead to a
recorded video image with reduced contrast, visible scan lines and fluctuating brightness.
These problems complicated the video tape analysis considerably. Disabling the auto-iris
and cleaning the video heads before flight should prevent such problems in future.

10



The LORAN-C positions were not particularly reliable during the offshore run. This may
be a result of weak signal strength, the location of the LORAN antenna on the Super
Puma, or magnetic storm activity which was unusually severe at the time. GPS
navigation is the obvious solution to this problem, but it is not yet available around the
clock. It is anticipated that enough GPS satellites will be in orbit by 1991 to permit use
of GPS positioning at almost any time of the day, which will dramatically improve the
accuracy of flight path recovery. In addition, most offshore-capable helicopters are
equipped with OMEGA navigation, which can provide approximate positions to the data
acquisition system in RS-232 format.

Lack of communication with the surface team on the Terra Nordica resulted in survey
auger holes being made too near the ship to be used as reference comparisons. The
paucity of marked auger hole positions in the offshore ice meant that little point-to-point
validation could be performed, and also meant that the two sites which were measured
and marked assumed an unrealistic importance: statistics are hard to formulate on the
basis of two data points.

11



3. Ice Thickness Data Processing

3.1 Introduction

This section summarizes the acquisition, reduction, interpretation and assessment of the
data.

3.2 EM Data Reduction
.2.1 Calibration and dri moval

There are three stages in the data reduction: transcription of the field data tape to a
computer disk (data volumes range up to 4 Mbytes per hour at present); removal of
baseline drift; and calibration of the data. The data transcription operation is relatively
straightforward, and leaves the data in a format in which it can be manipulated easily in
later stages of reduction.

The removal of drift presently requires that the sensor package be flown to high altitude
(above about 400 metres) approximately every 30 minutes during the flight to remove the
sensor package from the vicinity of the highly conductive seawater. Variations in these
high-altitude measurements provide a reliable way to correct for small amounts of drift
in the system, based on the assumption of linear drift between these baseline
measurements. As EM system drift becomes smaller and more predictable with unproved
equipment, the permissible baseline interval will become progressively longer, increasing
survey efficiency. '

When the data have been drift-corrected, they are calibrated. At present, the most
reliable way to estimate the sensitivity of the system is to fly over deep, open water of
known conductivity: an accurate prediction of the response is then compared with the
measured response, and correction factors applied to bring the measured response into
line with the expected response. This technique has become known as "ground-truth
recalibration”, and has proven quite satisfactory under a variety of conditions.
Instrumentanon advances are expected to provide a stable, accurate internal calibration
method during the next year, at which point the surface-truth comparison will become a
verification tool rather than a calibration tool.

Another operation which is sometimes performed on EM data is called sferic removal,
and involves removal of noise pulses in the EM data caused by distant lightning strokes.
The algorithm used for this operation is useful for removing spikes from other relatively
smooth data as well; the laser profilometer data was filtered in this way to remove errors
caused by inconsistent performance of the profilometer over open water.

12



3.2.2 Inversion of surveyv data for ice thickness

The drift-corrected, calibrated data, which consist of the secondary field response in
phase with and out-of-phase with the transmitted, or primary, field, vary according to the
altitude of the bird (and, to a small extent, upon its attitude) above the surface of the
seawater underlying the ice. The response is not a particularly simple function of
altitude, and is also affected by the conductivity of the seawater (at low frequencies) and
of the ice (at high frequencies), but forward computer models which can predict the EM
response over a given ice/water model have been written (Holladay, 1980). Inverse
models which directly calculate bird height from measured data do not yet exist.

For this reason, a number of relatively complex methods have been developed to invert
the data approximately. The most robust of these methods, in the sense of providing
good results even in the presence of data error, is the Generalized Inverse method, which
uses a forward model to generate model responses and a matrix of derivatives of those
responses with respect to the desired parameters, such as ice thickness and seawater
conductivity. An initial forward model response is compared to the observed response,
and the differences between them are used, along with the generalized inverse of the
derivative matrix, to estimate the changes in the model parameters required to make the
model response resemble more closely the measured response.

After a few iterations this algorithm usually provides estimates of the ice thickness that
are accurate to within the range of accuracy of the laser altimeter (about 5 cm), at least
for relatively level ice. Ice that has large thickness variations over short horizontal
distances tends to have its thickness underestimated by this method; more suitable
approaches are being developed to deal with these situations as described in Section 3.4.

3.2.3 Ice conductivity estimate

The Generalized Inverse method discussed above should, under suitable conditions, obtain
stable and accurate estimates of average ice conductivity from survey data. However, the
accuracy of such estimates is critically dependent on the quality of the data and of the
calibration. Numerical experiments have been conducted to define the frequencies at
which measurements should be obtained for ice conductivity estimation and field data
have been analyzed to validate the numerical experiments.

The sensitivity, as a function of frequency, of an EM system to the conductivity of an ice
layer 1 m thick overlying seawater varies by about an order of magnitude (see Figure
3.1), but is almost constant at a given frequency with respect to ice conductivity in the
0.05 to 0.001 S/m range anticipated for most sea ice. The plot in Figure 3.1 thus defines
the minimum conductivity that can be resolved at a given frequency, provided that system
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noise is about 1 ppm in a system with a 6.45 metre coil separation. Therefore, a system
operated at a frequency of 4,175 Hz should resolve down to about 0.013 S/m; 33,000
Hz, to about 0.008 S/m; and, 100,000 Hz, to about 0.005 S/m.

In order to make practical measurements of ice conductivity, it may be necessary to
calibrate the system over ice of known properties, although there is no fundamental
reason why this step would be required. It should be ncted that flying the system at
altitudes lower than the nominal 30 m should increase the resolution of ice conductivity.
Ice conductivity estimates for ice thicker than 1 m should have a proportionately higher
resolution and vice versa. For the 0.5 m thick ice encountered during LIMEX’89, the
32 kHz data should be able to resolve ice conductivity to about 0.02 S/m.

3.2.4 Flight path recovery

Precise positioning of the system is essential in some ice measurement applications,
particularly if gridded data is being sought, e.g., for contour mapping. For the
LIMEX’89 survey, and indeed for most such surveys where long lines over mobile ice
are being flown, positioning becomes less critical. Surface measurement sites used as tie-
ins or for validation of system performance must be marked on the ice and correlated
with system outputs visually or with video imagery, since their absolute and even relative
positions can change rapidly in the course of a few days. With these considerations in
mind, and knowing that suitable GPS windows were not available, LORAN-C was
selected to provide approximate positional control. The LORAN-C outputs were recorded
as latitude and longitude on tape, and were converted to appropriate UTM coordinates
during post-processing.

The quality of the LORAN-C data was quite good during the work in the Bay of
Exploits, permitting surprisingly good flight path recovery there (see Figure 3.2).
Positioning was not nearly as good for the flight from St. John’s to the Terra Nordica
(Figure 3.3), particularly in the E-W direction, in which unexpected variations of about
1 km were observed. These errors appear to be the result of low signal strength from
one of the LORAN slave transmitters, although it is possible that magnetic storms
occurring at the time may have altered radio propagation conditions sufficiently to
generate the spurious fixes. It was therefore necessary to correct the positions manually
using smoothing and visual or flight log information; an example of the latter is shown
in the repeated passes over the Ice Motion Sensor.

3.2.5 Data processing and accuracy

An example of the detailed steps taken to produce ice thickness and conductivity estimates
is given in Appendix A. For the data collected during this study, the inversion was
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Figure 3.1 Sensitivity of EM sensor to ice conductivity
as a function of frequency.
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Figure 3.3
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performed on each frequency independently, and the results were usually very similar.
A complete set of plots is given in Appendix A based on the 4,175 Hz, co-planar coils,
which generally had the lowest noise levels in this data set.

Accuracy of the system is limited by several factors (see Holladay et al., 1986). The
intrinsic precision of the instruments provide a vertical accuracy limit. The EM system
has an maximum sensitivity of several ppm of the primary field, which would give an ice
thickness estimation error of about +1 cm at a height of 30 m for typical sea water
conductivity. The laser altimeter used has an accuracy of +5 cm, for a total possible
error of +6 cm. Laser altimeters with accuracy of +1 cm or better are available.

The above analysis assumes relatively smooth ice; i.e. that the vertical changes are small
over the EM footprint, which is approximately equal to the bird flying height for co-axial
coils and equal to about four times the bird height for co-planar coils (Liu and Becker,
1990). For two and three dimensional structures errors in the one dimensional inversion
process will soon overwhelm any other sources of error and can be detected by examining
the error of fit in the inversion using several frequencies.

Horizontal resolution is governed both by the footprint and by the sampling rate. The
sampling rate used here of 0.1 s, which was then averaged to 0.2 s, provides a sample
every 5 m at a speed of 50 knots (25 m/s), so that there were typically 5 to 25 samples
per footprint. Higher flying speed will therefor not greatly diminish the horizontal
resolution, but will start to induce vibration-related noise into the system, reducing the
EM sensitivity.

In areas where the footprint covers both ice floes and open water, the EM estimate of ice
thickness will underestimate the average thickness of the floes. It is expected from
physical principles that the underestimate will be approximately proportional to the open
water area fraction within the EM footprint. The maximum ice thickness that can be
measured is more closely related to total distance from the bird to the water, and is likely
in excess of 30 m. Although melt water on the ice surface could induce errors if it were
highly saline, a thin layer would not likely give much response. Use of several
frequencies would alleviate this ambiguity.

3.3 Results

Data were collected over two main traverses off the East coast of Newfoundland during
March 1989: over shorefast ice in the Bay of Exploits (Figure 3.2) and a 500 km long
run over pack ice from St. John’s to the Terra Nordica, stationed at 49° 45’ N, 52° 00’
W, and back (Figure 3.3). Surface data included ice thickness measurements by auger
and conductivity-depth profiles in the ocean.
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At the Bay of Exploits site the shorefast ice was relatively level and auger-sampled ice
thicknesses ranged from 0.38 to 0.59 m. Snow cover was 0 to 0.21 m thickness. The
ice salinity was less than 1 ppt. Underlying the ice was a 1.0 m thick layer of relatively
fresh water with a conductivity of 0.5 S/m, overlaying water with a conductivity of 2.5
S/m (Figure 2.2). The fresh water is presumed to have come from local rivers, but this
situation is also likely to occur during ice melt conditions. - Interpretation of the EM
response was based on a two-layer model for the water. Results of the inversion are
given in Figure 3.4. The agreement with auger measurements is within +0.1 m. The
EM results suggest a gradual thickening of ice from 1.2 m to O m as the line progresses
offshore. Water depth was typically greater than 75 m so that bias in the ice thickness
measurement due to finite water depths should be negligible.

A selected portion of data near the ship is given in Figure 3.5. The first year pack ice
was made up of many pans, typically 10 m in diameter and varying from 0.3 to over 1.6
m in thickness. Ice salinity was typically 5 ppt and temperature around -2°C. Although
there were few comparative points, data from two auger holes are shown. The EM
results agree with the surface data within 0.05 m at one site (the Ice Motion Sensor) and
within 0.2 m at another (the ARGOS beacon). The larger disparity at the latter location
is probably due to local rafting. A complete set of the EM ice thickness data plots is
given in Appendix A.

A histogram of ice thickness based on 125 "random" measurements made by auger by
investigators in the same area is shown in Figure 3.6, along with 11 histograms taken
from sections of the airborne survey made near the Terra Nordica. Extremal ice
thicknesses are given in Table 2. Although some of the histograms (e. g. Line 2060) are
very similar to that of the surface data, others (e.g. Line 2030) are quite different. The
differences point out local variability in the ice.

However, they also underline the difficulty in comparing airborne and auger results: a)
the surface measurements are only taken at spfc ic points whereas the EM system
averages over an area of approximately 10 - 10° m“; and b) surface measurements are
inevitably biased against thin ice (too thin to stand on) and/or thick ice (beyond the auger
stem). These differences represent one of the important advantages of remote ice
thickness measurement for scientific applications.

There are also important statistical factors to consider when comparing surface and aerial
data. Some of these have been outlined by Dr. C. Dalzell in a letter given in Appendix
B, and include the implicit spatial averaging by the EM measurement over a finite
footprint, smoothing over the footprint, non-stationary and non-independent
measurements, etc. A more thorough evaluation of some of these factors is probably
warranted before the two sets of measurements are compared statistically.

Comparison of the surface measurements and the EM results indicates that the typical
accuracy of the method was within +0.05 m in ice that was typically 0.5 m thick. It
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Figure 3.4 EM sounding and auger ice thickness measurements

(circled points) for shorefast ice in the Bay of Exploits.
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Figure 3.5 EM and auger ice thickness measurements (range of auger
estimates shown as bar) near the Terra Nordica.
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Table 2. Extremal Ice Thicknesses for Offshore Survey Lines

Line Number Minimum Maximum Spike Max*
(m) (m) (m)
2010 0.00 0.45 2.5
2020 0.00 0.47 2.5
2030 0.00 0.58 2.5
2040 0.00 1.20 —_
2050 0.20 1.27 -
2060 0.00 1.15 2.3
2070 0.00 1.33 -
2080 0.00 1.30 2.5
2090 0.00 1.15 -
2100 0.00 1.40 2.3
2110 0.00 1.45 2.5

* For this table, "spikes" are defined as apparently unreliable single-point thickness estimates.
However, in some cases, single-point thicknesses have been accepted as reliable where the
surrounding ice is thick as well.
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should be noted that the 0.05 m accuracy appears to have been mainly the result of laser
profilometer errors, which would be constant for ice of any thickness. There was one
significant exception to this observed accuracy: in the one survey line that passed over
the ARGOS beacon, the EM-measured ice thickness was 0.2 m less than the smallest of
the three auger measurements. The two most likely reasons for this disparity are local
rafting in the floe (three auger holes all encountered water-filled zones, the first at 0.5
metres depth) and the effects of lateral thickness variation (the floe was less than one
system footprint wide and about one footprint long, and was largely surrounded by slush
and seawater).

In the Bay of Exploits the ice was relatively low sahmty (1 ppt) and would therefore be
expected to have a conductivity in the order of 10 S/m at this frequency (Morey et al.,
1984), which is just at the edge of our resolution of ice conductivity at 32 kHz. 'I'he
presence of the 1 m layer of brackish water between the ice and the sea water generated
sufficient uncertainty in the interpretation that estimates of ice conductivity from EM
results would be problematic with the data collected.

EM ice conductivity estimation was attempted on the survey lines near the Terra Nordica;
the results for one short line very close to the ship are given in Figure 3.7. Although the
values appear to be consistent with values expected for the ice, in the absence of ice
samples from the marked surface-measurement sites it is difficult to comment further on
the validity of the EM ice conductivity estimates. It should be noted that the conductivity
estimates were not stable for bird heights above 26 m. Since most of the survey was
flown between 30 and 40 m elevation, relatively few conductivity estimates were obtained
overall.

3.4 Two-Dimensional EM Inversion

The traditional inversion method for EM induction data uses a one dimensional (1-D)
model of the ice-sea water interface; i.e., assuming that the interface changes only in
distance from the bird. Therefore, the interface must have relatively gentle topography
for correct results. When non-uniform ice is encountered the 1-D inversion
underestimates ice thickness and more complex two or three dimensional models are
required (Becker et al, 1987; Liu and Becker, 1988; Liu and Becker, 1990).

Guimin Liu’s Ph.D. thesis (Liu, 1989) was on the development of a computationally
rapid technique for inversion of two dimensional structures typical of sea ice ridges; i.e.
assuming that the strike length is much greater than height of the bird above the ice. The
modelling program assumes that the ice is transparent at the frequency used and that the
sea water is infinitely conductive. These are not strong constraints for the ice thickness
problem and ease the computation since inductive limit values of the EM field can be
used instead of both in-phase and quadrature components.
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The two dimensional inversion program requires an array of inductive limit EM data
points crossing an ice keel as input. The output of the inversion program is a solution
for the smoothest keel shape that fits the input data. As a result, the thickness of sharp
keels will still be underestimated slightly.

Liu has developed several other programs for modelling and processing EM induction
data:

* 3 2-D inductive limit forward model program takes the shape of a discretely sampled
curved metal surface as an array input and outputs an array of inductive limit data
corresponding to positions above the surface.

* a general 2-D forward model program uses a discretely sampled curved surface with
finite conductivity as input and outputs an array of in-phase and quadrature components.

* 2 3-D inductive limit forward model calculates inductive limit data at any point above
a three dimensional surface. The surface is created by guassian curves in both x and y
planes.

* an altitude correction program removes the effect of varying flight height from raw
in-phase and quadrature data and outputs corrected in-phase and quadrature data. The EM
response from altitude variations can be much larger than the 2-D response from an ice
keel. In raw EM data, an ice keel can be obscured by altitude variations. Once the
response from altitude variations is removed from the raw EM data, the response from
2-D structures are clearly visible.

Although we did not collect any pertinent data relating to ridges during LIMEX’89, this
aspect of ice thickness measurement will be important for both icebreaker and scientific
applications. Based on Liu’s work, appropriate data inversion procedures appear to be
available.
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4. Processing of the Video Tape Imagery
4.1 Introduction

A video camera was mounted looking down from inside the helicopter. Through a wide
angle lens, the EM bird and the ice and water surface could be seen in the video image.
The data acquisition system on board the helicopter added flight information and a time
stamp to the video signal.

The video imagery was digitized so that measurements could be made of floe size and ice
concentration. The ice concentration values can be used to supplement the EM
interpretation since low values of ice concentration cause the EM system to underestimate
ice thickness.

The data set used for this work was line 2100, which began at 15:29:46 (local) and ended
at 15:39:22 on March 24/89. The line started near the Terra Nordica, overflew the ice
motion sensor at 15:30:52 and the ARGOS beacon at 15:37:34.

In addition a video sequence was made to overlay a set of EM ice thickness
measurements with the original video imagery. Ice thickness, ice thickness histograms,
ice concentrations and laser altimeter data from line 2100 were incorporated as a graphic
plane for the overlay.

. In this chapter the steps taken to produce this additional ice information and the overlay
are described.

4.2 Ice Concentration

To measure ice concentration, the video imagery had to be digitized. The poor quality
of the video recording required special processing of the tape at a professional video
house to correct sync pulses and to remove the colour information, which caused noise
when grabbing frames of imagery.

Using an Oculus 300 square pixel frame grabber, 40 images were captured from the
video tape. The video tape was advanced through the flight and frames were captured
every 15 seconds. The digital images were compressed from their original resolution of
512 x 484 x 8 bits to 256 x 242 x 8 bits before analysis. Figure 4.1 is an example of a
digitized image.

Ice concentration was measured by thresholding the image between an average water
brightness and an average ice brightness. Fluctuating image brightness caused by the
camera problems made it necessary to make separate histograms for each image. Figure
4.2 shows histograms of areas containing open water, ice only and open water and ice.
The histograms cover a 16 x 16 pixel area of the digitized image defined using the
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Figure 4.1 Example of a digitized video image.
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Figure 4.2 Histograms of the brightness of water, ice and water and ice together.
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computer’s mouse. Two distinct distributions could be seen between ice and water, the
mid-point being the threshold for the calculation. The horizontal axis is pixel brightness
and the vertical axis is number of counts.

All points below the threshold were counted as open water and all points above the
threshold were counted as ice. Ice concentration was calculated as the number of ice
pixels divided by the total number of pixels in the image. Figure 4.3 a) shows a section
of the video image taken at time 15:33:46. Figure 4.3 b) shows the same image with all
pixels below the threshold as black and all pixels above the threshold as white. The ice
concentration measured for this image was 70%.

b) Thresholded image

Figure 4.3 Image (a) before and (b) after thresholding
to determine ice concentration.

Table 3 shows the time stamp for all 40 images along with the calculated threshold value
and ice concentration for each image. The laser altimeter reading and the scale
conversion factor to convert pixel counts to floe size in square metres is also shown.

4.3 Ice Floe Size

The same set of digitized images were used to measure the area of individual ice floes.
Each image was displayed on the computer screen and ice floes were traced by hand
using the computer’s mouse. The area of each floe was measured first in pixels then
converted to squared metres using the laser altimeter height reading at that point in time
(see Table 3).
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Image
Time

(local)

15:29:46
15:30:30
15:30:16
15:30:31
15:30:46
15:31:02
15:31:16
15:31:31
15:31:46
15:32:01
15:32:16
15:32:31
15:32:46
15:33:01
15:33:16
15:33:31
15:33:46
15:34:01
15:34:16
15:34:31
15:34:46
15:35:01
15:35:16
15:35:31
15:35:46
15:36:00
15:36:16
15:36:32
15:36:46
15:37:01
15:37:16
15:37:31
15:37:46
15:38:01
15:38:16
15:38:31
15:38:46
15:39:01
15:39:16
15:39:32

Table 3.

Ice Concentration
Threshold Value

(0-255)

80
68
85
90
90
80
&3
65
65
80
65
75
80
60
60
70
70
80
0

64
60
80
64
80
80
80
70
80
70

60
63
70
60
80
70
70
60
60
60
64

Summary of Digitized Images, Line 2100

(%)

91
90
88
85
88
91
93
94
95
97
95
92
94
95
89
84
75
89
0

85
82
89
72
76
88
90
49
90
86
92
82
81
82
60
&3
79
91
84
86
82

No. of
Floes in

Histogram

21
14
18
19
20
28
20
18
18
97
79
79
114
90
90
93
76
86
112
113
106
115
141
143
170
126
145
119
145
113
141
153
126
189
169
132
154
149
257

30
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Figure 4.4 shows image 15:33:46 with the floe edges traced out. Figure 4.5 is a
histogram of the floe sizes measured from the image. Appendix C contains plots of the
measured histograms for 39 of the 40 digitized images; the other image (15:34:16) was
over open water.

Figure 4.4 Image with ice floes outlined to measure floe size.
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Figure 4.5 Histogram of floe size for image 15:33:46.
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4.4 Video Overlay

A video overlay was produced which incorporated ice thickness, EM bird height and ice
concentration as a graphics and text display mixed with the video imagery. Figure 4.6
shows an example of the overlay section of the produced video.

Line #: L2100
15:30:12 -15
15:30:12

dewoewnakhoaoena

-
.=
......
-
‘‘‘‘
-n®

-t d

Figure 4.6 Example of overlay graphics.

The overlay contains a circle approximating the EM sensor footprint and, within the
circle, a graph of ice thickness closely following ground position. On the right of the
overlay is a graph of ice thickness over a 30 second interval with a histogram of that time
period below it. At the left is a box indicating ground scale and an "egg" containing ice
concentration in the top line, ice thickness in the middle line and bird height in the
bottom position.

The ice thickness data from the EM sensor is on the screen in four forms. In the bottom
centre of the TV screen (as shown in Figure 4.6) the ice thickness is plotted with the
vertical axis scale closely matching the ice surface position and with ice thickness plotted
on the horizontal axis from 0 to 1.0 m. The arrow to the left indicates the point
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corresponding to the ice thickness value written in the middle of the "egg”. On the far
right of the screen, the ice thickness data is plotted over a 30 second time period, 15
seconds before and 15 seconds after the current point indicated by the arrow. Below this
plot is a histogram of the ice thickness over the same time period. The horizontal axis
is ice thickness from O to 1.0 m. The vertical axis of the histogram is the number of
occurrences for each ice thickness.

Ice concentration is located in the top section of the "egg" and is updated every 15
seconds. Based on ice concentration, the EM interpretation of the ice thickness can be
adjusted to a thicker value. A small dot moves down with the ice thickness at the point
in time were the ice thickness was calculated. The laser altimeter data provides the
height of the EM bird above the ice. The height of the bird (in metres) is written in the
bottom section of the "egg”. A square box at the left of the screen provides an accurate
two dimensional distance-area scale. Each side of the box is 5 m for an area of 25 m?.

4.4.1 Producing the overlay

The video overlay is a mixture of the original video imagery with computer- generated
graphics. The computer graphics were generated on a VGA graphics adapter at a
resolution of 640 x 480 pixels. All lines were drawn with double width so that flicker
would not be noticeable when the overlay was shown on a conventional NTSC composite
monitor. VGA Producer by Magni Systems was used to convert the VGA graphics to
NTSC standard composite video format for genlocking with the video imagery played
back from a VCR. A second VCR recorded the mixed output from the VGA Producer.
Figure 4.7 shows a block diagram of the equipment used to make the overlay. Figure
4.8 is a photograph of a television screen showing the computer-generated graphics mixed
with the original videotape image.

The program which generates the graphics follows the computer’s clock closely to
synchronize the graphs with the correct time. The overlay program is triggered to begin
when the playback VCR is at the start time of the line. Every 0.2 seconds, the plots of
the ice thickness data, the box indicating scale and ice thickness and bird height values
in the "egg" are updated. Every 15 seconds the ice concentration value in the egg is
updated. The dot on the 30 second plot of ice thickness data follows the data point
corresponding to the ice concentration value in the egg.

4.5 Automatic Image Processing

In the future, some of the software developed during this project could be automated.
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Figure 4.7 Block diagram of equipment used to make overlay video.
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The frame grabber could be programmed to collect video images at preset intervals. Ice
concentrations could be measured automatically, by first detecting the threshold between
ice and water the in histograms, then counting pixels. This is currently done manually
for each image.

Automating floe size measurement seems more difficult as there is often only a small
contrast between individual floes. A literature search may identify a solution to a similar
problem.

4.6 Comparison to Other Imagery

Four other types of imagery were collected during LIMEX’89 on the day of the flight to
the Terra Nordica (March 24) or the day after: NOAA low resolution visual satellite
imagery, SPOT high resolution visual satellite imagery, SSM/I passive microwave
imagery, and high resolution airborne SAR imagery (March 25). Data from each of
these sources was acquired and examined for comparison with the helicopter ice
thickness/imagery data set.

An example of the NOAA imagery (black and white reproduction) is given in Figure 4.9.
The position of the ship is indicated to be in a region of high ice concentration with strips
of more open water on a scale of approximately 10 km. The scale of the image is so
small that more detailed comparisons do not seem warranted.

An example of the processed SSM/I data processed, using the AES/York algorithm to
extract ice concentration, is shown in Figure 4.10. The ship is shown in a region of ice
concentration varying from about 56 to 80%. As seen in Table 3, the values of ice
concentration over one line near the ship varied from 0 to 95%, with an average of 83%
and a standard deviation over the 40 images of 4%. These results would tend to validate
the SSM/I interpretation, especially since the EM line was over the most concentrated ice,
not open water, whereas the SSM/I 25 km x 25 km footprint incorporates both.

Unfortunately, the SPOT data were just off to the west of the EM line for the day of the
overflight. The SAR data were taken the next day, and although general ice conditions
were similar, specific ice features could not be correlated between the two sets of data
with any assurance.
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Figure 4.9 Data from the NOAA-10 satellite at 8:59 NST on March 24,1989.
Since the day was relatively clear, the white areas are ice-covered.
The position of the Terra Nordica and St. John’s are shown.
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Figure 4.10 Ice concentrations as calculated from SSM/I overpass at
approximately 18:45 NST on March 24, 1989. The
concentrations were calculated by the Institute for Space and
Terrestrial Science using the AES/York Algorithm. The outbound
path of the helicopter is shown, as is the path (NW of the ship) over
which ice concentration data were collected.
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5. Conclusions and Recommendations

5.1 Conclusions

The major objectives of the study appear to have been met. Even more than on previous
studies, the airborne EM technique was capable of being used for routine ice thickness
measurement. In this study, relatively warm, saline ice was sounded from a helicopter
over a traverse several hundred kilometres long. The data were processed into an video
overlay of EM and ice image data and semi-automated procedures for measuring ice
concentration and floe size have been developed.

Although the EM induction technology is relatively mature in terms of geophysical
measurements, there is still room for optimization for ice sounding applications. In
partcular, the use of higher frequencies to estimate ice conductivity would be particularly
useful, since this parameter is closely coupled to ice strength.

Several presentations of the results were made to professional groups over the project (for
example, see Appendix D). This process will need to continue in order to potential users
of this technology to become familiar with its capabilities and limitations.

5.2 Recommendations

1. The technique can be used as an scientific data collection tool when used by
specialists. It can be used on long traverses over which it would be impossible to collect
ice thickness data manually. Use of a smaller, twin-engine helicopter should provide a
practical compromise between over-ocean safety requirements and cost.

2. Further validation of the technique, particularly over ridges and during meiting
conditions, is required. The processing techniques developed at the University of
California at Berkeley should be incorporated into data inversion procedures.

3. The development of a operational prototype should proceed, to include:

6] reducing the size and weight of the bird from approximately 7 m length and
250 kg to 4 m length and 100 kg;

) developing a system that can be used by non-specialist personnel;

(3) providing real-time output;

4) including processing capability for two- and three-dimensional structures;

®)) including provision for measurement of ice conductivity;

(6) including capability of estimation of snow thickness.
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This recommendation is being pursued under a separate contract and a prototype system
is expected to be ready for testing in winter 1990-91.

4. Further understanding of the statistics of ice thickness measurement would be useful
in making comparisons with auger measurements and should be pursued.
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Appendix A. EM Ice Thickness Data

The plots in the appendix contain a complete set of the processed EM data collected
during this experiment. The line numbers are included with the plots and refer to the line
numbers shown on Figures 3.2 and 3.3.

Table Al contains an example of data for line 2050 (Figure 3.7), 32,000 Hz co-planar
coils during the various processing steps.

The first column contains the time stamp (local) along the line in hours, minutes, and
seconds. Although data were collected every 0.1 s and then averaged to a 0.2 s sampling
interval, only samples every second are shown.

The second and third columns contain the raw EM data, in-phase (I-P) and quadrature
(Q) components, in bits.

The fourth and fifth columns contain the EM data after baseline corrections and reference
height level have been removed, in arbitrary units.

The sixth and seventh columns contain the final EM secondary fields, in parts per million
of the primary field, after calibration factors have been applied. The calibration factors
are determined using an open water measurement as described in Section 3.2.

The eighth column contains the calculated ice thickness in metres from the inversion
routine. The ninth column contains the calculated ice conductivity in S/m. A "0" value
indicates that the conductivity estimate was unreliable.

The tenth column contains the raw bird altitude from the laser altimeter in metres. The
final column contains the laser measurement after passing through a de-spiking algorithm
which is designed to remove laser glitches.
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MEMORIAL UNIVERSITY OF NEWFOUNDLAND
St. John's, Newfoundland. Canada AIC 557

Department of Mathematics & Statistics Tel.: (709) 737-8785/84
Fax: (709) 737-4569
Telex: 016-4101
Email: MATHSTAT@MUN

March 9th, 1990

Dear Scott,

I know that I should have written earlier about your ice thickness
problem, but the matter is hardly trivial: I could not write down a simple
answer and have lacked the time to answer it with the detail it deserves.
However I have not been entirely idle; the questions you had seemed similar
to a problem in estimating fish stock abundances on the Grand Banks that I
was looking at and I got a bit carried away thinking about it. But to get
back to your original queries I think that the difficulty stems from the
questions themselves, which are insufficiently precise.

1) You wanted to compare histograms. Now there is a general test, the
Kolmogorov-Smirnov test for comparing two sample distribution functions
(better than the histogram and similar). I can send you the details. It is
an old test, but effective. Unfortunately it can be rather too effective,
since the distributions you would be comparing, produced from the aerial and
the ground data, are estimating different things, have different sources of
bias and would hence show up to Be different.

2) In fact, the real question here is how to estimate the histogram, or
better yet, the distribution of ice thickness using the-different sources of
data. Roughly speaking, there are two sorts of estimates to consider:
parametric and non-parametric. If you are prepared to assume that the ice
thickness follows some well-known distribution, such as the normal or the
gamma, then all you need do is estimate the relevant parameters of these
distributions (not more than two in number) and their estimators. With the
volume of data at your disposal, these variances will be very small. They
may also be meaningless, since it is likely that the distribution is changing
with distance. This is undoubtedly the case when you pass over open
stretches of water covered with patches of ice.

3) When you know nothing about the shape of the distribution you can
estimate the distribution non-parametrically. A standard reference to this
problem is Richard A. Tapia and James R. Thompson'’s "Nonparametric
Probability Density Estimation". I have to think some more about how you
would apply those methods to the smoothed and "staggered" measurements that
you have, but I think that should be straightforeward. Even more
straightforeward should be the problem of estimating the spectrum under
those circumstances. I will let you know about that when I figure it out
myself. By the way, the histogram is a non-parametric estimate of the
density.



Appendix B. Statistics of Ice Thickness Distribution

During this project Dr. Catherine Dalzell of the Department of Mathematics and
Statistics, Memorial University of Newfoundland, was approached to obtain her view on
comparisons of ice thickness distributions by auger and by airborne methods. She was
not able to quantitatively address this question during the current project, but had a
number of salient points on this topic which are outlined in the attached letter.



]

4) What really concerns me here is the lack of stationarity and
independence in the data, since the usual methods for estimating densities,
distributions et al. assume independent and identically distributed data.
When the underlying structure changes (For instance, you pass from solid ice
to ice patches on the sea) you lack stationarity; when adjacent
measurements are related, as they must be in the case of a continuous
surface measured sequentially, then you lack independence. My own feeling
is that the best way to display the aerial data, which in the final analysis
is what you want to be able to do, is to estimate densities or spectra as
you go, allowing them to change as a fucntion of distance. One could then
test if the distribution of thickness remains the same. This is the problem
that interested me in connection with the fish stock data, where it was
required to estimate the distribution of fish stocks in different locationms.
However I think that your data is much better suited to that kind of thing
since you have so much of it. The fish stock people were trying to get too
many densities from too little data, and I don'’t think it make sense to
attack their problem in that way.

5) But at the end of the day we must always return to first questions.
What really do you want to know? Don’t say that you want to estimate the
variance of a histogram unless you really want the variance of a histogram.
You want a histogram because you want the distribution of ice thickness, and
the histogram is one of many estimators of that distribution, although not
the best. Why, then, do you want the distribution of ice thickness? 1Is it
enough to estimate the mean thickness, or the mean and the variance of the
thickness? You only need the entire distribution if you are interested in
higher moments, just as you only want to estimate a spectrum if you are
interested in periodic effects of many frequencies. Don’t make the problem
more complicated than it is.

6) Questions statisticians cannot answer: if your method differs from
"ground truth" because of peculiar features, such as mistaking snow for ice,
then estimating the distribution cannot help. Statistical methods assume
that the data are clean. There are ways of adjusting for certain
difficulties in the data but additional information is required. For
instance if there is some characteristic of snow as opposed to ice one might
be able to detect numerically those parts of the data sets in which snow had
been mistaken for ice. Generally speaking, an effect that is operating
everywhere is easier, such as the moving average effect of the measuring
device. Also: do not use statistics as a substitute for your own eyes.
Numerical methods are not required for knowing if you are flying over open
water since that is obvious to anyone present.

7) I would like to work on the problem of estimating a density or spectrum
that is changing slowly with distance. I have already begun thinking about
that problem, and I was hoping that I might use some of your data at some
point to test out what I am planning. As a start, I will look up how to
estimate a spectrum from moving average data. The density is a bit more
tricky since these estimates usually assume independent data, which you do
not have. It is less obvious why one is interested in a density for
dependent data, as a matter of fact. I am beginning to realize that when a
problem is not in the literature it is often because it makes no sense to



solve it.

8) Let me repeat, as a final shot, that I don’t think I can go much
further with your question without a sharper definition of the problem to be
solved. The best statistical analyses are geared to answering very specific
questions. You may think that the question "what is the variance of the
histogram?" is such a question, but it is not. To answer it I have to posit
a theretical density for the data, although if I knew what the density was,
I would not need to estimate it. If you want the density as a means to
something else, then it may be easier to estimate that other thing directly.

I hope these remarks are of some help. Please keep in touch about the
problem, which sounds interesting. There is no charge for this advice since
I do not feel that I have come up with any genuine answers.

Yours sincerely,

% :—W

Catherine Dalzell.



Appendix C. Histograms of Floe Size

The plots in this appendix contain histograms of floe sizes in thirty-nine of the forty
images for which ice concentrations were computed. The fortieth image, at the time
15:34:16, was excluded because the helicopter was passing over a region of open water.

The floe sizes were calculated from a digitized image of the videotape record of the
flight, as described in the main body of the report. The perimeter of the ice floe was
traced out using a mouse. The area of the floe was then calculated as the number of
pixels lying within or on the perimeter. Using the altitude recorded by the laser
altimeter, a scaling factor was calculated for each image in order to convert the area units
to metres squared.

In the following figures, the floe sizes have been binned in intervals of 10 m?, and have
been tagged according to the central value in the data bin; thus, for example, the bin
labelled as "10 m*" contains the fraction of floes whose areas are between 5 and 15 m®.
The height of the bar represents the normalized frequency, the fraction of the ice floes
which fall within that bin. Floes smaller than 5 m* or larger than 205 m? in area are not
plotted, but are counted when calculating the number of floes for normalization.

The number of floes for each frame is given in Table 3 of the report. Some of the
differences between the shape of different histograms are probably due to a larger number
of small floes being counted for some histograms than for others.



T g
10 20 20 40 SO S0 70 S0 S0 100 NO 120 130 140 SO 160 170 180 190 200

g g
R L R i
m m L
xm @fm |
& Y ¢ !
8 B ;
N g 0 8 .
8 .mw ot mw ot N
- ANy ® il " N
.m_.. \ m_.. R
A\'E R ¢ |
AN # NN ANNANNNNNY
NN ¢ %w NNAANNANNNNNY
RN # 8 NN
RN & N W
[ # I B T T T - 1 I T _—MN“N“
3 w m .,.“ n“ ° 3 M a d 8 e 3 M d d d °

Kouanbas 4 pargewsoy Kouarbas y pagewioy Aouarbas g paymoioy

Floe Skze (metres aquared



Normalized Frequency

Normalized Frequency

Normalized Frequency

Floe Size
tmage 153031

o.s

. é%

o.s

T T T T

aosommmmmls:lsommxsomo

8 X\XX\\LX‘J

6@
8@

!

Floe Size imetres aquared

Floe Size
lmage 153046

0.4 —
i
o3 -
o2
)6201)40506070&@)@"0@11)140@150"0!;)@2&)
Floe Size imetres squared
Floe Size
Image 153102
usl 1
0.4 —
al -
]
S
Z
01 — ’
; %
A0nind G m @
1V 20 30 40 SO & Y0 S0 SO0 100 130 140 1SO 160 170 18O 190 200



Lnage 1S316

Floe Size

= 2

0 20 30 40 SO 60 70 S0 SO 100 NO 120 DO 140 1SO S0 70 180 1S0 200

W\
N
AW
NN
NN
N
NN

NN

os

0.«

T 1 1

3 d 3

o

Kowarbas g parymusoy

Floe Size (cnetres squared

Floe Size
Lmage 153131

NANANNANNNNY

3 3 d d °

K>uanbai g pazygeuioy

n,%?%%m%%%%5ﬁ%@mmmm@

Floe Size (metres squared

Floe Size
Inage 153146

Y T e . r—— T
10 20 30 40 SO 60 70 S0 SO 100 NO 120 130 140 1SO )60 70 180 190 200

os
0.

o3
o2

Awanbas g pagensoy

Floe Size (metres squared



Normulized Frequency

Normalized Frequency

Normalized Frequency

Floe Size
Lonage 153201

%

o Al
00 20 20 <0 60 70 80 S0 100 NO 120 ID0 140 1SO 160 170 180 180 200
Floe Sze (metres squared
Floe Size
lonage 153216
as
! ?
|
0.4 —
|
a3 =
o2 -

?m%%?%@mvmax,mmm

70 80 90 100 NO 120 130 140 1SO 160 170 180 180 200
Floe Size (metres squared

Floe Size
Ionage 153231

%

10

20

T

30

-

T T T T e L T T T T T T T
«0 60 70 80 SO 00 IO 120 DO 140 1S0 160 170 180 1S0 200
Floe Size (metres squared



Normulized Frequency

Normalized Frequency

Normalized Frequency

Floe Size
lmage 153246

os

0.« —

a3 —

L .

mmsomnommmmmmmmzoo
Floe Size imetres squared

Floe Size
Lnage 153301

e,

N A AFPA / = 1!
0o 20 &0 mmmmmmlwmmmmmm
Floe Size (metres squared
Floe Size
lnage 153216
0s —
0.4 —
o3 -
02 —

3 AN

NN

%

%

Z!

—

ey T T T
60 70 &0 N0 120 120 140 150 160 170 180 1S0 200

Floe Skxe (metres squared

E | 2
T T Y T T T T
100

—
S0



Lo

Normalized Frequency

Normalized Frequency

Noraulized Frequency

Floe Size
lnage 150431

as

a3
02 %
Z
Z
a1 ’
Z121%%
o .. .‘@ ‘mmﬂqmmv‘ﬂqv— -~ | oo 8
10 20 30 40 SO 60 70 80 SO 100 DO 120 130 140 1SO 160 70 180 180 200
Floe Size (metres squared
Floe Size
Lnage 153446
as -
04 —

%%?mﬂmrm* -

somaosommmnolaolsoﬁommmzoo

LAN

81

Floe Se (metres squared

Floe Size
lonage 153501




Norowlized Frequency

Normalized Frequency

Normalized Frequency

Floe Size
Lnage 1S3516

os ]
I
|
i
0.4 —
a3 -
a2 -
o1 - z
o E [E ,': A = — T ™ ,‘jlv’
0 20 30 <40 SO 60 70 S0 S0 100 DO 120 DO 140 1SO 0 70 B0 18O 200
Floe Size (metres squared
Floe Size
Image 1S3S31
as
Ix l
0.4 —
03 -
02 -

T T T T T T Y

70 S0 SO 00 N0 120 DO 140 1SO 60 170 180 180 200

N %
20 20 S0 ©0

Floe Size (metres squared

Floe Size

Inage 1S3546

0.S — |

|

|
0.4
a3l
o2
a1

o 1 2171[;][; A P — =
g T T T T ¥ T T T T Y T T T Y T T T ™—T
I 20 30 40 S0 S 70 &0 SO 100 NO I20 IDO 140 150 160 170 180 190 200

Floe Size imetres squared



o

Normalized Frequency

Normalized Frequency

Normalized Frequency

Floe Size
lnage 153600

03

s

]

N ?@mm77m*f_ -
AR . A A A A A e g . . . .

Floe Size (metres squared

Floe Size
Inage 153616

os

03 =
o2
) %% Pj [oza
0 =< - — — - — a—
10 20 230 <40 SO 60 70 80 SO 00 N0 120 130 140 1SO 160 170 180 190 200
Fioe Size (metres squared
Floe Size
lmage 150632
o.s
|
' :
]
|
0.4 —
o3
o2
al ‘
o = = = T f: = [:r == Y — ™ T — T T T
0 20 20 <40 SO 60 70 S0 S0 100 NO 120 ID0 140 1SO 160 170 180 180 200

Floe Size metres squared



Normalized Frequency

Normalized Frequency

Normalized Frequency

Floe Size
nage 150646

a1 —

\\\|

% Qm m_'iw‘,, -

70 S0 S0 100 N0 120 IDO 140 1S0 160 170 180 180 200
Floe Sze imetres squared

Floe Size
lenage 1S3701

T

zo nmmmmmmmmmmmmm

@@@m -

5&

Floe Sze (metres squared

Floe Size

Lmage 1S3716
os —
an
a3
a2
a1 a
0o 20 asosomwsommmmlommmmmm

Floe Size imetres squared



Normalized Frequency

Normalized Frequency

Noroulized Frequency

Floe Size

Imnage 153731
os ‘
|
|
i
O« — |
03 -
02 -
o1
o..%thm,77f —— =
10 20 30 40 SO0 60 70 &0 S0 00 NO 120 IDO 140 1S0 160 70 80 1S90 200
Floe Size (mwetres squared
Floe Size
Image 153746
os
0.4 —
| |
&3@
02
a1
o LACATA =P A A e e ; —m
I0 20 30 40 S0 60 70 S0 SO 100 NO 120 130 140 1SO 160 170 180 190 200
Floe Size imetres squared
Floe Size
lonage 153801
o.s

o3

o2

(s8]

ou%@@?@mﬁﬁTfm,‘,r_..,
10 20 30 40 S0 60 70 S0 S0 100 O 120 IDO 140 1SO 160 170 180 190 200

Floe Size imetres squared



Noraulized Frequency

Normulized Frequency

Normalized Frequency

Floe Size
Inage 150816

os

0.3—7—.

a2 -

o1 -

D pe e -
10 20 30 <0 S0 &0

—

mmmmmmmldllwlmmmmzw
Floe Size (metres squared

Floe Size
Lonage 153831

a.s

=9

%
G0
a1 ? %
o,(_wagamﬁm e

Floe Size

7
w07

.
. mgmmm_ﬁ_ e

nmaoosnsnmmmmmmmmmmmmmm
Floe Size metres squared



Norawulized Frequency

Norawlized Frequency

Normalized Frequency

Floe Size

Floe Size imetres squared

Floe Size
Lmage 152916

lonage 1509501
]
ae 4
a3
o2
AN A , e -
0 20 30 40 SO 60 70 &0 S0 100 NO 120 100 140 1SO 160 I70 180 190 200

o
s

g

o e f

S AANAAAAARRANANNANAN
NN\

"IN\

N

/11—;_—1
S0 60 70 80 S0 100 NC 120 130
Floe Size imetres squared

Floe Size
Image 150932

Y T Y T T
140 1S0 60 170 B0 190 200

as

O« —

a3

o2

a1

° rmmm"’_‘mf _— e —
0 20 30 40 SO 60 70 S0 S0 Y00 NO 120 130 1«40 1SO 160 170 B0 180 200

Floe Size imetres squared



Appendix D. OMAE Conference Paper

The attached paper was presented by Dr. Scott Holladay at the Sth International
Conference on Offshore Mechanics and Arctic Engineering, Houston, Texas, 18-23
February, 1990, and will be included in the conference proceedings.

The paper summarizes much of the work reported here and some results from prior
experiments.



AIRBORNE MEASUREMENT OF SEA ICE THICKNESS USING
ELECTROMAGNETIC INDUCTION

J. Scott Holladay, Aerodat Limited, Canada;
James R. Rossiter, Canpolar Inc., Canada;
Austin Kovacs, U.S. Army Cold Regions Research and Engineering Laboratory, U.SA.

SUMMARY

Remote measurement of ice thickness is imporiant both for
practical operations and for a variety of scientific applications.
Over the past few years elecromagnetic (EM) induction
sounding has indicated that this method is a promising one for
measuring sea ice thickness from a low-flying helicopter. In
this paper the background of the method is described, and
extracts of measurements made in Prudhoe Bay, Alaska and
off the coast of Newfoundland as part of the LIMEX'89
project in March 1989 are presented. The latter survey wark
was conducted 10 aid in the assessment of ice cover in the
Labrador Sea as part of a climatological investigation.
Measurements were made both over shorefast first year ice
and over first year pack ice. The ice was near the freezing
point.  Agreement with auger thickness measurements is
within +0.1 m over reladvely level ice. These results suggest
that EM induction can be used 1o collect ice thickness data

reliably. Work is underway to design systems for operational
use.

INTRODUCTION

There are a variety of reasons for requiring knowledge of ice
thickness, including route selection for ships, scientfic ice
dynamics and climawiogy studies, design of offshore
structures, and defence applications. To date ice thickness has
becn measured directly at specific locations, inferred from
other observauons, or estimated using impuise radar. All
these approaches have strong limitations, particularly for warm
and deformed ice (Canpolar Consuitants Ltd., 1985).

A practical technique for the measurement of sea ice thickness
from an airbome platform, based on electromagnetic (EM)
induction, is now reaching the end of its validation stage
(although the more difficult problem of detailing the thickness
of ice ridges is still the subject of research). The basic
method has' been demonstrated in the Arctic (Kovacs ¢t al.,
1987a; 1987b; Kovacs and Valleau, 1987; Rossiter and
Lalumiere, 1988; Kovacs and Holladay, 1989 a)b) and off

Cape Breton Island, N.S., during Spring 1988 (MacLaren
Plansearch, 1988).

In this paper, the scientific basis of the EM sounding method
and the current state of the art will be described. Resuits
from a May, 1987 fieild evaluation study near Prudhoe Bay,
Alaska and from the March, 1989 LIMEX'89 field program
off Newfoundland, Canada (Raney and Argus, 1988) work will
then be presented, foilowed by a discussion of system

accuracy. The paper will conclude with a brief descripuon of
present research directions.

Sciemific basi

The EM induction method typically uses frequencies in the SO
Hz to 50,000 Hz range. A set of transmitter and receiver
coils are towed in a bird about 15 to 30 m above the ice, as
shown in Figure 1. The transmitted primary field induces
eddy currents in nearby conductors which in tum generate

secondary EM fields. These secondary fields are detected at
the receiver.

For ice thickness measurement, the sea water is the dominant
conductor, since it is typically several orders of magnitude
more conductive than the ice. By measuring the amplitude
and phase of the secondary field (in parts per million of the
primary field) at the receiver coil locaton, the distance of the
bird to the water can be estimated. A laser profilometer is
used to measure the distance from the bird to the top of the
snow and/or ice. The difference between the two
measurements gives the thickness of the snow plus ice layer.
Areas of open water provide calibration points for the system.
The approximate "footprint” of the EM system is about the
same as the bird height (the laser spot size is much smaller).
When lateral changes in ice thickness are rapid compared to
the flying height, such as are observed near ridges, the peak
ice thickness tends to be underestimated.

Present State of the Ar

Prototype birds designed primarily for ice measurement have
been described by Kovacs et al, 1987b, Kovacs and Holladay
(1989 a,b) and by Rossiter and Lalumiere (1988). The sensor
packages used during the Prudhoe Bay and LIMEX'89 work

.included three principal elements: a muitifrequency helicopter-

towed EM sounding system; a lascr profilometer mounted in
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the towed bird; and a video camera mounted in the
helicopter. The EM system included an electromagnetic signal
processor unit and a data acquisition/logging unit mounted
inside the helicopter. A set of bird attitude sensors measuring
pitch and roll were inside the bird. All data were sampled at
0.1 second intervals before digital recording on magnetic tape.
The video imaging system mounted on the helicopter
monitored ice conditions below the bird, and the image was
annotated with ume, flight and survey line identifiers before
being recorded on video tape using a video cassette recorder.
A single-engine helicopter was used for surveying over
shorefast ice. Safety and range considerations mandated the
use of a much larger twin-engine helicopter for offshore work
during LIMEX'89. Differences between the CRREL and
Aerodat systems lay in the bird size, weight and number of
frequencies: the CRREL bird is about 3.5 m long, weighs
about 100 kg and operates at 800, 4,500 and 50,000 Hz, while
the Aerodat system is about 7 mewres long, weighs about 250
kg and operates at frequencies of 930, 4,175, 4600 and 33,000
Hz

The CRREL bird was a prototype, and a variety of problems
were encountered in its operation during the Prudhoe Bay
survey. For the most part, these problems were related to
excessive noise and drift in the system. Despite these
difficulties, data quality was quite adegquate to permit ice
thickness measurement along a series of relatively short survey
lines flown over several sites at which exhaustive ground truth
had been obtained. Results from one of these areas will be
presented in a later section. The performance of the Aerodat
EM hardware on the LIMEX'89 survey flights was, for the
most part, highly satsfactory. The EM noise levels were
typically less than 1 ppm, while small amounts of drift were
observed during the eariy poruons of the Bay of Exploits
flights, but did not affect the profiles over the maih lines. A
slightly longer warmup period (about 1 hour) would probably
have prevented most of this drift. Drift was essentially
insignificant for the offshore lines. The laser profilometer
performed well over snow and ice, but provided eratic
altitudes above open water. The unit has since been modified
to eliminate this probiem, and is now undergoing airbomne
testing.

EM DATA REDUCTION
Calibration and drift removal

There are three stages in the data reduction: transcription of
the fleld data tape 10 a computer disk (data volumes range up
10 4 Mbytes per hour at present); removal of baseline drift;
and calibration of the data. The data transcription operation is
relatively straightforward, and leaves the data in a format in
which it can be manipulated easily in later stages of reduction.

Correction for insmument drift presently requires that the
sensor package be flown to high aititude (above about 500
metres) approximately every 30 minutes during the flight to
remove the sensor package from the vicinity of the highly
conductive seawater. Variations in these high-altitude
measurements provide a reliable way to correct for smalil
amounts of drift in the system, based on the assumption of
linear drift between these baseline measurements. As EM
system drift becomes smaller and more predictable with
improved equipment, the permissible baseline interval will
become progressively longer, increasing survey efficiency.

Once the data have been drift-corrected, they can be
calibrated. At present, the most reliable way to estmate the

sensitivity of the system is to fly over deep, open water
having a known conductivity-depth profile 10 at least 30
metres:  an accurate prediction of the response is then
compared with the measured response, and correction factors
can be caiculated which are applied o bring the measurcd
response into line with the expected response of the known
situation. This technique has become known as "ground-uruth
calibration”, and has proven quite satisfactory under a variety
of conditions. Instrumentation advances are expected o
provide a stable, accurate internal calibration method during
the next year, at which point ground-truth calibration wiil
become a verification tool rather than a calibration tool.

Another operation which is sometimes performed on EM data
is called sferic removal, and invoives the removal of noise
pulses in the EM data caused by distant lightning strokes.
The aigorithm used for this operation is useful for removing
spikes from other relatively smooth data as well; the laser
profilometer data was filtered in this way to remove errors
caused by inconsistent performance of the profilometer over
open water.

nversion of Survey Data for Ice Thickn

The drift-corrected, calibrated data, which consist of the
secondary field response in phase with and out-of-phase with
the transmitted or primary field, vary according to the altitude
of the bird (and, to a small extent, upon its autitude) above the
surface of the seawater underilying the ice. The response is
not a particularly simple function of altitude, and is also
affected by the conductivity of the seawater (at low
frequencies) and of the ice (at high frequencies), but forward
computer models which can predict the EM response over a
giveh icejwater model have been written (Kovacs et al,
1987a). Invetse modeis which directly calculate bird height
from measured data do not yet exist.

For this reason, a number of relatively complex methods have
been developed to approximately invert the data. The most
robust of these methods, in the sense of providing good resuits
even in the presence of data error, is the Generalized Inverse
method, which uses a forward model to generate model
responses and a matrix of derivauves of those responses with
respect to the desired parameters, such as ice thickness and

" seawater conductivity. An initial forward model response is

compared 10 the observed response, and the differences
between them used, along with the generalized inverse of the
derivative matrix, {0 estimate the changes in the model
parameters required 1o make the model response more closely
resemble the measureq response.

A few iterations of this algorithm usually provides estimates
of the ice thickness that are accurate to within the range of
accuracy of the laser aitimeter, at least for relatively level ice.
Ice that has large thickness variations over short horizontai
distances tends to have its thickness underestimated by this
method: more suitable approaches are being developed o deai
with these situations (Becker ¢t al, 1987; Liu and Becker.
1988).

MEASUREMENTS

The CRREL survey was intended primarily as a detilec
assessment of the sensor and the method, and consisted maini:
of repeated passes over a set of clearly marked ground-trut:
sites on shorefast ice near Prudhoe Bay. These sites were
drilled on a 5 mewe grid pattem (0 obwin an extremel
detailed set of snow, ice and frecboard measurements. The



snow and ice thicknesses were added and averaged over
swaths down the middle of the grids to generate an average
snow plus ice thickness for comparison to the airborne resuits.

The LIMEX'89 survey actually consisted of two distinct
efforts (see Figures 3, 5 and 6 for location maps). The first
was concentrated on shorefast ice in the Bay of Exploits
southwest of Twillingate, and provided a check on system
performance and further validation of the method using surface
truth measurements conducted by Canpolar and Aerodat
personnel. A total of 16 augered holes were measured, along
with ice, water, and CDT profiles to 2.25 m depth (see Figure
4). Ice varied from 38 to 59 cm in thickness; snow cover,
from 0 to 21 cm in thickness; the water under the ice had a
conductivity of about 0.5 S/m, increasing sharply to 2.5 S/m
at a depth of about 1.0 m. The second consisted of a 500 km
run from St John's out to the Tema Nordica (the LIMEX'89
project ship) and back. Measurements were made over most
of the flight, i.e. about 300 km. Ice encountered varied from
strips and patches of brash ice, to small cakes of first year
ice, to small floes of first year ice around the ship. Although
most of the ice was not rafted, there were some rafted pieces
visible on the video flight record and reported by surface
teams working on the ice. At the time of the flight, the C-
CORE Ice Motion Sensor and a MacLaren Plansearch ARGOS
beacon (see Figure 6) had been set ‘up for other purposes.
These sites were clearly visible from the air, and estimates of
ice thickness were available there. A number of other sites
were also augered, but were either not marked and could not

therefore be located using the video record, or were too close
to the ship.

RESULTS

The Prudhoe Bay survey was conducted in early May, 1987.
Data over marked grids on 3 muiti-year ice floes, a first-year
pressure ridge and a variety of extended survey lines were
obuained with the EM system. An example from Muiti-Year
Floe 1 is presented in Figure 2: this figure includes the
averaged snow pius ice thickness and 4 EM ice thickness
profiles, as indicated in the legend on the figure. It is
apparent that the EM-derived profiles follow the long-period
thickness wends but not the short-period unduiations. This was
expected due to the effective footprint of the EM system,
which is on the order of 30-50 metres. The average EM-
derived floe thickness and the average borehole snow pius ice
thickness differ by less than 10%.

Interpretation of the Bay of Exploits EM data was based on a
two-layer model for the water, used to account for the
brackish water layer under the ice. Resuits of the inversion
are given in Figure 7. The agreement with auger
measurements (circled points) is well within +0.1 m. The EM
results suggest a gradual thinning of ice from 0.5 m t0o 0 m as
the line progresses offshore. Water depth was typically
greater than 75 m so that bias in the ice thickness
measuremeny due 1o finile water depths should be negligible.

A selected portion of data near the ship is given in Figure 8.
The first year pack jcc was made up of many pans, typicaily
10 m in diameter and, varying from 0.3 10 over 1.6 m in
thickness. Ice salinity was typically 5 ppt and temperature
around -2°C. Although there were few comparative points,
data from two auger holes are shown (bars indicate range of
auger measurements). The EM results agree with the surface
data within 0.05 m at one site (the Ice Motion Sensor) and
within 0.2 m at another (the ARGOS beacon).

A histogram of ice thickness based on 125 “random” auger
hole measurements made by investigators in the same arca is
shown in Figure 9, along with the histogram computed [rom
Line 2100 of the airbome survey (see Figures. S and 8). The
differences point out the efffects of apparent locai variability
in the ice. However, they also underline two difficulties in
comparing airbome and auger resuits: a) the surface
measurements are only taken at specific points whereas the
EM system averages over an area of approximately 10° - 10°
m’; and b) surface measurements are inevitably biased against
thin ice (too thii to stand on) and/or thick ice (beyond the
auger stem). These differences represent one of the important
advantages of remote ice thickness measurement for scientific
applications.

Comparison of the surface measurements obtained along the
main survey line in the Bay of Expioits and at the marked
sites on offshore ice with the EM results indicates that the
typical accuracy of the method was within +0.05 metres in ice
that was typically 0.5 metres thick. It should be noted that
the 0.05 metre accuracy was probably the resuit of laser
profilometer errors, which would be constant for uniform ics
of any thickness. There was one significant exception w0 this
observed accuracy: in the one survey line that passed over
the ARGOS beacon, the EM-measured ice thickness was 0.2
m less than the smallest of the three auger measurements.

" The two most likely reasons for this disparity are local rafting

in the floe (three auger holes ail encountered water-filled
zones, the first at 0.5 metres depth) and the effects of lateral
thickness variation (the floe was less than one system foctprint
wide and about one footprint long, and was largely surrounded
by siush and seawater).

CONCLUSIONS

Even more than on previous studies, the LIMEX'89 survey
results indicate that airbome EM sounding appears o be
capable of being used for routine ice thickness measurement.
In the 1987 CRREL study, cold first-year and muiti-year ice
was profiled, with accuracies of about 10% being typical for
relatively flat ice. In paricular, representative average ice
thicknesses were obtuined. In the LIMEX'89 work relatively
warm ice was sounded successfully. Although the EM
induction technology is relatively mature in terms of
geophysical measurements, there is still room for optimization
in ice sounding applications. In particular, the use of higher
frequencies to facilitate estimation of ice conductivity wouid
be particulariy useful, since this parameter is closely coupled
to ice strength (Kovacs et al, 1987). The technique appears 10
be suitable for routine operational use as a data collection tool
when used by specialists. It could be used for long traverses
of ice thickness data coilection which would be exceedingly
difficuit to collect manually, especiailly over the short time
windows required when mobile ice is being studied.

ONGOING WORK

1. Further validation, particularly over ridges, is required.
The techniques under development at the University of
California at Berkeley (Liu and Becker, 1988) are being
investigated. .

2. The development of operational prototypes using two
distinct approaches for the EM hardware is underway. These
projects include:

a reduction of the size and weight of the bird;



b. design of a system that can be used by non-specialist
personnel;

¢. provision of real-time ice thickness output;

d. processing capability for two and three-dimensional
structures;

e. provision for measurement of ice conductivity.

3. The suatistcs of ice measurement by conventional and
airborne means are being studied to clarify their relationship.
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Figure 1. Sketch of EM system and ice sounding concept.
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